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Green chemistry in Ethiopia: the Third Annual Workshop

Yonas Chebude, Debebe Yilma, Peter Licence and
Martyn Poliakoff report on the Third Ethiopian Workshop on
Green Chemistry, held on the 18–19th May 2007 at Jimma
University, Jimma, Ethiopia.
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CRITICAL REVIEW

823

Recent developments on the chemistry of aliphatic nitro
compounds under aqueous medium

Roberto Ballini,* Luciano Barboni, Francesco Fringuelli,
Alessandro Palmieri, Ferdinando Pizzo* and Luigi Vaccaro

Aliphatic nitro derivatives represent an important class of
useful molecules in organic synthesis and, only recently, it has
been shown that these reactions are also very efficient using
water as reaction medium.

COMMUNICATIONS

839

The synthesis of diphenolic acid using the periodic
mesoporous H3PW12O40-silica composite catalysed
reaction of levulinic acid

Yihang Guo, Kexin Li and James H. Clark*

The periodic mesoporous H3PW12O40-silica composite has
been prepared by a direct sol-gel co-condensation technique.
The composite is an efficient and reusable solid catalyst for the
condensation of phenol with levulinic acid to produce
diphenolic acid.

842

New chitosan/CEG (compressed expanded graphite)
composites—preparation and physical properties

M. Krzesińska,* A. Tórz, J. Zachariasz, J. Muszyński,
J. Socha and A. Marcinkowski

The new group of high porous, rigid bio-composite materials
based on compressed expanded graphite impregnated by a
chitosan were prepared and examined by means of adequate
physical methods.

845

Enhanced selectivity in green catalytic epoxidation using a
supported cobalt complex

Rajesh Chakrabarty, Birinchi K. Das* and James H. Clark

A supported reagent made by immobilising a tetrameric
cobalt(III) cubane cluster on mesoporous silica catalyses the
aerobic oxidation of a-pinene with enhanced epoxidation
selectivity compared with other systems.

This journal is � The Royal Society of Chemistry 2007 Green Chem., 2007, 9, 815–821 | 817
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COMMUNICATIONS

849

Synthesis of chloroanilines: selective hydrogenation of the
nitro in chloronitrobenzenes over zirconia-supported gold
catalyst

Daiping He, Hui Shi, Yu Wu and Bo-Qing Xu*

Selective production of chloroanilines from
chloronitrobenzenes without any dechlorination was found
feasible by catalytic hydrogenation over zirconia-supported
gold catalyst, which uncovers a clean synthetic approach for
useful chloroanilines.

PAPERS

852

Green synthesis of silver nanoparticles using Capsicum
annuum L. extract

Shikuo Li, Yuhua Shen,* Anjian Xie,* Xuerong Yu,
Lingguang Qiu, Li Zhang and Qingfeng Zhang

Silver nanoparticles were rapidly synthesized using a Capsicum
annuum L. extract. The reaction process was simple and
convenient to handle; the practical reaction suggested this
green synthesis method could be widely used to prepare
nanomaterials.

859

Enzyme aggregation in ionic liquids studied by dynamic
light scattering and small angle neutron scattering

Daniel Sate, Michiel H. A. Janssen, Gill Stephens,
Roger A. Sheldon, Kenneth R. Seddon and Jian R. Lu*

Aggregation of Candida antarctica Lipase B (CALB) in water,
DMSO and three ionic liquids, [C2mim]X ([C2mim] = 1-ethyl-
3-methylimidazolium; X = [N(CN)2]2, [NO3]2 or [EtOSO3]2)
was studied by dynamic light scattering and small angle
neutron scattering: CALB formed micellar aggregates in
DMSO and all three ionic liquids, correlated with loss of
enzymatic activity.

868

Extraction of glycerol from biodiesel into a eutectic based
ionic liquid

Andrew P. Abbott,* Paul M. Cullis, Manda J. Gibson,
Robert C. Harris and Emma Raven

The use of a simple quaternary ammonium–glycerol eutectic
is shown to be an effective way of removing glycerol from
biodiesel.

818 | Green Chem., 2007, 9, 815–821 This journal is � The Royal Society of Chemistry 2007
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PAPERS

873

Effect of ionic liquids on human colon carcinoma HT-29
and CaCo-2 cell lines

Raquel F. M. Frade, Ana Matias, Luis C. Branco,
Carlos A. M. Afonso and Catarina M. M. Duarte*

The toxicity of ionic liquids, involving different classes of
cations and different types of anions, was evaluated by a
colorimetric assay with 3-(4,5-dimethylthiazolyl-2)-2,5-
diphenyltetrazolium bromide (MTT) in two colon carcinoma
HT-29 and CaCo-2 cell lines.

878

A green process for O-heterocyclization of cycloocta-1,5-
diene by peroxotungstic species with aqueous H2O2

Ruihua Gao, Wei-Lin Dai,* Yingyi Le, Xinli Yang,
Yong Cao, Hexing Li and Kangnian Fan

The hydroxy- and carbonyl-derivatives of
9-oxabicyclo[3.3.1]nonane have been synthesized (98% yields)
through an economic and green catalytic reaction between
cycloocta-1,5-diene (COD) and aqueous H2O2 with tungstic
acid as the catalyst.

882

Supercritical carbon dioxide and poly(ethylene glycol):
an environmentally benign biphasic solvent system for
aerobic oxidation of styrene

Jin-Quan Wang, Fei Cai, Er Wang and Liang-Nian He*

The PdCl2-catalyzed aerobic oxidation of styrene in a biphasic
PEG/scCO2 system leads to two possible products, the Wacker
reaction product acetophenone and benzaldehyde, switching
by the co-catalyst CuCl, from 92% in favor of acetophenone in
the presence of CuCl to 85% favoring benzaldehyde without
any co-catalyst.

888

Coupling chiral homogeneous biocatalytic reactions with
benign heterogeneous separation

Elizabeth M. Hill, James M. Broering, Jason P. Hallett,
Andreas S. Bommarius, Charles L. Liotta and
Charles A. Eckert

Organic aqueous tunable solvent (OATS) systems facilitate
asymmetric homogeneous enzymatic transformations of
hydrophobic substrates with a built in heterogeneous
separation. Excellent enantiomeric excess (ee) values in OATS
are shown for the chiral resolution of 1-phenylethyl acetate.

This journal is � The Royal Society of Chemistry 2007 Green Chem., 2007, 9, 815–821 | 819
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PAPERS

894

Preparation of crosslinked chitosan/poly(vinyl alcohol)
blend beads with high mechanical strength

Mingxian Li, Shaoling Cheng and Husheng Yan*

Dilute aqueous chitosan/PVA was suspended in
toluene–chlorobenzene; the water content of the suspension
droplets was reduced by azeotropic distillation and the
droplets were crosslinked with glutaraldehyde, which
reacted with PVA at pH 1–2.

899

Sustainable from the very beginning: rational design of
molecules by life cycle engineering as an important
approach for green pharmacy and green chemistry

Klaus Kümmerer

Taking into account the full life cycle of chemicals will lead to
a different understanding of the full functionality necessary for
a chemical. Examples are presented to underline the feasibility
and the economic potential of the approach benign by design.
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Polymer changes its glass transition temperature on contact with water

Keeping your powder dry

The polymer’s colour changes irreversibly when it gets wet

©The Royal Society of Chemistry 2007

Ever wondered why there is a little 
packet marked ‘Do not eat’ inside 
the box for your new DVD player? 
It’s there to absorb moisture that 
could potentially damage the 
equipment, but how do you tell 
if it has been exposed? Chemists 
from the US think they have the 
answer with a humidity sensor 
that irreversibly changes colour on 
contact with water.

Many coloured dye molecules 
exhibit different properties when 
isolated from, or associated with, 
one another. This effect has been 
known for many years, but now 
Christoph Weder and colleagues 
from Case Western Reserve 
University have used this property 
to develop a moisture sensor.

Dye molecules within a polymer 
matrix can be effectively isolated 
from one another by rapidly cooling 
the polymer–dye mixture below 
its glass transition temperature 
(think of how inflexible a piece 
of rubber tubing becomes if you 
freeze it in liquid nitrogen). If the 
polymer is heated above its glass 
transition temperature, then the dye 

August  2007  /  Volume 4 /  Issue 8  /  ISSN 1744-1560  /  CTHEC2 /  www.rsc.org/chemicaltechnology

Chemical Technology

Clearing a path to cancer detection 
Optical illusions create anomalies in IR mapping of cells

Ionic liquids on tap
Continuous process gives yields greatly in excess of batch reactor

Interview: Molecular electronics
Nicolas Weibel, Sergio Grunder and Marcel Mayor, University of 
Basel, Switzerland, look at functional molecules in circuits 

Instant insight: Transport on a chip
Microfluidics meets analytical chemistry. Paul Bohn talks to Jenna 
Wilson about molecular transport in small channels

In this issue

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

Reference
J Kunzelman, B R Crenshaw and C Weder,  
J. Mater. Chem., 2007, 17, 2989 (DOI: 10.1039/
b705880b)

Chem. Technol. , 2007, 4, T57–T64    T57

molecules can aggregate and cause a 
colour change – an effect used in the 
past for temperature sensors. 

The trick to making this sense 
water was to design a polymer 
system that changes its glass 
transition temperature on contact 
with water. Exposure of the 
team’s polyamide to a humid 
atmosphere causes a change in the 
glass transition temperature from 
~50°C to well below 0°C, and a 
corresponding irreversible colour 
change from green to orange.

‘What we’d like to do next is 
investigate whether we can change 
the properties to create specificity 
for other analytes,’ said Jill 
Kunzelman, one of Weder’s team. 
This seems to be a very realistic 
goal: Qinetiq research fellow Ian 
Sage said ‘The new sensor shows 
good potential for a low cost device 
whose properties can be tuned to a 
particular purpose.’
Stephen Davey

CT.08.07.T57.indd   20 20/07/2007   12:26:59
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Improved imaging of prostate 
cancer proteins in single cells is 
possible thanks to scientists at the 
University of Manchester. The 
UK researchers identified and 
investigated an optical illusion in 
the imaging of single cells that gave 
inconsistent results.

‘Developing the use of infrared 
spectroscopy in cancer diagnosis’ 
is the aim of the UK team led by 
Peter Gardner. ‘Prostate cancer, if it 
remains localised, is a manageable 
condition and patients can survive 
for many years,’ Gardner said. 
‘However, the cancer can spread, 
particularly to the bone, and this 
is almost always fatal.’ Gardner’s 
team, in collaboration with Noel 
Clark, a consultant urologist at the 
Christie Hospital and Paterson 
Institute for Cancer Research, 
have therefore been studying how 
cancer cells move through tissue. 

They study cancer cells by 
sending a beam of infrared (IR) 
radiation through the cancer 

Optical illusions create anomalies in IR mapping of cells

Clearing a path to cancer detection 

Researchers in Germany have 
developed an intensive process 
for preparing ionic liquids using 
a continuously operating micro-
reactor system. Previously their 
manufacture on a large scale has 
been limited by the use of batch 
procedures. 

Daniel Waterkamp and colleagues 
at the Centre for Environmental 

Continuous process gives yields greatly in excess of batch reactor

Ionic liquids on tap

Reference 
D A Waterkamp et al, Green 
Chem., 2007, DOI: 10.1039/
b616882e

Some protein substrates 
gave negative images of 
cancer cells

Reference
J L Lee et al, Analyst, 2007, 132, 750  
(DOI: 10.1039/b702064c)

Chemical Technology

Application highlights

T58    Chem. Technol., 2007, 4, T57–T64 ©The Royal Society of Chemistry 2007

cell and what it is growing on (its 
biological support generally called 
the substrate). The beam then 
bounces off an IR reflective surface 
and reflects back into the detector, 
measuring how much is absorbed. 
A map of the absorption creates an 
image of the cancer cell proteins.

The problem seen by Gardner’s 
team was that, with some high 
protein substrates, they sometimes 
saw negative images of the cells. 

This illusion was caused by the IR 
radiation being scattered by the 
nucleus of the cancer cell. As it 
scatters in all directions, some goes 
directly into the detector resulting 
in more radiation being recorded, 
indicating that less has been 
absorbed. This gives the illusion of 
a negative image of the cancer cell.

Deducing the origin of these 
optical illusions ‘contributes 
significantly to the debate 
concerning “anomalies” observed 
in infrared-microscopy mapping 
of single cells,’ according to John 
Chalmers of VS Consulting, 
Stokesley, UK. The Manchester 
researchers cautioned that ‘people 
using infrared spectroscopy to 
study cells on biological supports 
must be careful how they interpret 
their results’.
Wendy Crocker

No solvent required: 
the system effectively 
removes heat itself

Research and Technology UFT, 
University of Bremen, prepared 
1-butyl-3-methylimidazolium 
bromide that was more than 99% 
pure at a rate of nine kilograms per 
day. They achieved a space–time 
yield 24 times that achieved using a 
conventional batch reactor.

‘In the field of ionic liquid 
production ineffective procedures 

still dominate. Many researchers, 
including members of our working 
group, have already demonstrated 
the advantages of unit operations at 
the micro-scale,’ said Waterkamp. 

‘The next logical step was 
to combine our experience in 
chemistry and engineering and 
prove the applicability of micro-
reaction technology for ionic liquid 
synthesis at the production scale,’ 
he said. 

Another advantage of the process 
is that the addition of solvent to 
control the reaction is unnecessary, 
as the high specific surface area of 
the reaction system carries away any 
heat generated during the process.

A theoretical model of the 
reaction showed that further 
optimisation of the process could 
potentially lead to space–time yields 
a hundred times those of a batch 
reactor.
Joanna Stevens
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A magnet-driven microchip can 
rapidly and reliably replicate DNA, 
for many uses including forensic 
investigation at crime scenes.

The polymerase chain reaction 
(PCR) is a tool for replicating DNA. 
Copies are made by passing DNA 
fragments through three different 
temperature zones; each cycle 
doubling the amount of DNA.

The miniature PCR device 
designed by Nam-Trung Nguyen 
and colleagues at Nanyang 
Technological University, 
Singapore, is simpler and more 
reliable than existing methods 
because magnetic force is used 
to drive the DNA sample around 
the microchip rather than a 
pump mechanism.  Pumps are 
expensive and put high mechanical 
requirements on the microchip as 
the channels have to withstand high 
pressures.

Fast and cheap PCR on a microchip

Magnetic force drives device

Liquid alkane fuel can be produced 
from a by-product of biomass 
processing, thanks to researchers 
from the University of Wisconsin, 
Madison, US. 

As the world’s reserves of 
petroleum dwindle, finding 
alternative sources of fuel is 
becoming increasingly important. 
Producing liquid alkanes from 
biomass is attractive because its use 
produces less carbon dioxide, and 
so it impacts less on global warming. 
Liquid alkanes have advantages over 
other biofuels, such as ethanol, for 
use as transportation fuels because 
they can be used in existing engines 
and distributed using infrastructure 
already in place.

James Dumesic and co-workers 
devised a system that involves the 
integration of two processes. The 
first process is the production 
of synthesis gas, a mixture of 
carbon monoxide and hydrogen, 
from glycerol. The second is a 
Fischer–Tropsch synthesis, where 

Alkanes produced in two simple processes

From glycerol to gas

Reference 
D A Simonetti et al, Green Chem., 2007, DOI: 
10.1039/b704476c

The speed and number of 
replication cycles can be 
altered

Reference
Y Sun et al, Lab Chip, 2007, 7, 1012 (DOI: 
10.1039/b700575j)

the synthesis gas is converted to 
hydrocarbons. Both processes 
are catalytic, with the first being 
endothermic and the second 
exothermic, and the system 
operates at low temperature and 
moderate pressure. In integrating 
the two processes Dumesic’s team 
found that they could feed the 
synthesis gas produced in the first 
process directly into the second 
without purification. 

They also found that in addition 
to the liquid alkanes produced, 
the gaseous and aqueous phase 
by-products include methanol and 
ethanol, useful in their own right. 
Dumesic said that this gives ‘the 
potential to improve the economics 
of green Fischer–Tropsch synthesis 
by reducing capital costs and 
increasing thermal efficiency’. 
Madelaine Chapman

©The Royal Society of Chemistry 2007      Chem. Technol., 2007, 4, T57–T64    T59

In Nguyen’s system, the DNA 
sample flows continually through 
a circular closed loop, driven by 
a plug controlled by an external 
permanent magnet.  As the sample 
goes around the microchannel 
loop it passes through the three 
temperature zones. ‘Successful 
PCR was achieved in less than four 

minutes,’ said Nguyen.
The time taken for the fluid 

to cycle around the zones can be 
adjusted by changing the speed of 
the external magnet.  According to 
Nguyen, the magnet is a good way 
to drive the system as it is low cost, 
has small power consumption and a 
flexible number of PCR cycles.

‘Other similar designs face 
problems of temperature control, 
high driving pressures and 
leakage,’ said Nguyen, ‘but the 
implementation of this chip in a 
complex lab-on-a-chip system 
should not have these issues.

‘Our aim is to develop an 
integrated system for fast screening 
of DNA samples at a crime scene,’ 
said Nguyen.
Alison Stoddart

Synthesis gas is made from glycerol, and then converted to alkanes

CT.08.07.T59.indd   32 20/07/2007   15:01:24
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Materials scientists from Spain 
and the UK have made a cathode 
material that allows solid oxide 
fuel cells (SOFCs) to be used at 
lower temperatures.

Albert Tarancón and colleagues 
at the University of Barcelona, 
and Imperial College London 
found that the oxide GdBaCo2O5+δ 
performed very well in the 
temperature range 500–700°C.

SOFCs consist of three main 
components: an anode, cathode 
and electrolyte. The cathode 
catalyses the reduction of oxygen 
at its surface and allows ions to be 
transported to the electrolyte. At 
the anode, the fuel (for example, 
hydrogen) is oxidised. 

Lowering the temperature at 
which SOFCs operate reduces 
costs and improves durability. 
However, the cathode performance 
is the limiting factor when 
lowering the temperature. New 

Family of perovskite materials allow fuel cells to perform at lower temperature

Cool fuel

A new development from scientists 
in Taiwan could simplify the 
detection and monitoring of various 
cancers. The group lead by  
Ta-Chau Chang at the National 
Taiwan University Hospital in 
Taipei have developed a small 
portable system that can be used for 
routine cancer screening.

Using an existing fluorescent 
dye that binds to the G-quadruplex 

Replacing a laser with an LED makes for miniaturised screening

Exciting changes for cancer detection

Reference 
C-C Kang et al, Analyst, 2007, 132, 745 (DOI: 
10.1039/b617733f)

Reference
A Tarancón et al, J. Mater. Chem., 2007, 17, 
3175 (DOI: 10.1039/b704320a) 

Chemical Technology

T60   Chem. Technol., 2007, 4, T57–T64 ©The Royal Society of Chemistry 2007

cathode materials with higher 
catalytic activities are needed, in 
which the oxide ions are able to 
diffuse easily. 

structure of human telomeric 
structure, a common feature of 
several different cancers, the group 
manufactured a microarray for 
detecting cancerous cells. The 
miniaturisation means that an LED 
can be used as the light source to 
excite the fluorescent dye, which 
makes the device much cheaper 
than if a laser is used. Chang hopes 
that the low cost and portability 

will allow diagnosis to take place 
in small health centres in the 
developing world, where otherwise 
patients would have to wait for a 
long time for test results.

The team studied cells from 
several different types of cancer 
to show that the technique was 
robust in distinguishing cancer 
cells from non-cancerous tissue. 
Chang explained that ‘the device is 
designed not only for specialists but 
also for non-specialists’. He added, 
‘Considering the low cost for each 
test, this method will be available 
for routine screening of cancer. In 
addition, the test can be done within 
20 minutes of sample collection.’

Chang’s group now hope for an 
easy method of sample collection 
to be developed to allow home 
screening.
Laura Howes

According to Tarancón, the 
oxygen transport properties and 
electrical performance of the 
perovskite-structured oxide were 
comparable to other excellent 
cathodes. He also suggested that 
‘its structural characteristics 
suggest a new family of SOFCs 
cathode materials based on layered 
perovskites’.

Peter Slater, a materials chemist 
at the University of Surrey, 
Guildford, UK, praised Tarancón’s 
research, saying ‘they elegantly 
demonstrate high oxygen surface 
exchange properties, along with 
low activation energies for both 
surface exchange and oxide ion 
diffusion’ and agreed that the 
family has great promise as cathode 
materials.
Susan Batten

The device is designed 
for non-specialists to 
use

Lower temperatures 
mean cheaper cells
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Instant insight

Molecular memory
Nicolas Weibel, Sergio Grunder and Marcel Mayor, University of Basel, 
Switzerland look at functional molecules in electronic circuits

©The Royal Society of Chemistry 2007

The miniaturization trend known 
as Moore’s law is only driven by 
the prospect of reducing the price 
per unit – more chips per silicon 
wafer reduces production costs. 
The exponential increase in the cost 
of semiconductor production will 
most likely stop this miniaturization 
trend before its physical limits 
are reached. The growing interest 
in alternative concepts, like the 
integration of molecules as carriers 
of an electronic function, is not 
surprising in view of the expected 
restrictions. Mainly driven by the 
greed for fundamental knowledge, 
the increasing availability of 
investigative tools and the hope 
for appealing solutions at lower 
cost, molecular electronics has 
developed to a mature research 
area in the past few years. Alongside 
central contributions from 
physics, electronic engineering, 
nanotechnology and other applied 
sciences, only physical and synthetic 
chemistry provide the desired 
feedback mechanisms required 
for a successful development of 
molecular structures for electronic 
devices. Together, they can 
judiciously correlate molecular 
structure with physical properties, 
and design and synthesize tailor-
made functional molecules.
	 With numerous examples of 
molecules integrated into electronic 
circuits, our recent Perspective 
article1 illustrates the promising 
potential of the concept but also 
the remaining challenges and 
limitations. From the point of view 
of a synthetic chemist, the focus 
is set on molecular structure as 
the origin of electronic function. 
Particularly, examples of systems 
providing rectification and 
switching are considered, as the 
combination of rectification with 
hysteretic switching paves the way 
to future molecule-based memory 
devices. 

Rectification, the very first 
electronic function suggested to 
be provided by a single molecule, 
has meanwhile been achieved 
in devices comprising different 
numbers of molecules, ranging 
from large self-assembled 
monolayers down to individual 
molecules. While the integrated 
molecules were confirmed to 
be the origin of the observed 
current rectification, the present 
performances of these molecular 
rectifiers can barely compete 

     Chem. Technol., 2007, 4, T57–T64    T61

Reference
1 N Weibel, S Grunder and  
M Mayor, Org. Biomol. Chem., 
2007, 5, 2343 (DOI: 10.1039/
b703287k)

Molecular switches like 
this one are triggered 
by light

with those of their semiconductor 
fellows. 

Switching between two current 
levels, triggered by an external 
stimulus such as light or an 
electrochemical potential, has been 
realized in several prototype set-ups 
consisting of integrated molecules. 
While these studies are of 
fundamental interest to investigate 
the underlying mechanisms and the 
potential of molecules as switches, 
the integration of neither a light 
source nor an electrolyte into an 
integrated circuit of the future is 
very likely to happen. However, a 
few examples of hysteretic switches, 
which are of particular interest as 
potential memory devices, have 
been achieved. Interestingly, these 
switches are triggered by an applied 
potential. However, the underlying 
mechanisms are still under 
investigation.

In summary, the future of 
molecular electronics is not to 
supplant but rather to complement 
and enrich existing electronic 
circuits. The advent of hybrid 
devices profiting from molecules 
as functional units integrated into 
pre-existing platforms will most 
likely permit fundamental scientific 
advances and technological 
achievements. Overcoming the 
size gap between electrodes and 
molecules as well as bringing in 
new concepts for massive parallel 
contacting of molecular devices are 
still major challenges in the field of 
nanotechnology. We are convinced 
that numerous unpredicted 
solutions and applications will 
arise from the fascinating and 
challenging interdisciplinary 
research in the area of molecular 
electronics. 

Read the full Perspective article 
‘Functional molecules in electronic 
circuits’ in issue 15 of Organic and 
Biomolecular Chemistry.

InstantInsight07.07-mayor.indd   40 20/07/2007   12:33:15
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EVOLUTE™ ABN—easy and reliable
Minimize matrix effects, reduce ion suppression and concentrate 
analytes of interest for better quantitation

EVOLUTE™ ABN (Acid, Base, Neutral) is a water-wettable polymeric sorbent optimized for fast

generic reversed phase SPE. The smaller (40Å) pore diameter prevents the retention of large

molecular weight interferences providing cleaner extracts and higher analyte recoveries. Available

in 96-well plate and column formats.  Visit www.biotage.com to request a FREE sample.
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How did you become interested in microfluidics?
It has been a bit of a random walk. However, 
I have always been fascinated with the notion 
of molecular transport and the movement of 
molecules on the supramolecular level but on 
relatively short timescales. I am interested in how 
to control the placement of molecules in space 
and time and potential applications of this.

What projects are you working on at the moment?
We work on integrated microfluidics – three 
dimensional structures capable of performing 
successively linked chemical analysis tasks. It 
is a way of performing complicated processing 
to obtain valuable information. We concentrate 
on three dimensional ways to do this, using 
electrokinetically actuated fluid transfer in 
different microfluidic layers so we can achieve 
multidimensional chemical analysis directly on 
the chip.

We are also interested in optoelectronic 
materials and devices for chemical sensing, 
especially the Group 13 nitrides. These materials 
are extremely robust so can be used in harsh 
chemical environments, as well as, as the name 
implies, having useful optical and electronic 
properties. In particular, the aluminium nitride 
and gallium nitride end of the family are solar 
blind so they are useful for applications where 
other semiconductors are not. 

The final area we work in is chemical mapping, 
which is a way of mapping chemical reactions 
onto surfaces of arbitrary geometry. This is 
done by using electrochemical potentials that 
are anisotropic in the plane, allowing us to 
create materials that are directly or spatially 
anisotropic.

What do you hope your next breakthrough will be?
We are on the cusp of demonstrating the first 
powerful two-dimensional separation in a three-
dimensional integrated microfluidic circuit – this 
is based on electrophoresis separation followed 
by chiral separation. The idea is to take a complex 
mixture of biological molecules, separate them 
by chemical identity, and then take the racemic 
mixture that is represented by the particular 
component we are interested in and separate the 
enantiomers in a chiral column.

Ultimately, we want to be able to pick out a 
particular component from a mixture and move 

it into a different region of the channel, and then 
operate on that. If we can achieve that once, then 
the opportunity to do it in parallel presents itself 
and it could become a powerful technique. 

You could imagine replacing two-dimensional 
gels used for proteomic experiments, with an 
integrated microfluidic format that would be 
simpler and able to handle smaller volumes, 
and hopefully lower the number of repetitions 
required for the assay.

What do you think is the biggest challenge faced by 
people working in your area?
The Holy Grail is to take a complex mixture and 
provide a chemical catalogue of its components, 
and to do this in a way which preserves both 
spatial and temporal information. I have just 
described probably the next 500 years of analytical 
chemistry, but perhaps a smaller goal for the 
immediate future in chemical sensing is to provide 
a complete inventory of a complex chemical 
mixture, and to do that with single molecule 
sensitivity.

If you went back into the lab, what experiment would 
you do?
Our most exciting current project involves 
incorporating optoelectronic materials into 
traditional microfluidic formats. I would like to 
do experiments that use these exciting advances 
in electrokinetic transport in order to further 
develop microfluidics. Unfortunately, I have given 
that project to a student so he would be mad if I 
showed up and did the experiments myself!

What message do you have for young scientists?
Chemistry continues to be an endlessly fascinating 
part of contemporary science because so much of 
what happens in science is tied up in the way in 
which molecules organise themselves and interact 
with each other. You only have to look below the 
surface a little bit to see that chemistry has been an 
enduring and very broad substructure to advances 
in science as a whole. If I have any advice, I would 
encourage people to look for the problems at the 
interface between traditional subject areas, where 
a good chemical knowledge can have an impact.

Finally, if you weren’t a chemist, what would you be?
That’s easy…I would be a professional golfer. The 
only thing that gets in my way is lack of talent!

Transport on a chip
Microfluidics meets analytical chemistry. Paul Bohn talks to Jenna Wilson 
about molecular transport in small channels

Interview

Paul Bohn is the Schmitt 
professor of chemical and 
biomolecular engineering at 
the University of Notre Dame, 
US, and associate editor of 
The Analyst. His research 
focuses on understanding and 
controlling molecular transport 
on the nanometre length scale.

Paul Bohn

©The Royal Society of Chemistry 2007
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Cover it up!
Methods in Organic Synthesis is 
holding a cover competition, for 
all those involved or interested 
in organic chemistry. 

With a large readership and 
diverse array of abstracts in 
every issue, the winner of the 
competition can be sure that 
their cover will be seen by 
readers across the globe. The 
winning image will feature 
on the RSC website as well 
as on the front of Methods in 
Organic Synthesis throughout 
2008, making it highly visible 
to our extensive international 
audience.

Methods in Organic Synthesis 
presents the most novel, 
current and topical research  
in organic chemistry and  
the winning image should 
reflect this. 

Can you bring organic 
chemistry to life visually?  Then 
why not visit www.rsc.org/mos/
covercomp and submit your 
image today!

©The Royal Society of Chemistry 2007T64    Chem. Tech., 2007, 4, T57–T64

Essential elements

RSC Publishing is celebrating 
the continued success of its 
journals following the release 
of the 2006 impact factors 
calculated by ISI®. Journals 
from across the collection have 
recorded significant rises, while 
new interdisciplinary titles 
have received their first official 
ranking of the internationally 
recognised publishing industry 
metric. 

Among the headline success 
stories, Green Chemistry, the 
only journal publishing both 
primary and secondary research 
in the field, sees a staggering 29% 
rise in impact factor to 4.19. The 
already impressive impact factor 
for Lab on a Chip has increased 
by a further 10% to 5.82, ensuring 
it remains one of the leading 
journals in micro and nano-
research.

The RSC materials science 
journals further strengthen 
and grow. For the second year 
running, weekly Journal of 
Materials Chemistry’s  impact 
factor rose significantly, 
to 4.29. Meanwhile, new 
interdisciplinary journal  
Soft Matter (launched June 
2005) received an impressive 
first (partial) impact factor of 
4.39, positioning it ahead of its 
competitors and achieving the 
journal’s aim of bringing together 
interdisciplinary research in  
this field.

RSC journals at the interface 
with biology have also been 
bolstered by increasing 
impact factors, with Organic 
& Biomolecular Chemistry  

RSC journals – even more impact!

and Natural Product Reports  
achieving 2.87 and 8.89 (rises 
of 13% and 21%) respectively. 
Newcomer Molecular BioSystems 
(launched May 2005) celebrates 
its first (partial) impact factor  
of 2.45.

These successes come after a 
year of innovative developments 
to the presentation and linking 
of research in RSC Journals, 
particularly those containing 
biological content, through 
the industry-leading Project 
Prospect.

Topical research ...
It’s official! Work published in 
RSC journals is also amongst the 
most topical. The immediacy 
indices for a number of RSC 
journals are now leading the 
way. When it comes to topical 
and urgent research, JAAS 
(Journal of Analytical Atomic 
Spectrometry) and The Analyst 
top the charts for analytical 
chemistry journals, with figures 
of 0.94 and 0.93 respectively.  
Dalton Transactions becomes the 

leading general inorganic journal, 
with an immediacy index of 0.89 
(an increase of 22% on its 2005 
figure). 

These impressive new 
figures, coupled with the RSC’s 
position as the fastest publisher 
of chemical science research, 
reinforce RSC Publishing’s 
reputation as the home of 
exciting new research.

RSC Publishing would like to 
thank all our authors, referees 
and readers for their continued 
support.

Footnote: The annual ISI® impact factors 
provide an indication of the average number 
of citations per paper. The impact factor for 
2006 is calculated from the total number of 
citations given in 2006 to citeable articles 
published in 2004 and 2005, divided by 
the number of citeable articles published in 
2004 and 2005.

The immediacy index measures how 
topical and urgent the papers published in 
a journal are. The 2006 immediacy index is 
the total number of citations given in 2006 
to citeable articles published in 2006 divided 
by the number of citeable articles published 
in 2006.

Data based on 2006 impact factors, 
calculated by ISI®, released June 2007.
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Green chemistry in Ethiopia: the Third
Annual Workshop
DOI: 10.1039/b708450c

Yonas Chebude, Debebe Yilma, Peter Licence and Martyn Poliakoff report on the
Third Ethiopian Workshop on Green Chemistry, held on the 18–19th May 2007 at
Jimma University, Jimma, Ethiopia.

The third Ethiopian workshop on Green

Chemistry was held on 18–19th May

2007 at Jimma University. It was orga-

nised jointly by Jimma University,

Hawassa University, Addis Ababa

University and the University of

Nottingham, with the support of the

British Council DelPHE programme, the

GCI and RSC. The workshop was

attended by 75 scientists and students

from 9 universities and 2 research centres

from across Ethiopia, as well as Pete

Licence and Martyn Poliakoff from the

UK. The meeting had two main focuses,

(i) dissemination and implementation of

green chemistry practices in Ethiopia and

(ii) the use of renewables for the manu-

facture of chemicals and biofuels. There

was lively discussion on both topics and

several interesting points emerged.

The first challenge is how to promote

green chemistry and encourage industries

and other stakeholders to adopt the

principles of green chemistry in a country

where there is little enforcement of

existing environmental legislation. There

was general agreement that the most

effective route was via case studies which

could persuade stakeholders of the finan-

cial benefit associated with the cleaner

production and handling of chemicals.

Particular target industries include

leather processing, textiles, brewing and

other food industries, including sugar

production. A start has been made in

promoting ISO 14001 and associated

ISO protocols (www.ecpc.org.et) which

can provide organisations with a proven

mechanism for the implementation and

maintenance of cleaner technologies. One

poster at the workshop described how

this approach has already ‘‘greened’’

the production of beer in both an

environmentally and economically bene-

ficial way.

The question of biofuels is currently a

topic of discussion in Ethiopia, primarily

for reasons of security of supply, but also

for climate change and sustainability.

Already, several foreign countries are

planting Jatropha (Jatropha curcas), an

oil bearing tree, to obtain raw materials

for biodiesel production but it does not

grow at the altitudes found in much of

Ethiopia. An interesting and indeed

promising suggestion is the planting of

endemic oil bearing trees, e.g. birbra

(Millettia ferruginea) and korch

(Erythrina brucei) for reforestation of

neglected areas that cannot be used for

the growing of arable crops. This process

could have twin benefits apart from the

reforestation itself; firstly the planting of

the trees will halt potentially disastrous

soil erosion, a problem that is common

throughout Ethiopia; secondly, the oil

produced will make the forests economi-

cally sustainable.

The main outcome of the workshop

was the decision by delegates from the

different universities to organise regional

workshops to disseminate the important

messages from Jimma to their own

students, local industries and high

schools in each area. This way, the

impact of the Jimma workshop can be

multiplied many times and a start

can be made on introducing cleaner

technologies right across this very large

African country. The whole event was

characterised by great enthusiasm and a

desire to learn which, perhaps, can form a

role model for other African countries.

The Federation of African Societies of

Chemistry (www.faschem.org) are orga-

nising their first annual congress in Addis

Ababa in September this year, and

green chemistry will be the principal

theme of the congress. The Jimma meet-

ing ended with each university receiving

two copies of a green chemistry book,

Green Chemistry, An Introductory

Text, as a gift from the RSC and a vote

of thanks to the principal organisers,

Ato Tefera Entele (JU) and Dr Nigist

Asfaw (AAU).
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Aliphatic nitro derivatives represent an important class of useful molecules in organic synthesis.

The versatility of these compounds is largely due to their easy availability and transformation into

a variety of diverse functionalities. Moreover, aliphatic nitro compounds are very important

building blocks (both as nucleophiles or as electrophiles) for the generation of new carbon–carbon

bonds, mainly via nitroaldol-Henry reactions, Michael reactions and Diels–Alder cycloadditions.

Usually, organic solvents are believed to be necessary for achieving the best efficiency in the

reactions of aliphatic nitro compounds and, only recently, it has been shown that these reactions

are also very efficient using water as reaction medium. Such progress in the chemistry of aliphatic

nitro compounds is particularly attractive to industry since the replacement of toxic solvents still

remains a crucial (and expensive) challenge. Thus, this report is focused on the chemistry of

aliphatic nitro derivatives performed in aqueous media.

1. Introduction

It is still common feeling that most organic reactions should

be performed in organic solvents and generally under dry

conditions. Actually, this scenario is changing and, according

to the urgent needs for a more environmentally responsible

chemistry, alternative reaction media are taking a leading role

in the development of efficient and cleaner organic chemistry.

Fifteen years ago, the number of scientific publications

concerning the use of ionic liquids, supercritical fluids, water

or solvent-free conditions was very little.

Today, we are participating in rapidly growing attention

towards this research field with a concomitant development of

green chemistry.

Among the alternative reaction media, water is one of the

most intriguing due to its peculiar properties. Water is the

most abundant and available molecule on the planet and many

biochemical processes occur in aqueous medium. Nevertheless,

for a long time it has been rarely used as reaction medium by

organic chemists, because its presence has always been

associated with the ‘‘decomposition’’ of the reagents normally

believed to be usable only in dry organic solvents. In fact,

water has been generally used to work-up organic reactions

and therefore it has been associated to a ‘‘waste-production

step’’ and to the consequent obvious problems of cleaning-up

water from reactants’ residues.

In 1980, Breslow’s observations on the acceleration of some

Diels–Alder reactions when carried out in water with respect to

organic solvent1 undoubtedly played a special role in the

development of organic synthesis in aqueous media, but it

must be mentioned that much earlier Diels–Alder reactions

had been performed in water.2 In 1931, Diels and Alder

themselves2a used water as reaction medium in the cyclo-

addition of furan with maleic anhydride. In 1948, Woodward

and Baer2b employed aqueous maleic acid as dienophile, and in

1973 the beneficial effect of aqueous medium on the reaction

was successfully investigated also by Koning and Carlson.2c

However, Breslow’s kinetic work was the first that quantita-

tively showed the beneficial effects of water on the reactivity

and selectivity of an organic reaction (for example the reaction

of cyclopentadiene with butenone in water was accelerated by

740 times compared to that performed in isooctane). This

paper had the important role of stimulating further research

in this area.

Many excellent reviews dealing with different aspects on this

field have appeared, witnessing the large number of scientists

nowadays involved in the study of water as reaction medium

and its implications in different research areas.3

There are many advantages in the use of aqueous reaction

media. Among them, we wish to mention the possibility of

recovery and re-use of the aqueous medium and all the soluble

species dissolved in it (catalysts and reactants), and the

possibility of controlling the pH. This is of particular interest

because it makes possible to influence the reactivity and

solubility of the reactants, often allowing unique chemical

behaviours to be displayed and isolation procedures to be

simplified.4 For example, it has been shown that salts such as

AlCl3, TiCl4, SnCl4 and ZnCl2, believed to be decomposed by

water, are on the contrary very effective catalysts provided that

they are used under controlled pH conditions.5

Aliphatic nitro compounds are a very important class of

molecules in modern organic chemistry; the remarkable synthe-

tic importance of these compounds has ensured long-standing

a‘‘Green Chemistry Group’’, Dipartimento di Scienze Chimiche
dell’Università and Consorzio Interuniversitario ‘‘La Chimica per
l’Ambiente’’ (INCA) UDR di Camerino1, Via S. Agostino 1, 62032,
Camerino (MC), Italy. E-mail: roberto.ballini@unicam.it
bCEMIN – Centro di Eccellenza Materiali Innovativi Nanostrutturati,
Dipartimento di Chimica, Università di Perugia, Via Elce di Sotto, 8,
06123, Perugia, Italia. E-mail: pizzo@unipg.it; Fax: +39 075 5855560;
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studies on their utilization in organic procedures.6 The

versatility of nitro compounds in synthesis is largely due to

their easy availability and to the simple transformation of

the nitro group into a variety of diverse functionalities.7

Moreover, aliphatic nitro compounds are very important

building blocks (both as nucleophiles or as electrophiles) for

the generation of new carbon–carbon single and double bonds.

Nitronate anions, that can be generated from nitroalkanes8

using a wide range of bases, act as carbon nucleophiles with

common electrophiles including aldehydes (nitroaldol-Henry

reaction),9 and electron-poor alkenes (Michael addition),10

leading to carbon–carbon bond formation.

On the other hand, conjugated nitroalkenes are very

useful electron-poor alkenes, prone to act as nucleophilic

acceptors mainly in the Michael reaction11 or in the Diels–

Alder cycloaddition.12

Anyway, all these methodologies of employment of aliphatic

nitro compounds give valuable accesses to polyfunctionalized

molecules, and these reactions are typically carried out under

homogeneous conditions by using an organic solvent and a

soluble catalyst.7–12

In recent years, aliphatic nitro compounds have displayed a

high reactivity in aqueous reaction medium, mainly in the

formation of new carbon–carbon bonds.

2. Preparation of nitroalkanes from haloderivatives

Due to the increasing importance of nitroalkanes in organic

synthesis,6–10 their easy and convenient availability is crucial.

The conversion of alkyl halides to nitro compounds by metal

nitrites is one of the most used methods for the preparation of

primary nitroalkanes. However, long reaction times, the use of

toxic solvents (dimethyl sulfoxide, N,N-dimethylformamide,

etc.), and tedious work-up procedures are necessary and/or

low yields are generally obtained.13 Moreover, a further and

serious drawback is that the isolated products are usually a

mixture, difficult to purify, of the desired nitroalkanes 2

together with the undesired alkyl nitrites.

A more efficient and eco-friendly procedure for the

conversion of 1 to 2, uses water as reaction medium. By

treating primary alkyl halides 1 with 4 equiv. of silver nitrite at

room temperature or 60 uC, in water, a variety of primary

nitroalkanes, 2, have been isolated in satisfactory to good

yields (53–93%, Table 1), generally in very short reaction times

(0.5–1.25 h) and with minimal formation of the undesired alkyl

nitrites (,4–5%).

The reason for using 4 equiv. of silver nitrite is that in these

conditions the reaction is fast enough to minimize the

competitive formation of the corresponding alcohol.

Although the method works well with both alkyl bromides

and iodides, the latter generally show a higher reactivity.

Functionalities such as carbon–carbon double bonds, esters,

imides, and ketones are preserved under the needed reaction

conditions.

Of particular interest is the possibility to perform the

one-pot transformation of a,v-diiodo compounds 3 to the

corresponding dinitroalkanes 4 (Scheme 1).

Moreover, this procedure avoids the use of high toxic

solvents and the formation of undesired by products.

3. The Henry reaction

Carbon–carbon bond formation is the essence of organic

synthesis. The Henry reaction, an aldol-type condensation

between a nitroalkane and a carbonyl compound, represents

one of the classical C–C bond-forming processes,9 and it has

been used extensively in many important syntheses.6

The classical nitroaldol reaction is routinely performed in

presence of a base in an organic solvent (Scheme 2).

Since basic reagents are also catalysts for the aldol

condensation and for the Cannizzaro reaction when aldehydes

are used as carbonyl sources, it is necessary to adopt

experimental conditions to suppress these competitive reac-

tions. To obtain better yields of 2-nitro alcohols, a careful

control of the basicity of the reaction medium is necessary, and

long reaction times are required. Furthermore, the formed

b-nitroalkanols may undergo base-catalyzed water elimination

Table 1 Primary nitroalkanes 2 prepared from haloderivates 1

Entry R X T/uC t/h Yield (%)

1 p-NO2C6H4CH2 Br 60 24 53
2 Ph Br r.t. 2 55
3 CH3(CH2)8 Br r.t. 2.5 85
4 CH2LCH(CH2)8 Br 60 5 64
5 p-NO2C6H4CH2 I 60 1 65
6 Ph I r.t. 0.5 56
7 CH3(CH2)8 I r.t. 0.5 93
8 CH3(CH2)6 I r.t. 1 83
9 CH3(CH2)9 I r.t. 0.75 84
10 CH2LCH(CH2)8 I r.t. 1.25 83
11 I 60 1 84

Scheme 1 Conversion of a,v-diiodo structures to a,v-dinitroalkanes.

Scheme 2 The Henry reaction.
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to give nitroalkenes that readily polymerize.14 This elimination

is difficult to avoid when aryl aldehydes are employed.

3.1. Nitroaldol reaction for the synthesis of b-nitroalcohols

It is well known that aqueous medium is less expensive and less

dangerous with respect to organic solvents, while it allows the

control of the pH and the use of microaggregates such as

surfactants. Generally, the low solubility of most reagents in

water is not an obstacle to the reactivity,3c,3e,15 which, on the

contrary, is reduced with the use of co-solvents. The nitroaldol

reaction can be efficiently performed in aqueous media, under

very mild conditions, using a stoichiometric amount of

nitroalkanes 5 with an aldehyde, in 0.025 M NaOH and in

the presence of cetyltrimethylammonium chloride (CTACl) as

a cationic surfactant. As shown in Table 2, the yields of the

nitroalkanols 7 range from good to excellent when the

nitroalkanes react with aliphatic aldehydes, while yields

slightly decrease with the aromatic ones. Short reaction times

(2–6 h) are required, and both primary and secondary

nitroalkanes give good results.

Contrary to other methods, the success of this approach is

independent of the catalyst/substrate ratio and it doesn’t need

long reaction times, tedious preparation of the catalyst, large

excess of the nitroalkane, or severe reaction conditions that are

too cumbersome, especially for large scale preparations. In

addition, the very mild reaction conditions prevent the typical

side reactions, such as retro-aldol reaction or dehydration of

2-nitroalcohols into nitroalkenes even if aromatic aldehydes

are used. High chemoselectivity is observed since several func-

tionalities such as hydroxyl groups, esters, acetals, tetrahydro-

pyranyls, (Z)-C,C double bonds, and furyls are preserved.

Compared to conventional methods, this procedure provides

the formation of the nitroalkanols 7 under inexpensive and

green conditions, with evident environmental advantages for

widespread industrial use.

A new aqueous catalytic approach for the Henry reaction

has been defined by using cetyltrimethylammonium hydroxide

(CTAOH, 10% water solution).16 In fact, treatment of

nitroalkane 5 (1 mmol) with aldehydes (1 mmol), at room

temperature and in a 10% water solution of CTAOH (0.3 ml),

produces b-nitroalkanols 7 in good yields (68–86%). Thus, all

the reactions were carried out in the presence of a minimum

amount of water and work well with a series of linear and

cyclic nitroalkanes and with an array of both aliphatic and

aromatic aldehydes (Table 3).

The very mild reaction conditions prevent both the retro-

aldol reactions and the dehydration of 7, and allow the

survival of other functionalities.

3.2. Nitroaldol reaction for the synthesis of polyfunctionalized

1,3-diols

a-Nitro ketones have proven to be useful synthetic inter-

mediates in organic synthesis.18 2-Nitrocycloalkanones are

able to produce a consistent array of functionalized molecules

through the nucleophilic retro-Claisen condensation.18a In this

context, a-nitro cycloalkanones 8 can be used as precursors of

2-nitro-1,3-diol-v-alkanoic acids 11, via a tandem double nitro-

aldol reaction-ring cleavage, performed in aqueous medium.19

As reported in Table 4, the reaction of 8 with an excess of 30%

aqueous solution of formaldehyde proceeds at room tempera-

ture, in the presence of potassium carbonate as base.

A possible pathway begins with the Henry reaction of the

starting nitro ketone 8 with formaldehyde, catalyzed by

potassium carbonate. The intermediate 9 undergoes ring

cleavage by water, which acts as the nucleophile. The obtained

open-chain nitroalkanol 10 is prone to give a further nitroaldol

reaction, with the one-pot formation of 11 in satisfactory

overall yields (48–75%, Table 4).17

The method, in which water acts both as solvent and as

reagent, seems to be independent from the ring size of the

cycloalkanone.

The 1,3-diols 11 can also be considered as v-hydroxyacids,

which are the immediate precursors of lactones. Moreover,

these compounds possess two other important functionalities

which offer valuable opportunities for further elaboration due

to the high versatility of carboxylic and nitro groups. An

application of this procedure is the preparation of 2-amino-

1,3-diols 12 (Scheme 3), a class of molecules20 with a

remarkable value in the field of cosmetics,21 by ammonium

formate/Pd–C reduction.

Table 2 Selected examples of the nitroalkanols 7 prepared in 0.025 M
NaOH/CTACl

Entry R R1 R2 t/h Yield (%)a

1 H H Ph 2 70
2 H Et Ph 2 71
3 H Me 2-Furyl 3 70
4 H Me p-NO2C6H4 4 72
5 H CH3(CH2)3 Ph(CH2)2 5 85
6 H THPOCH2 Ph(CH2)2 3 85
7 H Ph(CH2)2 3 90

8 H CH3(CH2)4 c-C6H11 2 85
9 Me Me Ph(CH2)2 6 88
10 H Me 6 90

11 H HO(CH2)6 (Z)-EtCHLCH(CH2)2 3 75
12 H CH3CO(CH2)2 CH3(CH2)2CH(CH3) 2 85
13 H MeO2C(CH2)6 Et 3 80
14 –(CH2)5– Et 3 85
a Isolated yield of 7

Table 3 Selected examples of the nitroalkanols 7 prepared by using
CTAOH

Entry R R1 R2 t/h
Yield
(%)a

1 H Et CH3(CH2)8 3 82
2 H CH3(CH2)4 CH3(CH2)4 3 81
3 H CH3(CH2)4 p-NO2C6H4 4 76
4 H MeOCO(CH2)4 CH3(CH2)4 3 77
5 –(CH2)4– n-Pr 4 83
6 H PhCH2 (E)-CH3(CH2)4CHLCH(CH2)2 3 86
7 H CH3(CH2)3 3 85

a Isolated yield of 7

This journal is � The Royal Society of Chemistry 2007 Green Chem., 2007, 9, 823–838 | 825
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4. Michael addition of nitroalkanes to electron-poor alkenes

Conjugate addition of nucleophiles to electron-deficient

alkenes, the so-called Michael addition, is an important tool

for the creation of carbon–carbon bonds.22

Because the nitro group is a strong electron-withdrawing

group, nitronate anions can be easily obtained and are of great

utility in Michael additions because the formed nitroderivative

adducts offer a variety of possible transformations.7 As for the

nitroaldol reaction, the conjugate addition of nitroalkanes to

electron-poor alkenes is routinely conducted in a homo-

geneous solution of a base in an organic solvent, and several

bases have been used for these purpose. In general, bases used

in the Henry reactions are also effective for Michael additions.

Anyhow, some drawbacks are often observed, such as the use

of toxic solvent, the formation of by-products due to multiple

additions, low yields and/or tedious work up.

4.1. Conjugate addition of nitroalkanes to electron-poor alkenes

in aqueous medium

The first example of the Michael addition of nitroalkanes in

water was reported by Lubineau and Augé, by using sugars as

surfactants.23 However, this method seems to be effective only

when nitromethane or nitroethane are used as nucleophiles

and methylvinylketone (MVK) as the electrophilic alkene.

Moreover, long reaction times are required, especially

when nitroethane is employed. Later, the reaction has been

dramatically improved in aqueous medium by using a diluted

solution of sodium hydroxide 0.025 M in the presence of

a catalytic amount of cetyltrimethylammonium chloride

(CTACl) as a cationic surfactant (Table 5).24

Under these conditions both primary and secondary

nitroalkanes 5 easily react with a variety of conjugated enones

13, even those substituted at the b-position (Table 5). Very

short reaction times are sufficient to obtain c-nitro ketones 14.

Electron-deficient alkenes,22 such as a,b-unsaturated esters,

nitriles and sulfones are less reactive than the corresponding

ketones in the Michael reaction with nitroalkanes. In fact,

strongly basic conditions,25 long reaction times,26 a large

excess of nitroalkanes,27 or the help of ultrasound28 are

required. The need to accomplish these important transforma-

tions under milder conditions and with less toxic and environ-

mentally compatible materials has led to the development

of an original aqueous procedure (Table 6) for the conjugate

addition to a,b-unsaturated nitriles, esters and sulfones.

Primary and secondary nitroalkanes 5 easily react with a

collection of electrophilic alkenes15,29 on diluted sodium

hydroxide (0.025–0.1 M) and in the presence or in the absence

(Table 6, entries 1–3, 12, 13 and 16) of a catalytic amount of

CTACl to give the corresponding Michael adducts 16.

The aqueous medium and the right control of the pH

prevent the polymerisations or the polyadditions often

observed during this reaction. Satisfactory to good yields were

obtained in short reaction times (Table 6), additionally, the

very mild reaction conditions tolerate several functionalities.

An important extension of this procedure is the efficient

tandem conjugate addition–elimination (HBr) observed when

nitroalkanes 5 react with ethyl 2-(bromomethyl)acrylate 17

(Scheme 4). The aqueous medium plays a key role in the

one-pot formation of a,b-unsaturated esters 19, since the

Scheme 3 Preparation of 2-amino-1,3-diols.

Table 5 Michael reaction of nitroalkanes with conjugated enones 13

Entry R R1 R2 R3 t/h Yield (%)a

1 Me H H Me 1 85
2 Et H H Me 1 78
3 n-Bu H H Me 1 83
4 Me Me H Me 1 75
5 Me H H Et 2 76
6 Et H H Et 1 64
7 n-Bu H H Et 1 70
8 Me Me H Et 1 71
9 Me H H n-Pr 1 68
10 Et H H n-Pr 1 82
11 n-Bu H H n-Pr 2 68
12 Me Me H n-Pr 2 77
13 Me(CH2)9 H H Me 2 74
14 Me(CH2)9 H H Et 2 70
15 Me H Me Et 15 60
16 –(CH2)5– H Me 1 72
17 n-Bu H –(CH2)3– 2 79
18 Me H –(CH2)2– 2 72
19 n-Bu H –(CH2)2– 1 93
a Isolated yield of 14

Table 4 Synthesis of 2-nitro-1,3-diols 11

Entry R R1 n Yield (%)a

1 H H 0 60
2 H H 1 75
3 H H 2 60
4 H H 7 50
5 H H 10 48
6 H Me 1 65
7 H t-Bu 1 63
8 Me H 1 54
a Isolated yield of 11

826 | Green Chem., 2007, 9, 823–838 This journal is � The Royal Society of Chemistry 2007
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appropriate choice of the pH provides the (i) generation of the

nitro-carbanion, (ii) elimination of bromhidric acid from 18,

and (iii) prevention of the hydrolysis of the ester functionality.

Compounds 19 are of special interest since they can be

simultaneously employed as electrophiles (Michael acceptor)

and/or as nucleophiles at carbons bearing the nitro group

(R = H).

Nitroacetic acid derivatives 20 are valuable intermediates for

the synthesis of many nitro and amino containing compounds.

Michael addition of 20 to enones 21 opens a very attractive

route towards c-oxo-functionalized (a-alkylated) a-amino

acids. However, Michael reactions of a-nitro esters under

basic conditions often suffer from low yields.30 Similarly,

rather drastic conditions (refluxing dioxane and six days of

reaction time) were required when this reaction was catalyzed

by copper(II) acetate.30

Keller and Feringa31 investigated the use of lanthanide

triflates as reusable Lewis acids in Michael reactions of 20

with a,b-enones 21 in water, at room temperature and in the

presence of a catalytic amount of ytterbium triflate [Yb(OTf)3]

(Scheme 5).

The Michael adducts 22 were obtained in nearly quantitative

yields in the presence of 10 mol% of Yb(OTf)3, while in the

absence of the catalyst the reaction was much slower, giving a

low conversion of the desired Michael adduct even after

prolonged reaction times. It should be emphasized that single

products were obtained using this simple procedure and in

most cases no further purification was necessary, since the

conjugate addition was not accompanied by unwanted

O-alkylation or hydrolysis of the ester functionality. When

aliphatic a,b-unsaturated enones bearing various substituents

at the a9-position were employed, again quantitative yields of

the 1,4-adducts were found. However, when cyclic or b-sub-

stituted a,b-unsaturated enones were used no reaction was

observed even after prolonged reaction times. With the

Michael acceptors bearing various electron withdrawing

groups, only acrolein or conjugated enones gave the desired

1,4-adduct, whereas a,b-unsaturated esters or nitriles were not

reactive under these conditions.

The addition is proposed to proceed via a twofold coordina-

tion of the a-nitro esters by ytterbium triflate as well as by

activation of the Michael acceptor as depicted in Scheme 6.

a-Nitro ketones are the source of important building

blocks,18 but, in spite of this interest, some aspects of their

chemistry, in particular their Michael reactions, have received

little attention. The traditional basic catalysts used for

promoting Michael reactions make a-nitro ketones and their

Michael adducts unstable in the reaction conditions, since they

tend to be opened by external nucleophiles, such as water.18a,19

For this reason, the conjugate addition of these substrates have

been conventionally carried out in organic solvents, using

Table 6 Michael reaction of nitroalkanes 5 with different electron-
poor alkenes 15

Entry R R1 EWG
NaOH/
M

Presence
of CTACl t/h

Yield
(%)a

1 H Me CO2Me 0.1 No 1 80
2 H Et CO2Me 0.1 No 1 80
3 H CH3(CH2)3 CO2Me 0.025 No 2 58
4 Me Me CO2Me 0.1 Yes 8 54
5 H Ph CO2Me 0.025 Yes 2 59
6 H CH3CHOH(CH2)2 CO2Me 0.025 Yes 3 55
7 H Me CN 0.025 Yes 1 50
8 H Et CN 0.025 Yes 1 57
9 Me Me CN 0.025 Yes 2 74
10 H CH3(CH2)4 CN 0.025 Yes 1 61
11 –(CH2)5– CN 0.025 Yes 4 78
12 H Me SO2Ph 0.025 No 2 70
13 H Et SO2Ph 0.025 No 2 58
14 H CH3(CH2)4 SO2Ph 0.025 Yes 1 61
15 Me Me SO2Ph 0.025 Yes 1 56
16 H Ph SO2Ph 0.025 No 2 90
17 H CH3CO(CH2)2 SO2Ph 0.025 Yes 2 50
18 H MeO2C(CH2)2 SO2Ph 0.025 Yes 1 51
a Isolated yield of 16

Scheme 4 Tandem Michael reaction–HBr elimination.

Scheme 5 Michael reaction of nitroacetic acid derivatives.

Scheme 6 Proposed mechanism for the Michael addition of 20

(counterions omitted for clarity).
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amine or phosphine as catalysts.32 Within this context,

Menéndez et al. recently published33 the preparation of 24

by the Michael reaction, in water, of several a-nitrocyclo-

akanones 23 with structurally varied Michael acceptors 15

using neutral or very mild basic conditions (Table 7).

The authors decided to use water as reaction medium, with

no additional catalyst, believing that the acidity34 of the

a-nitrocarbonyl group would be enough to promote the

reaction. These conditions allowed the Michael addition of

compounds 23 to acrolein, methyl vinyl ketone and ethyl

vinyl ketone in excellent yields (Table 7), and without

formation of open-chain derivatives. The method seems to

be independent of the ring size of the starting nitrocyclo-

alkanones 23; anyway, larger nitro ketones (n = 7), because

of their lower water solubility, required the presence of

the cationic surfactant cetyltrimethylammonium bromide

(CTABr) in the reaction medium.

Attempts to extend these conditions to less reactive Michael

acceptors, such as methyl acrylate, were not similarly

successful; however, the use of diluted solution of potassium

carbonate (0.07 M) contributes to improve the yields of the

Michael adducts (Table 7).

A 10% water solution of cetyltrimethylammonium hydro-

xide (CTAOH) also works well for the Michael addition at

room temperature of nitroalkanes to a variety of electron-poor

alkenes.16

As reported in Table 8, even hindered electrophilic alkenes,

such as 2-cyclohexen-1-one, that usually need long reaction

times and gives low yields, in these conditions allow excellent

yields of the nitro adduct (entry 2 and 3) in only 1–2 h.

Moreover, with this protocol, simple and functionalized

nitroalkanes easily react with different electrophilic alkenes,

and the yields seem to be fairly independent of the degree of

electron-deficiency of the alkene and of the steric hindrance.

The above described procedure, was extended to the

conjugate addition of nitroalkanes to optically active

acrylates,35 considering that derivatives of a,b-unsaturated

carboxylic acids bearing a chiral auxiliary on the acyl moiety

have found a widespread utilisation in synthesis, mainly

as dienophiles in cycloaddition reactions. Intermolecular

conjugate addition of nitronate anions to these chiral

electron-poor alkenes had not been previously reported, and

would have hopefully produced the corresponding nitro

derivative in a diastereoselective fashion. As a test reaction,

the addition of 1-nitropentane to the acrylate 25 has been

carried out in a series of base–solvent combinations in

homogeneous and heterogeneous conditions, and, as

reported in Table 9, the best results could be obtained using

CTAOH in water.

A number of simple and functionalised nitrocompounds

have been made to react with optically active acrylates, and,

although only modest levels of diastereoselectivity can be

observed (Table 10), probably because the chiral auxiliary is

located too far from the reaction centre, the Michael adducts

26 can be easily transformed into interesting building blocks as

c-amino acids and cyclic hydroxycarbamates.

Table 7 Michael reaction of a-nitrocycloalkanones 23 with 15

Entry EWG n Conditions
Yield
(%)a

1 CHO 1 H2O, r.t., 14 h 98
2 CHO 2 H2O, r.t., 8 h 85
3 COMe 2 H2O, r.t., 4 h 93
4 COEt 2 H2O, r.t., 4 h 85
5 CHO 3 H2O, r.t., 14 h 99
6 COMe 3 H2O, r.t., 4 h 98
7 CHO 5 H2O, r.t., 37 h 99
8 CHO 7 H2O, r.t., CTAB (10%) 5 d 99
9 CO2Me 2 H2O, r.t., 7 d 30
10 CO2Me 2 H2O, reflux, 1d 40
11 COMe 2 KHCO3 (0.07 M in H2O), r.t., 3 h 76
12 COMe 2 KHCO3 (0.035 M in H2O), r.t., 4 h 65
13 COMe 2 KHCO3 (0.07 M in H2O), r.t., 0.5 h 92
14 COEt 2 KHCO3 (0.07 M in H2O), r.t., 1 h 80
15 CO2Me 2 KHCO3 (0.07 M in H2O), r.t., 45 min 49
16 CHO 2 KHCO3 (0.07 M in H2O), r.t., 0.5 h 55
17 CN 2 KHCO3 (0.07 M in H2O), r.t.,

CTAB (10%) 3 h
60

18 SO2Ph 2 KHCO3 (0.07 M in H2O), r.t.,
CTAB (10%) 3 h

77

a Isolated yield of 24

Table 8 Selected examples of Michael reaction under CTAOH

Entry Nitroalkane
a,b-Unsaturated
compound t/h

Yield
(%)a

1 EtNO2 1 78

2 n-PrNO2 1 80

3 CH3(CH2)4NO2 2 90

4 n-PrNO2 1 75

5 CH3(CH2)5NO2 1 87

6 CH3(CH2)5NO2 1 70

7 CH3CH(OH)(CH2)3 NO2 1 72

8 CH3(CH2)5NO2 1 70

9 MeOCO(CH2)5 NO2 2 73

10 CH3(CH2)5NO2 1 87

a Isolated yield of the Michael adduct.
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4.2. Synthesis of nitrocyclohexanol and aromatic derivatives

Nitrocyclohexanol derivatives are an interesting class of

polyfunctionalized molecules, prone to give many other

transformations into a variety of different molecular struc-

tures. These compounds have been recently obtained in a one-

pot way, under aqueous medium,36 by reaction of primary

nitroalkanes with two equivalents of a,b-unsaturated ketones,

and in the presence of potassium carbonate as base (Scheme 7).

The first step of the reaction is the double Michael addition

of the nitroalkane to the enone, followed by, in situ, intra-

molecular aldol reaction of the adduct 27. Cyclohexanols 28

are obtained in 70–95% yields and with excellent stereo-

chemical selectivity, stereisomer 28a being largely predominant

(Scheme 7).

The one-pot formation of 28 is strongly favoured by the use

of water as solvent, since the employment of the conventional

procedures give only moderate yields of the intermediate 27.

If the diastereomeric mixture of 28 is dissolved in toluene, in

the presence of a stoichiometric amount of TsOH, and refluxed

with a Dean–Stark apparatus, with the simultaneous injection

of air, the aromatic compounds 31 were directly obtained

(Scheme 8).37

The conversion of 28 to 31 proceeds initially through the

elimination of both water (compound 29) and nitrous acid,

leading to the compounds 30, which convert, by air oxidation,

to the aromatic systems 31. This means that 31 can be obtained

from simple nitroalkanes, in only two steps with moderate use

of chemicals and reduced production of waste.

Table 10 Selected examples of the Michael addition of nitroalkanes
to chiral acrylates leading to compounds 26

Entry Nitroalkane Aux. d.r. t/h
Yield
(%)a

1 CH3(CH2)4NO2 6 : 4 6.5 71

2 (CH3)2CH2CH2NO2 6 : 4 6.5 77

3 MeOCO(CH2)2NO2 6 : 4 7 57

4 Ph(CH2)2NO2 6 : 4 6 76

5 CH3CO(CH2)3NO2 6 : 4 7 52

6 6 : 4 7.5 61

7 6 : 4 6.5 40

8 CH3(CH2)4NO2 7 : 3 6 72

9 Ph(CH2)2NO2 7 : 3 6 82

a Isolated yield of 26

Table 9 Trend of Michael addition (R = i-Pr) with different bases

Entry Base Solvent t/h Yield (%)a

1 DBU THF 5 55
2 TMG CH3CN 6 68
3 t-BuOK THF 5.5 5
4 Amberlyst A-21 Et2O 22 41
5 CTAOH H2O 6.5 77
a Isolated yield of 26

Scheme 7 One-pot synthesis of nitrocyclohexanol derivatives.

Scheme 8 One-pot aromatization of 28.
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4.3. One-pot synthesis of 1,4-diketone, 1,4-diol, c-nitroalkanol

and tetrahydrofuran derivatives

The reaction of complex molecules is traditionally performed

by a sequence of separate reaction steps, each one requiring its

own conditions, reagents, solvent, catalyst, and purification

steps. Now, environmental and economic pressure are forcing

the search for more efficient ways of performing chemical

transformations, such as the possibility of achieving more

synthetic steps in a one-pot procedure.

In this context, nitroalkanes and aqueous medium con-

tribute in efficient synergy for the one-pot synthesis of

c-nitroalkanol, tetrahydronfuran, 1,4-diketone and 1,4-diol

derivatives, with evident reduction of wastes.38 The common

key step for these synthesis is the conjugate addition of

primary nitroalkanes to enones in aqueous medium, using

K2CO3 as catalyst.

Thus, the one-pot synthesis of c-nitroalkanols 32, which

have proven to be the key building blocks of tetrahydrofurans

and spiroketals,39 was achieved in good yields (78–94%,

Scheme 9) by Michael reaction of nitroalkanes and unsatu-

rated ketones, followed by in situ reduction with NaBH4. The

latter was chosen both because it can be used in water and

because it does not reduce the nitro group. Nitroalkanols 32

were obtained as a 1 : 1 diastereoisomeric mixture.

Hydroxytetrahydrofurans (lactols) 33 (useful intermediates

in the synthesis of cyclic ethers, dihydrofurans, zoapatanol

derivatives and nonactic acid)40 were prepared (Scheme 10) by

in situ Nef reaction of the corresponding c-nitroalkanones, by

using a 30% water solution of H2O2.

The conversion of a nitro group into a carbonyl (Nef

reaction) can be accomplished by several alternative methods7e

although the use of H2O2–K2CO3
41 appears to be the most

compatible with the aqueous medium and the most chemo-

selective. The expected hydroxyketones could not be isolated,

since they spontaneously cyclized to the corresponding lactols

33 in 48–58% overall yields.

1,4-Diketones 34, an important intermediates for the

synthesis of several cycles and heterocycles,42 can be prepared

by Michael addition of the nitroalkanes to the enones,

followed by in situ Nef conversion of the nitro-Michael adduct

with 30% H2O2 (Scheme 11).

Finally, 1,4-diols 35 (widely used molecules for the

preparation of lactones, pyrroles and tetrahydrofurans)43 were

synthesized (Scheme 12) by in situ reduction of the obtained

1,4-diketones, using an excess of NaBH4 as reducing agent.

Thus, all the one-pot synthesis of compounds 32–35 start with

the Michael addition of primary nitroalkanes to conjugated

enones, in which the aqueous medium plays a key role offering

the advantage to perform many other transformations in situ.

4.4. One-pot synthesis of substituted D1-pyrrolines starting from

chalcones

Recently,44 Liu reported the Michael addition of nitroalkanes

to chalcones in various organic solvent–H2O mixtures and in

the presence of different bases at room temperature. The best

results, in terms of reaction time and yield, were obtained by

using a mixture of DMF–1 M aq. NaOH (1/1 v/v) as reaction

medium.

When the reaction mixture containing 36 was treated with

Zn/HCl the corresponding D1-pyrrolines 37 was formed, in

generally good yields, by intramolecular cyclization. The one-

pot protocol is simple and has been satisfactorily used for the

synthesis of variously substituted D1-pyrrolines (Scheme 13).

5. Cleavage of a-nitrocycloalkanones

Given the well-known chemical differences between of the

carbonyl and the carbon–nitro group moiety, their juxtaposi-

tion on two adjacent carbons offers an important reactivity

pattern, peculiar to a-nitro ketones. In fact, the C–C bond

between the carbonyl group and the nitro-substituted atom

of cyclic a-nitro ketones undergoes cleavage by nucleophilic

agents and this retro-Claisen reaction is useful for the synthesis

of open-chained a,v-disubstitued compounds.18a

Scheme 9 One-pot synthesis of c-nitroalkanols.

Scheme 10 One-pot synthesis of lactols.

Scheme 11 One-pot synthesis of 1,4-diketones.

Scheme 12 One-pot synthesis of 1,4-diols.

Scheme 13 One-pot synthesis of D1-pyrrolines.
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5.1. Synthesis of v-nitro acids by cleavage of

a-nitrocycloalkanones

v-Nitro acids 39 are an important class of functionalized

carboxylic acids that, due to the great versatility of the nitro

group, can be employed as building blocks for many other

targets. These acids have been prepared by ring cleavage

of alkylated 2-nitrocycloalkanones 38, using water both as

solvent and as reagent.45 In fact, by heating an aqueous

solution of the nitrocycloalkanones in the presence of NaOH

(0.05 M) and a catalytic amount of CTACl, as surfactant, the

nucleophilic attack of water to the carbonyl moiety was

observed, with the consequent ring cleavage of 38 to the open

chain compounds 39 (Table 11).

By this C–C bond fission a variety of cyclic nitro ketones

are efficiently cleaved in high yields (Table 11), regardless the

ring size or the alkyl-substituent. Only a-nitrocyclooctanone

produces a mixture of unidentified products.

5.2. Macrolactones from a-nitrocycloalkanones

Medium- and large-sized lactones have attracted much

attention due to their wide range of biological activities.

A unique domino reaction of a-nitrocycloalkanones 23 with

a-alkyl a,b-unsaturated aldehydes, in aqueous base, leads to

one-pot synthesis of hitherto unknown functionalized, bridged,

bicyclic lactones containing 10-, 11-, 13-, and 15-membered

rings 40 (Table 12).46

As shown in Table 12, the reaction is very versatile in terms

of the size of the staring material, and therefore it could be

applied to the fast preparation of functionalized macrolactones

of various ring size. However, depending on the ring size,

compounds 40 were isolated as a mixture of diastereomers or

as a single isomer.

A mechanism that accounts for the formation of macro-

lactone 40 (n = 2) is summarized in Scheme 14 and involves

a unique anionic domino transformation including up to six

different reactions in a one-pot process. The anion II from the

initial Michael addition evolves to III through a retro-Claisen-

type reaction. Cyclization of III by attack of the nitronate

oxygen onto the aldehydes group requires the existence of

conformation IV, which would be favoured by repulsive

interaction between the nitronate and alkyl group in III and

would lead to the nitronate N-oxide V. Elimination of water

Table 11 Preparation of v-nitro acids

Entry n R R1 t/h Yield (%)a

1 0 H H 3 90
2 1 H H 4 97
3 2 H H 8 84
4 3 H H 8 mix of prod.
5 4 H H 8 84
6 6 H H 8 75
7 7 H H 8 84
8 10 H H 8 79
9 1 H Me 6 78
10 1 H t-Bu 6 71
11 1 H Ph 6 93
12 1 Me H 8 75
a Isolated yield of 39

Table 12 Preparation of bicyclic lactones 40 from a-nitro ketones

Entry n R t/h d.r. Yield (%)a

1 2 Me 1 4 : 1 95
2 2 Et 1 3 : 1 89
3 2 n-Bu 1 2.5 : 1 30
4 3 Me 1.5 3 : 1 51
5 3 Et 1.5 4 : 1 57
6 3 n-Bu 2.5 single diastereomer 85
7 5 Me 2.5 single diastereomer 57
8 5 Et 4 single diastereomer 66
9 5 n-Bu 6 single diastereomer 31
10 7 Me 5 single diastereomer 52
11 7 Et 5 single diastereomer 53
12 7 n-Bu 5 single diastereomer 28
a Isolated yield of 40

Scheme 14 Proposed mechanism for the formation of 40 (n = 2).
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and final intramolecular conjugate addition of the carboxylate

group allow the macrolactone 40 (n = 2).

6. a,b-Unsaturated nitroalkenes

a,b-Unsaturated nitroalkenes are molecules of great interest

owing to their biological and pharmacological properties,47

and also because the straightforward conversion of the nitro

functionality to the amino or carbonyl group gives access to a

large variety of building-blocks, exploitable for the synthesis of

target molecules.48

6.1. Preparation of a,b-unsaturated nitroalkenes

The most common method for the synthesis of conjugated

nitroalkenes involves a two-step procedure: (i) an aldol-type

reaction of a monosubstituted nitromethane with an aldehyde

or a ketone (Henry’s Reaction) and (ii) a dehydration reaction

of the b-nitroalcohol adduct (Scheme 15).

The nitroaldol reaction is usually performed in organic

media in the presence of a base.49 The basicity of the reaction

medium must be controlled to avoid aldol and Cannizzaro

reactions.49a These side-reactions have been suppressed by

carrying out the Henry’s reaction in aqueous NaOH in the

presence of cetyltrimetylammonium chloride (CTACl); the

b-nitroalcohol was the sole reaction product.50

The dehydration step has been carried out in organic solvents,

sometimes at a high temperature in the presence of dicyclo-

hexylcarbodiimide,51 methansulfonyl chloride,52 pivaloyl

chloride,53 phtalic anhydride,54 basic alumina,55 triphenylphos-

phine,56 ammonium acetate–acetic acid57 or amines.57a,58

By a one-pot procedure, (E)-1-cyano-1-arylnitroethenes

were prepared, in high yields at room temperature by

reaction of arylaldehydes with nitroacetonitrile 41 in hetero-

geneous aqueous medium (Table 13).59 The intermediate

b-nitroalcohols were not observed and the reactions were

highly diastereoselective giving only E diastereoisomers as

products. The process does not require the use of a catalyst or

an organic solvent and the a-cyano-b-arylnitroethenes were

isolated in practically pure form by simple Büchner filtration

of the final aqueous mixture. The aqueous phase was

recovered and re-used in four subsequent runs in which

excellent yields were always obtained.

3-Substituted coumarins are of prominent importance

among natural and synthetic coumarins because of

their range of activities.60 In the course of a wide study

on the synthesis of 3-substituted coumarins in aqueous

medium,61 the 3-nitrocoumarins 42 were prepared by a

one-pot procedure in water by a Knoevenagel reaction of

o-hydroxybenzaldehyde with nitroacetonitrile followed by

intramolecular Pinner reaction and hydrolysis of imidate

derivative (Scheme 16).

The condensation step that produces the intermediate

o-hydroxybenzylidene derivative was carried out at pH 8.3

and room temperature, while the Pinner and the hydrolysis

reactions require acidic conditions and heating. The 3-nitro-

coumarin 42a was isolated in pure form by simple filtration of

the aqueous mixture with 66% overall yield. The preparation

of 42a was also carried out in ethanol to evaluate the effect

of the aqueous medium. The process is slower in ethanolic

homogenous medium than in heterogeneous aqueous medium:

after 2 h only 35% of 3-nitrocoumarin 42a was produced. A

practical one-pot preparation of conjugated nitroalkenes from

alkenes in aqueous-organic media (ethyl acetate–water and

diethyl ether–water 7.5 : 1) using sodium nitrite and iodine

in the presence of ethylene glycol, was reported by Jew et al.

(Table 14).12,62

The procedure is efficient and does not involve treatment

with a base. In the absence of glycol, iodohydrins were

obtained as the main products. It was suggested that the

nitroalkenes were generated via iodonitroalkanes. The glycol

strongly interacts with water, which is nearly saturated

with sodium nitrite, thereby inhibiting the generation of

hypoiodous acid and accelerating that of nitryl iodide.

6.2. a,b-unsaturated nitroalkenes as 4p or 2p components

Conjugated nitroalkenes are used as 4p or 2p components

in [4 + 2] cycloadditions and as Michael acceptors for the

addition of carbon nucleophiles such as enamines and

enolates.48,49,54,63,64 Processes carried out in aqueous medium

Scheme 15 Two-step synthesis of a,b-nitroalkenes.

Table 13 One-pot synthesis of (E)-1-cyano-1-arylnitroalkenes in water

Ar Yield (%)a

Ph 90
p-ClC6H4 95
p-OMeC6H4 89
m-OMeC6H4 93
o-OMeC6H4 91
p-OHC6H4 94
p-MeC6H4 90
m-MeSC6H4 90
3,4-(OCH2O)C6H3 90
2-Furyl 93
2-Thienyl 88
a Yield of isolated pure product

Scheme 16 Synthesis of 3-nitrocoumarins 42.
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that meet the green chemistry philosophy have recently

appeared.

Cyclic six-membered nitronates are interesting synthetic

intermediates that can be easily prepared by a [4 + 2]

cycloaddition reaction of conjugated nitroalkenes with elec-

tron-rich alkenes.48d,63b,65,66 The reactions are usually carried

out in CH2Cl2, PhMe, and PhH, at 278 uC and in the presence

of a Lewis acid such as TiCl4, TiBr3(O-i-Pr), SnCl4, MAD,

MAPh and ATPh.63,64a,b Without a catalyst, the reactions

require a large excess of dienophile,64b,67 long reaction times or

the use of activated nitroalkenes.68 In some cases, the use of

high pressure conditions allows some of these difficulties to be

overcome.69

It was discovered that the aqueous medium strongly favors

the reactivity and selectivity of [4 + 2] cycloadditions of

nitroalkenes working either as 4p or 2p components.65,70,71

The cycloaddition reactions of (E)-2-aryl-1-cyano-1-nitro-

alkenes 43 with ethyl vinyl ether 44 (Scheme 17, Table 15)

occur rapidly in heterogeneous aqueous medium and are

totally regio- and endo-selective.70 The trans nitronates

46, which, in principle, can be originated from exo-type

additions, in our opinion, are the result of the epimerization

at C-6 of the kinetically favored cis-endo adducts 45.

The endo diasteroselectivity of the reaction is justified on the

basis of strong secondary orbital interactions between the

oxygen of the electron-rich vinyl ether 44 and the positively-

charged nitrogen atom of nitroalkenes 43 which are present

in the endo transition state and absent in the exo-mode

orientation.

The asymmetric cycloadditions of 43 in pure water were

explored by using enantiopure vinyl ethers (+)-47x, (+)-47y

and (2)-47z. The results are illustrated in Table 16. Excellent

results were obtained by using ethyl vinyl ether (2)-47z derived

from (2)-N,N-dicyclohexyl-(1S)-isoborneol-10-sulfonamide.

Only optically active 48 and 50 cycloadducts were obtained

which reflects a 100% asymmetric generation of 4R diastero-

isomers. The facial selectivity in the cycloadditions of

nitroalkenes 43 with optically active vinyl ethers 47 are

dictated by the shape of the chiral auxiliary, as well as by

the s-cis or s-trans reactive conformation of vinyl ether.

Cycloaddition reaction between 3-nitrocoumarin 42a and

ethyl vinyl ether 44 in water at 20 uC and pH 8.3 gives the

nitrochromanols 54 and 55 in a 56 : 44 ratio with 56% of

overall yield (Scheme 18).65

The reaction proceeds through the endo selective formation

of nitronate 52 (Scheme 18) which promptly hydrolyzes to give

Table 14 One-pot synthesis of conjugated nitroethenes in organic-
aqueous medium

Alkene Medium t h Product
Yield
(%)

EtOAc–H2O 96 72

EtOAc–H2O 72 49

EtOAc–H2O 48 81
Et2O–H2O 48 79

Et2O–H2O 72 82

EtOAc–H2O 48 78

Scheme 17 Cycloaddition reactions of (E)-2-aryl-1-cyano-1-nitro-

alkenes 43 with vinyl ethers 44 and 47.

Table 15 [4 + 2] cycloadditions of nitroalkenes 42 with ethyl vinyl
ether 43 in water

Nitroalkene T/uC t/min 45 (%) 46 (%) Yield (%)

43a 0 3 80 20 75
43b 0 20 96 4 90
43c r.t. 10 98 2 85

Table 16 [4 + 2] cycloadditions of nitroalkenes 43 with vinyl ethers 47
in water

Reactants T/uC t/min 48/49/50/51a endo/exo d.e. (4R) (%)

43b + 47x 0 30 54/35/5/6 89 : 11 18
43b + 47y 0 30 60/30/5/5 90 : 10 30
43a + 47z r.t. 60 85/—/15/— 85 : 15 100
43b + 47z 0 60 85/—/15/— 85 : 15 100
43c + 47z r.t. 60 83/—/17/— 83 : 17 100
a Percentage of the corresponding product
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53; decarboxylation and intramolecular hemiacetalation of this

intermediate gives the final products 54 and 55.

By using dihydrofuran 56 and dihydropyran 57, tetrahydro-

furobenzopyrans 60 and 62, and tetrahydropiranobenzopyrans

61 and 63 were obtained, respectively (Scheme 19).

If the nitronates 58 and 59 are generated under solvent-free

conditions and the hydrolysis and subsequent reactions are

performed by adding water in situ, the process allows only the

cis–cis adducts 60 and 61. By using this one-pot procedure, a

number of tetrahydrofurobenzopyrans 64 can be prepared

(Scheme 20).

A Knoevenagel–[4 + 2] cycloaddition domino process,

involving an intramolecular formation of a cyclic nitronate,

was performed in water at room temperature between

the allyloxybenzaldehyde 65 and nitroacetonitrile 41

(Scheme 21).59 The intermediate nitroalkene 66 immediately

gives the nitronates 67 and 68 in a 16 : 1 ratio by an endo and

an exo intramolecular inverse demand Diels–Alder reaction,

respectively. Pure 67 was isolated in 60% overall yield and the

aqueous phase was re-used for four subsequent runs with

excellent results.

3-Nitrocoumarin 42a behaves like a 2p component in the

cycloadditions performed in water with 2,3-dimethyl-1,3-

butadiene 69, isoprene 70, (E)-piperylene 71 and cyclopenta-

diene 73 (Scheme 22, Table 17).72 The reactions occur in the

Scheme 18 Cycloaddition of 3-nitrocoumarin 42a and ethyl vinyl

ether 44 in water.

Scheme 19 Cycloaddition of 3-nitrocoumarin 42a and dihydrofuran

56 and dihydropyran 57 in water.

Scheme 20 Cycloaddition of 3-nitrocoumarins 42 and dihydrofuran

56 in water.

Scheme 21 A Knoevenagel–[4 + 2] cycloaddition domino process.

Scheme 22 [4 + 2] Cycloadditions in water of 3-nitrocoumarin 42a

with dienes 69–73.
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heterogeneous phase and are faster than those executed in

toluene. Exo adducts were preferentially produced and this can

be explained on the basis of the NO2 group secondary orbital

interactions that increase the stabilization of the exo trans-

ition state. The use of Lewis acids slightly accelerates the

cycloaddition of 42 (R = H) with 71 and does not affect the

exo/endo diasteroselectivity or the reaction yield (Table 18).49e

Surprisingly 3-nitrocoumarin 42a behaves as 4p component

in the cycloaddition with 2,3-dimethoxy-1,3-butadiene 72. In

aqueous NaHCO3 and in the presence of 0.2 mol per eq. of

sodium lauryl sulfate (SLS), the reaction is very fast at 20 uC,

and an 85% yield of the nitrochromanones 80 and 81 in an

85 : 15 ratio were obtained (Table 17 and Scheme 22).67 SLS

has the sole effect of accelerating the reaction and the

nitrochromanones 80 and 81 come from the hydrolysis of

nitronate 82. The cycloadducts 74–77 were converted by a one-

pot procedure to dihydro[b,d]furans 83–85 (Scheme 23 and 24)

under basic conditions followed by Nef and cyclization

reactions at 0 uC in acidic medium. The processes are highly

selective and the overall yields are good considering that they

involve three main consecutive reactions.

Conjugated nitroalkenes were converted to ketones by the

NaBH4–H2O2 system in aqueous methanol.73 The reaction

occurs at room temperature and is chemoselective with respect

to CLC double bond, ketal, ester and aromatic nitro group

(Table 19).

Brazilian researchers72 found that thiophenol reacts with

(E)-1-methyl-1-nitrostyrene in aqueous medium at room

temperature to give prevalently the syn-a-nitrosulfide in 85%

yield (Table 20). Anti products are prevalent when the protocol

that uses thiolates followed by protonation with acetic acid at

278 uC in THF as solvent is applied,73 contrary to what

happens with the traditional method using triethylamine as

base and acetonitrile as solvent.74 With cyclic nitroalkenes the

Table 17 [4 + 2] Cycloadditions in water of 3-nitrocoumarin 42a with
dienes 69–73

Reactants T/uC t/h Products (%) Yield (%)a

42a + 69 90 3 74 (100) 90
42a + 70 90 3 75 (100) 86
42a + 71 90 3 76 (71); 77 (23); 78 (6) 90
42a + 72 20 1 80 (85); 81 (15) 85
42a + 73 30 3 79 (100) 95
a Overall yield

Table 18 [4 + 2] Cycloadditions in water of 3-nitrocoumarin 42a with
(E)-piperylene 71 at 90 uC

Catalyst t/h 76/77 (exo/endo) Yield (%)

none 3 75 : 25 90
Sc(OTf)3 1 80 : 20 85
Yb(OTf)3 3 75 : 25 89
InCl3 2 75 : 25 88

Scheme 23 One-pot synthesis of dihydro[b,d]furans 83–85.

Scheme 24 One-pot synthesis of dihydro[b,d]furans 83–85.

Table 19 Chemoselective conversion of conjugated nitroalkenes to
ketones in aqueous medium

R R1 Yield (%)

CHLCH(CH2)2 Me(CH2)3 58
MeCH2CHL(CH2)2 Me(CH2)2 70
–(CH2)4– 73
–(CH2)13– 80
Ph(CH2)2 MeC(OCH2)2CH2 48
Cy Me(CH2)3 69
p-NO2C6H4 Me 53
p-PhC6H4 Me 50
Me(CH2)8 Me(CH2)3 56
Me(CH2)9 (CH2)2CO2Me 70
Me(CH2)5 (CH2)2CO2Me 68
Ph(CH2)2 (CH2)2CO2Me 60

Table 20 Thia-Michael addition of thiophenol to (E)-1-methyl-1-
nitrostyrene

Reaction Conditions T/uC t/min anti/syn Yield (%)

H2O, Na2CO3 (pH 10) r.t. 30 69 : 31 85
THF, AcOH, BuLi r.t. to 278 120 75 : 25 70
MeCN, Et3N r.t. 60 34 : 66 90
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addition of thiophenol is more diastereoselective; the 1-nitro-

cyclohexene gives exclusively the cis-1-nitro-2-(phenylthio)-

cyclohexane.

Recently, Takabe et al. reported the organocatalytic

Michael addition of ketones or aldehydes to b-nitrostyrenes

in NaCl-saturated water (brine) (Scheme 25).75

Various pyrrolidine-based catalysts were tested and the best

results in terms of yields and stereoselectivity of the process

were obtained by using the diamine 86/TFA bifunctional

catalytic system.

Brine proved to be a more efficient reaction medium than

water or DMSO. The transformation proceeds with the

formation of an enamine species, for instance formed between

ketone 87 and diamine catalyst 86. The water-elimination step,

which allows the formation of the active enamine intermediate,

is promoted by the aggregation of the organic reactants and

the hydrophobic diamine 86 which tend to exclude water from

the organic phase. In brine, this is further promoted by salting

out effects.

A remarkable effect of water on the reaction rate of the

Ag(I)/PPh3-catalyzed Michael additions of b-ketoesters to

nitroalkenes has been recently reported by Kobayashi et al.

The reaction of b-ketoester 91 and b-nitrostyrene 88a has been

reported in Scheme 26 as an example.76

The use of an optically active phopshine allowed the

preparation of the major diastereoisomer of 92 in 78% ee.

7. Conclusion

Aliphatic nitrocompounds and aqueous medium have demon-

strated to be a very useful green alliance by which many

synthetic opportunities are offered, including the possibility to

perform, in a one-pot way, under mild and safety conditions,

the preparations of important targets under eco-friendly

conditions. In fact, the reactions are usually performed using

cheap chemicals, avoiding the need of toxic solvents and/or

severe reaction conditions.

Although this promising marriage between nitro derivatives

and aqueous medium represents a pioneering field of research

on organic synthesis, we hope that this account will provide an

incentive for further studies in this area.
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The green water-tolerant acid catalyst, periodic mesoporous

H3PW12O40/SBA-15, has been prepared by a direct sol-gel co-

condensation technique. The composite is an efficient and

reusable solid catalyst for the condensation of phenol with a

biomass-derived platform molecule, levulinic acid, to produce

the important molecule diphenolic acid.

Introduction

Condensation of phenol with levulinic acid (LA) to the polymer

intermediate diphenolic acid (DPA) is a potentially important

application in the light of growing interest in biomass-derived

platform molecules.1,2 Traditional catalysts for the synthesis of

DPA are strong Brønsted mineral acids,3 but they suffer from

disadvantages including difficulty in separation and production of

large volumes of hazardous waste.4 In the search for more

environmentally acceptable solid acid catalysts, polyoxometalates

(POMs) have proved to be effective in this reaction. POMs

function in a variety of reactions due to their multifunctionality

(strong Brønsted acidity and appropriate redox properties).5

However, POMs in the bulk form are of low efficiency due to

low specific surface areas (1–10 m2 g21), and thus only a limited

number of acid sites on the external surface are available for the

catalytic reactions, and separation of homogeneous POMs is a

problem. Impregnation of POM onto supports by conventional

post-synthesis methods gives solid POM catalysts but suffers from

several drawbacks like poor control over POM loading, POM

leaching, and the loss of homogeneity due to minor changes in the

structure.6 Microporous silica-included Keggin units prepared via

a direct co-condensation sol-gel technique have been reported to be

more active and more stable in catalytic tests (BET surface areas

400–800 m2 g21).7 However, the narrow pore size (ca. 0.6 nm) of

this kind of materials has limited their suitability for the conversion

of large substrates. Therefore the development of routes to solid

POM catalysts with larger pores and surface areas should open up

the area of POM catalysis.

Here, we demonstrate, for the first time, a route to generate a

series of SBA-15 silica-based Keggin units (H3PW12O40/SBA-15)

by a direct sol-gel co-condensation technique combined with

hydrothermal treatment in the presence of non-ionic surfactant

P123 (EO20PO70EO20, EO = ethylene oxide, PO = propylene

oxide). It is challenging to prepare this kind of material successfully

because two problems have to be overcome: (i) avoiding

decomposition of the Keggin structure during the processes of

simultaneous hydrolysis and condensation of tetraethylortho-

silicate (TEOS) with H3PW12O40 and template removal, as

H3PW12O40 begins to decompose at a pH higher than 1.5 and

loses all acidic protons at 465 uC;8 and (ii) minimizing loss of

H3PW12O40 during the process of template removal by extraction

with boiling ethanol. In order to avoid thermal decomposition of

the Keggin unit, solvent extraction is the better method to remove

the non-ionic surfactant. However, the high solubility of

H3PW12O40 in ethanol may lead to losing most of it from the

silica support. Therefore, the preparation method must be designed

precisely to ensure immobilization of homogeneous H3PW12O40

by strong chemical bonding with the mesoporous silica support.

Experimental

In a typical preparation of H3PW12O40/SBA-15, TEOS/ethanol

solution and aqueous H3PW12O40 (from 0.33 to 1.0 6 1024 mol

for different loadings) solution were added dropwise into the P123/

ethanol solution successively at room temperature with stirring.

The molar ratio of P123 : ethanol : TEOS was 1 : 323 : 52. The

acidity of the mixture was controlled at pH 1.2 ¡ 0.2. The clear sol

obtained was subjected to hydrothermal treatment at 110 uC for

48 h at a heating ramp of 2 uC min21. The clear hydrogel formed

was dehydrated slowly at 45 uC in a vacuum for 24 to 48 h until

a complete gel particulate was formed. The gel particulate was

further calcined at 80, 100, and 120 uC, successively, in a vacuum,

and then refluxed in boiling ethanol or calcined at 420 uC. The

products are represented by H3PW12O40/SBA-15-C/E-x, where

C/E refers to the catalyst obtained by calcination/extraction for

P123 removal, respectively, and x is the H3PW12O40 loading

(wt%) in the composite. For comparative purpose, silica-based

H3PW12O40 with disordered pores (H3PW12O40/SiO2-D-x) was

prepared following the above process in the absence of P123.

The condensation of LA with phenol to produce DPA was

carried out in a sealed glass vessel at 100 uC for 8 h. A typical experi-

ment involved a mixture of 0.0136 mol of phenol, 0.0034 mol of

LA with 0.05 g of the catalyst. LA and DPA were analyzed

simultaneously by an Applied Biosystem liquid chromatography–

mass spectrometer equipped with an electrospray ionization source.

Results and discussion

The determined H3PW12O40 loadings by inductively coupled

plasma atomic emission spectrometer (ICP-AES) are as expected

aGreen Chemistry Centre, Department of Chemistry, University of York,
Heslington, York, UK YO10 5DD. E-mail: jhc1@york.ac.uk;
Fax: 44 1904 434550; Tel: 44 1904 432559
bSchool of Chemistry, Northeast Normal University, Changchun,
130024, P. R. China. E-mail: guoyh@nenu.edu.cn
{ Electronic supplementary information (ESI) available: Raman spectra
(Fig. S1) and XRD patterns (Fig. S2). See DOI: 10.1039/b702739g
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(Table 1), implying that the preparation method employed can

effectively inhibit the loss of the Keggin unit during the template

extraction process. Structure integrity of the Keggin unit is

confirmed by Raman scattering studies (Fig. S1 of ESI{). The

characteristic Raman scattering peaks for pure H3PW12O40 appear

at 1009.5, 993.9 and 912.4 cm21, respectively, corresponding to

stretching vibrations of P–O bonds of the PO4 sites, WLO bonds,

and W–O–W bonds of the Keggin unit. After formation of

H3PW12O40/SBA-15 composite these three peaks are also

observed, with some shifts of the peak positions. The shifts are

due to strong interactions between the Keggin unit and the silica

support, which interfere with the symmetry of the Keggin unit.

The periodic mesostructure and porosity of as-prepared

composites were characterized by X-ray diffraction (XRD),

transmission electron microscopy (TEM), and nitrogen sorption

determination. The XRD patterns (Fig. S2 of ESI{) of six

H3PW12O40/SBA-15 materials show reflection peaks of (100) in the

range of 0.90–0.96u (Table 1) and two shoulder peaks of (110) and

(200) at ca. 1.30 and 1.56u, respectively, indicating the formation of

the ordered hexagonal structure of as-prepared composites.9 The

TEM results (Fig. 1) also reveal the well-distributed mesostructure

of the composites. All H3PW12O40/SBA-15 composites showed

very high porosity, larger surface area, and larger pore size, even

after introduction of the Keggin unit into SBA-15 matrix (Table 1).

All of the isotherms are type IV (Fig. 2) showing that the capillary

condensation occurs at higher relative pressures (P/P0 = 0.45–

0.85), suggesting well-defined mesoporous structures and relatively

narrow pore size distributions. In addition, both the extracted and

calcined samples result in similar textural properties. Interestingly,

the onset of this capillary condensation step occurs at increasing

relative pressures with increasing H3PW12O40 loading in the

composites. This implies that the average pore size increases with

increasing H3PW12O40 loading, which has been evidenced by the

result of pore size distribution (Fig. 2). In addition, the uniform

pore size distribution suggests homogeneous distribution of the

large Keggin unit throughout the sol-gel co-condensed materials.

These fascinating textural properties of H3PW12O40/SBA-15

materials are attractive for potential applications in acid-catalysed

reactions.

The SBA-15 silica supported H3PW12O40 catalysts were

successfully tested in the solventless condensation of LA with

phenol to produce DPA, and the results are summarized in Table 1.

In the reactions, the two structural isomers, DPA (p,p9) and DPA

(o,p9), were formed with all the catalysts tested. No other products

could be identified by using as-prepared H3PW12O40/SBA-15

materials. Under the same conditions, the TOF is low using

H3PW12O40, HCl, or H3PW12O40/SiO2-D-15.4 as the catalyst.

However, all six tested H3PW12O40/SBA-15 materials exhibit

significantly high activities, and the activities increase with

increasing H3PW12O40 loadings. The higher catalytic activity of

H3PW12O40/SBA-15 compared to that of H3PW12O40/SiO2-D is

due to its special textural properties. The latter is disordered with

very small pore size (1.2 nm), which significantly impacts the

accessibility and rate of diffusion for the substrates, especially for

the DPA synthesis reaction (the size of DPA is large). After the

reaction, the catalyst was removed by hot filtration. The catalyst-

free reaction liquor was returned to reaction conditions and

monitored further, but no further conversion of LA was detected,

consistent with a stable heterogeneous catalyst. Furthermore,

Table 1 Surface textural properties and catalytic activity of as-prepared mesoporous H3PW12O40/SBA-15 and reference materialsa

Catalyst 2h/o SBET/m2 g21 DP
b/nm Porosityc LA conversion (%) TOFd p,p9/o,p9e

H3PW12O40/SBA-15-E-4.0 0.95 691.6 7.1 1.20 23.6 6.9 3.6
H3PW12O40/SBA-15-E-14.8 0.92 683.0 7.4 0.95 74.8 46.4 3.0
H3PW12O40/SBA-15-E-17.5 0.90 630.4 8.6 0.91 80.1 51.0 2.8
H3PW12O4/SBA-15-C-7.5 0.95 753.0 6.0 1.10 19.2 3.5 2.1
H3PW12O4/SBA-15-C-11.3 0.91 713.2 6.4 0.85 72.3 48.5 3.6
H3PW12O4/SBA-15-C-15.7 0.96 604.5 6.6 0.75 80.3 53.9 2.9
H3PW12O40/SiO2-D-15.4 — 317.6 1.2 0.34 5.3 0.65 2.8
H3PW12O40 — 5.5 — — 60.1 1.04 2.9
HCl — — — — 65.4 0.73 2.2
SBA-15-E 0.99 858.2 5.2 0.71 0 0 —
SBA-15-C 0.96 750.1 5.3 0.51 0 0 —
a 0.0034 mol LA, 0.0136 mol phenol, 0.05 g catalyst, 100 uC, 8 h. The retention time for LA, DPA (p,p9), and DPA (o,p9) was 1.31, 1.60, and
1.86 min, respectively. b Pore diameters are estimated from BJH desorption determination. c The porosity is estimated from the pore volume
determined using the adsorption branch of the N2 isotherm curve at the P/P0 = 0.99 single point. d TOF is based on total molar quantity of
the two isomers/molar quantity of active site (H3PW12O40 or HCl). e Molar ratio of DPA (p,p9) isomer to DPA (o,p9) isomer.

Fig. 1 TEM images of (A) H3PW12O40/SBA-15-C-15.7 and (B)

H3PW12O4/SBA-15-E-17.5.
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analysis of the solution by ICP-AES shows that no significant

amount of H3PW12O40 leached into the reaction. However,

catalytic activity decreased in the second catalytic cycle due to

the strong adsorption of DPA on the H3PW12O40/SBA-15

composite. Calcination of the reused catalysts at 420 uC restored

the catalytic activity.

Conclusions

A direct sol-gel co-condensation technique combined with

hydrothermal treatment in the presence of a poly(alkylene oxide)

triblock copolymer has been demonstrated to prepare a series of

ordered mesoporous SBA-15 silica-based H3PW12O40 materials.

The materials exhibit unique surface physicochemical properties,

including larger BET surface area, higher porosity, larger and well-

defined pore size, and evenly dispersed catalytic sites throughout

the materials. As-prepared materials are robust and show excellent

activity and selectivity in the conversion of one of the top biomass

platform molecules, LA, into a valuable polymer intermediate,

DPA, compared to other known catalysts, including mineral acid.

Importantly, the use of the new acid eases safe handling and

simplifies separation allowing reuse of the catalyst after a

reactivation step.
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The new group of high porous, rigid bio-composite materials

based on compressed expanded graphite impregnated by a

chitosan were prepared and examined by means of adequate

physical methods.

Introduction

The increasing demand from consumers and industry for environ-

mentally friendly and renewable polymers explain the great interest

for macromolecules as substitutes of synthetic, petroleum-based

polymers. The most recent efforts in the development of cleaner

sustainable chemistry are being driven by a shift from petrochemi-

cal-based feedstocks toward biological materials. Thus, there is a

drive to produce raw materials from biofeedstocks, which in turn

is stimulating considerable effort in new areas of chemistry and

biotechnology. Given these developments, it seems clear that there

will be a key role to be played in the development of biopolymers

for use as polymeric supports as well as themselves in pure or

modified form by utilising their unique, natural properties like high

absorption ability, reactivity, optical activity etc. These systems are

ecologically friendly materials meeting the needs for materials of

new generation. The other, rare properties of natural polymers,

such as biodegradability, biocompatibility, non-toxicity make

them especially attractive for a number of applications.1

It is estimated that approximately 4 6 1011 tons of carbo-

hydrates (mono-, di- and polysaccharides) are biosynthesised each

by plants and photosynthesising bacteria. The polysaccharides

starch, cellulose and chitin are the world’s three biggest natural

renewable resources for general consumer applications and are still

objects of wide scientific interest. Besides starch and cellulose,

which have been extensively studied, chitin exhibits a great poten-

tial. Chitin and its N-deacetylated derivative chitosan represent a

family of biopolymers, made up of b-(1,4)-linked N-acetyl-D-

glucosamine and D-glucosamine subunits (amino polysacchar-

ides).2,3 Taking into account the unique properties of chitosan, one

can indicate some potential advantages of this polymer: (1)

presence of different functional groups, (2) easy modification and

even possibility to use it without preliminary modification, (3)

rather high thermal stability and durability. Thus, chitosan could

be considered as a ‘‘green polymer’’ of a variety of current and

potential application in analytical chemistry, water treatment,

agriculture, food and feed additives, medical and pharmaceutical

materials or biotechnology.3–5

Compressed expanded graphite (CEG) blocks produced from

expanded graphite (EG) powders by means of compaction are

highly porous and present many interesting properties, such as

good electrical and thermal conductivities, satisfactory active

surface area and mechanical strengths. The overall, attainable

porosity of such material is 98.8% (dependent on parameters of the

preparation process) including fully accessible meso- and macro-

pores. The specific surface of the raw material is about 40 m2 g21

but may be easily developed by using ‘‘classic’’ activation methods

to reach even 1000 m2 g21.6,7 Because of the interlocking of the

constitutive particles, the elastic properties of CEG are surprisingly

high, considering its ultra-low density.8 The good mechanical

properties of such a highly porous material as CEG are very

important because of one of its possible applications as matrices

for high surface polymer-based composites.

The purpose of this communication is to present the first

attempts of producing a new class of bio-materials prepared from

chitosans and CEGs, which should exhibit a sum of desired

properties of the components that were studied and reported

separately until now. The continuation of the work will be further

functionalisation, e.g. via cross-linking by various (natural or

synthetic) agents or/and subsequent grafting by monomers and/or

other compounds (natural or synthetic) to obtain biodegradable

as well as environmentally friendly unique materials with useful

properties.

Experimental

Materials

CEG cubes were produced using a powder of EG of an apparent

density of 11 kg m23 provided by SGL Carbon (Germany). The

cubic monolithic samples were prepared using the following

procedure: after weighing, portions of EG powder were introduced

into a long parallelepiped tube (inner cross-section 4 cm2), and

compressed under the same pressures to produce the set of samples

with the same porosity 85%.

Chitosan/CEG composites were prepared by using a ‘‘classic’’

technique of impregnation, as described in the literature.4 Dry

cubes were immersed into two kinds of water–acetic acid solutions

(about 2 wt%) of chitosan (medium molecular weight, Sigma–

Aldrich, Germany used as received): 1.29 and 0.62 wt%. The

procedure was carried out under vacuum over 1 h. The samples

were next dried in air at 60 uC until no change in weight was

observed. The materials were neutralized by using of 0.1 mol dm23

water solution of NaOH (1 h), and then washed with distilled

aInstitute of Coal Chemistry, Polish Academy of Sciences, Sowińskiego
5, Gliwice, PL-44-121, Poland
bSilesian Technical University of Technology, Department of Analytical
and General Chemistry, Marcina Strzody 9, Gliwice, PL-44-100, Poland
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water to remove the excess alkali. The samples were dried in the

same way as described above and the further investigations were

carried out.

The cross-linking of representative composites was carried out

by using aqueous solution of glutaraldehyde (Sigma–Aldrich,

Germany, used without further purification) of 9.375 6
1023 mol dm23. The procedure of immersing and drying was

the same as in the case of the impregnation process.

Descriptions of all samples prepared are summarized in Table 1.

Methods

Both apparent and true densities were measured to determine the

bulk porosity of samples. Apparent density was calculated

from volume of a sample and its weight. The true density was

measured using a helium gas displacement pycnometer, type 1305

Micromeritics1.

The bulk porosity of samples was calculated using an

expression:

P(%) = ((rtrue 2 rapp)/(rtrue)) 6 100 (1)

where P is a bulk porosity, rtrue and rapp are true and apparent

densities of a sample.

Ultrasonic velocity measurements were performed using an

ultrasonic tester CT1 (UNIPAN-ULTRASONIC, Poland). A pair

of ultrasonic heads (transmitting and receiving) for the longitudinal

waves with a frequency of 100 kHz and with a diameter of 15 mm

was used for this study. For anisotropy studies, the velocities were

measured along the three orthogonal directions of each sample:

one perpendicular to the bedding plane of the graphite flakes (vH),

and two orthogonal within the bedding plane (vI
1 and vI

2). The

bedding plane is perpendicular to the direction of compression by

which the samples were prepared.

Discussion of results

1. The true density and bulk porosity

Fig. 1 presents results of the true density measurements carried out

for reported samples including CEG 0. The true density of CEG

was found to be close to the density of pure graphite crystal, equal

to 2.2 g cm23. Filling of pores by chitosan—more loose material

decreased the true density of composite. Higher concentration and

cross-linking of chitosan improved compactness of the composite

matrix. Probably, the neutralisation process causes strong changes

only in the superstucture of the deposited polymer independently

of the thickness of it’s layer, which should be adequate to the

concentration of the solution used. The hypothesis (on this step

of our studies) may be proven by observing the results of bulk

porosity measurements (Fig. 2.), where the composite with less

quantity of chitosan covering the walls of the CEG pores exhibits

lower porosity. Simultaneously, the cross-linking process increases

the density of the samples, compared to the impregnated and

neutralized samples, without detectable changes of their porosity.

It may be assumed that this is an effect of changes in the free

volume of the polymer (by incorporating the glutaraldehyde

between polymer chains) that occurs without significant deviations

of the film dimensions. Although the bulk porosity of composites

was lower than that of initial CEG, the chitosan/CEG composites

still kept high porosity, reaching values above 80%.

2. The ultrasonic measurements

The dynamic elastic moduli (which corresponds to the elastic/

mechanical properties of a material) of the samples were estimated

by means of measurements of the velocity of the longitudinal

ultrasonic wave propagated along three mutually orthogonal direc-

tions: one perpendicular to the bedding plane, and two orthogonal

within the bedding plane. The results of the experiments are

Table 1 Characteristic of the samples

Sample

Treatment

Impregnation
by solution of
chitosan (wt%) Neutralisation Cross-linking

0.62 1.29
CEG 0 ‘‘Blank test’’ sample—initial cube of the untreated CEG
ChiCEG 1 + + +
ChiCEG 2 + +
ChiCEG 11 + + +
ChiCEG 22 + +

Fig. 1 The true density of initial CEG (support), CEG impregnated with

raw chitosan and CEG impregnated with cross-linked chitosan. White

and gray columns denote composites characterized by a concentration of

0.62 wt% and 1.29 wt% chotosan, respectively.

Fig. 2 The bulk porosity of initial CEG (support), CEG impregnated

with raw chitosan and CEG impregnated with cross-linked chitosan.

White and gray columns denote composites characterized by a concentra-

tion of 0.62 wt% and 1.29 wt% chitosan, respectively.
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summarized in Fig. 3. The same values of vI
1 and vI

2, different

than vH, denote that chitosan/CEG composites conserve the

transverse isotropy of the initial CEG. Addition of chitosan to

the CEG support increases stiffness in the direction parallel to the

bedding plane, which could be explained by the filling of pores

present between planes parallel to the bedding plane. Cross-linking

of the same portion of chitosan introduced into the CEG distinctly

increases the elastic properties, resulting in the higher stiffness of

the composite; the increase of the ultrasonic velocity observed for

composite with addition of 0.62 wt% of cross-linked chitosan was

26% for vH and 36% for vI, respectively. The change of the

ultrasonic velocity is not so strong in the case of the wave

propagation perpendicular to the bedding plane. The elastic

properties measured in the directions parallel to the bedding plane

revealed systematic tendency of increasing the stiffness of the

composites as follows:

ChiCEG11 . ChiCEG22 . CEG 0
ChiCEG1 . ChiCEG2 . CEG 0

(2)

The observed tendencies may be due to the anisotropy of the

graphite support, which is a result of its structure, as well as

corresponding to the deposition of the polymer. This proves that

the impregnation of expanded graphite shapes by chitosan (and

especially cross-linking of the chitosan) can result in homogeneous

composites of better mechanical properties compared to initial

materials, and which should probably preserve all their specific

properties. Similar results were reported by Lekka et al.5 The

results of ref. 5 show the increase in Young’s modulus values

(Young’s modulus is proportional to the ultrasonic velocity)

obtained for cancer cells treated with chitosan. The formation of a

relatively hard, thick chitosan shell around the soft cell can

increase cell stiffness about 4 times in comparison with non-

treated cells.
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A supported reagent made by immobilising a tetrameric

cobalt(III) cubane cluster on mesoporous silica catalyses the

aerobic oxidation of a-pinene with enhanced epoxidation

selectivity compared with other systems.

The use of renewable feedstocks in the production of chemicals is

considered as the first step in greening the life cycle of chemical

products. In this context, oxidation of a-pinene, which occurs

widely in the plant kingdom, may be viewed as an important

reaction because oxidation products of a-pinene find use as the

starting materials for fragrance, flavour and therapeutic agents,

including taxol.

In addition to some cobalt(II) based homogeneous autoxidation

catalysts,1 several heterogeneous catalysts including titanium

incorporated mesoporous molecular sieves,2 metal–Schiff base

complexes supported on zeolite3 and Zn(II)–Al(III) layered double

hydroxide (LDH),4 oxomolybdenum(VI) complexes supported on

MCM-41 and MCM-48,5 polyoxometallate supported materials,6

transition metal containing AlPOs7 and others8 have been studied

for the catalytic oxidation of a-pinene. The usefulness of these

studies has been hampered by low conversion as well as poor

selectivity for the various products formed. Better yield and

selectivity have been achieved using sacrificial aldehydes as oxygen

acceptors, but this process leads to poor atom economy.7

Since cobalt(III) acts as the key intermediate species in Co(II)-

catalysed oxidation processes,9 the direct use of catalytically active

Co(III) for such reactions has been considered to be beneficial.

For instance, oligomeric oxo-cobalt(III) complexes have been

shown to be effective as catalysts for oxidation of hydrocarbons.10

Vis-à-vis published results on the use of trimeric oxo clusters

having a [Co3-m3-O)]n+ core (n = 0, 1), the use of tetrameric

tetraoxo clusters having cubane-like [Co4(m3-O)4]
4+ at the core is

worth exploring. Earlier studies have shown that the cubane

cluster, [CoIII
4 O4(O2CC6H5)4(4-CNpy)4] (I) displays excellent

catalytic activity in the epoxidation of a-pinene under homo-

geneous conditions.11 In the synthesis of these cobalt(III) species via

H2O2 oxidation, it has been our observation that it is always the

tetramer which can be isolated in high yield from a reaction

mixture involving a cobalt(II) salt, a sodium carboxylate, the

selected pyridine, along with H2O2(aq.) oxidant, added in excess,

in methanol.12,13 This suggests greater thermodynamic stability of

the Co(III) tetramers. Recently we have developed a heterogeneous

catalyst by immobilising a cubane complex of cobalt(III)

(vide infra) on organomodified hexagonal mesoporous silica

(HMS)14 support. Herein we report our results on air oxidation

of a-pinene catalysed by ‘Co(III)-HMS’, which has been prepared

by supporting an in-situ formed cobalt(III)–cubane complex on

HMS containing –(CH2)2CO2H groups as surface modifiers. The

use of Co4O4(O2CR)4(py)4 (R = an alkyl or aryl group, py =

pyridine or a substituted pyridine), which has a robust Co4O4

cubane core, as a catalyst for air oxidation of hydrocarbon

compounds, is being seen as a promising catalytic process in view

of the increased catalyst stability.12

The HMS functionalized with –(CH2)2CO2H groups was

synthesized by the method originally developed by Macquarrie

et al.14 HMS–(CH2)2CN was prepared from tetraethylorthosilicate

(TEOS) and (2-cyanoethyl)triethoxysilane (CTES) in aqueous

ethanol in the presence of n-dodecylamine as the templating agent.

It was converted to HMS–(CH2)2CO2H by H2SO4 treatment. To

prepare the supported reagent, 2 g of HMS–(CH2)2CO2H was

suspended in a solution of Co(OAc)2?4H2O (0.996 g, 4 mM) in

40 mL of water. Addition of 4-cyanopyridine (0.499 g, 4.8 mM)

to the boiling solution followed by oxidation of the resultant

mixture with 30% H2O2 (v/v, 5 mL, y50 mM) instantaneously

changed the colour of the solid particles from pink to dark olive-

green. The resulting olive-green catalyst was filtered after 4 h

under reflux, washed with water, methanol and acetone and dried

at 110 uC for 12 h. The catalyst so prepared is called Co(III)-HMS

(Scheme 1).

N2 adsorption isotherms of the support material HMS–

(CH2)2CO2H and Co(III)–HMS are of similar shape (Type IV),15

indicating that the porous structure has been maintained after

immobilization. While HMS–(CH2)2CO2H shows a BET surface

area of 1071 m2 g21 with a total pore volume of 0.69 mL g21,

the corresponding values for the Co(III)–HMS catalyst are found

to be 622 m2 g21 and 0.60 mL g21. Moreover, 87% of pores in

the supported reagent are found to have diameters in the range

3.2–6.0 nm, making the material sufficiently porous to allow

passage of organic molecules of the expected size.

aDepartment of Chemistry, Gauhati University, Guwahati 781014, India.
E-mail: das_bk@rediffmail.com; Fax: +91 361 2570535;
Tel: +91 361 2570535
bGreen Chemistry Centre, Department of Chemistry, University of York,
Heslington, York, UK YO10 5DD. E-mail: jhc1@york.ac.uk Scheme 1
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AAS analysis gives a cobalt loading of 1.39 mmol g21 for

Co(III)–HMS. EDAX measurements of the catalyst gives a Co:Si

ratio of y1:8, which is consistent with the cobalt loading

determined by AAS. This study also shows that the cobalt

complex is uniformly dispersed in the support. SEM pictures

recorded for Co(III)–HMS (Fig. 1) show that the average particle

diameters are y1 mm or smaller, and that the particles are

spherical in shape. The olive green colour of the solid particles of

the catalyst is indicative of the presence of a Co(III) complex. In

order to ascertain the nature of the complex anchored on the

support, we have used the DRIFTS technique. Fig. 2 shows the

DRIFTS spectra of the support material and the immobilised

catalyst Co(III)–HMS along with the spectrum of the tetrameric

cobalt(III) complex [CoIII
4 (m3-O)4(m-O2CCH3)4(4-CNpy)4]{ (II),

prepared by following a procedure similar to that for complex I,

and complex II immobilised on HMS–(CH2)2CO2H via a ligand

exchange reaction.16 The appearance of a band for the nitrile

group (2255 cm21) and of two strong bands at 1534 and 1415 cm21

corresponding to the nasym and nsym vibrations of bridging –COO2

groups, respectively, is suggestive of the presence of a cobalt(III)

complex closely related to II in Co(III)–HMS. The striking

similarity of the spectra of the Co(III)–HMS and the complex II

immobilised material (Fig. 2c) leaves no doubt that in Co(III)–

HMS we indeed have anchored a tetrameric cobalt(III) complex

having a [Co4(m-O)4]
4+ core.13 Immobilization of a related

oligonuclear oxo-bridged complex was indicated earlier for a

cobalt(III) based catalyst suitable for the oxidation of alkyl-

aromatic hydrocarbons.17

The Co(III) supported material, Co(III)–HMS, was tested as a

catalyst in the aerobic oxidation of a-pinene. The catalyst was

found to be highly active and selective in the epoxidation of

a-pinene to a-pinene oxide with air as the oxidant. Results are

summarised in Table 1, and Fig. 3 shows a representative kinetic

plot. In a typical reaction, 100 mg (0.09 mol%) of the catalyst was

added to the reaction mixture consisting of a-pinene (3.97 mL,

25 mmol) and 40 mL of 1,4-dioxane. An airflow of 15 mL min21

was used. In the absence of solvent, however, even at 60 uC
rearrangement of products takes over to give a-campholenic

aldehyde and other minor products, which were also observed by

other investigators in cobalt(II) catalyzed oxidations.18 In aceto-

nitrile, significant decrease in the reaction rate and product

selectivities was observed, with approximately equal amounts of

epoxidation and allylic oxidation products. To optimize the reac-

tion temperature air oxidation was performed at 60 uC, 80 uC or

100 uC and the progress of the reaction was monitored by GC. It

has been observed that an increase in the reaction temperature

accelerates aerobic oxidation of a-pinene. This is in conformity

with an earlier report where higher reaction temperatures led to a

similar acceleration in the air oxidation of a-pinene.19 At the

lowest temperature of 60 uC, only 6.6% conversion of a-pinene

could be observed at the end of 24 h. Prolonging the reaction time

did not significantly enhance the conversion and only 10.5%

conversion of a-pinene was observed after 48 h. On increasing the

temperature to 100 uC, however, conversion rose to 81.5% (entry 3,

Table 1) after 24 h. The TOF (h21) values calculated at the end of

4 h are: 8.87 (entry 3), 37 (entry 4), 16 (entry 5). At reaction

temperatures higher than 100 uC, extensive rearrangement of the

products was observed. The observed selectivity (61%) for a-pinene

oxide at 100 uC (at 81.5% conversion) is rather significant because

the yield for the epoxidised product is also reasonably high. The

increased selectivity for a-pinene oxide at higher temperatures is

likely to be an outcome of the suppression of the allylic oxidation

route of a-pinene oxidation.

In contrast to our results, previous reports have shown that

selectivities .50% for a-pinene oxide are difficult to achieve.1 A

recently reported20 Co/SiO2 composite was shown to catalyze

a-pinene with molecular oxygen, giving both epoxidation and

allylic oxidation products with substrate conversion of around

40% with selectivities for the former and the latter being 24–30%

Fig. 1 Scanning electron micrograph of Co(III)-HMS particles.

Fig. 2 DRIFT spectra of: [a] HMS–(CH2)2CO2H; [b] Co(III)–HMS; [c]

complex II immobilised on HMS–(CH2)2CO2H via ligand exchange; [d]

complex II.
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and 44–52%, respectively. A higher selectivity of 84% for a-pinene

epoxide could be observed by Thomas et al. at 56% conversion in a

study on the aerobic oxidation of a-pinene using a microporous

Co(III) containing aluminophosphate (CoAlPO-36) catalyst.7 This

reaction, however, required the use of a sacrificial aldehyde co-

reactant and 30 bar air pressure. On the other hand, formation of

only trace amounts of a-pinene oxide was observed in a-pinene

oxidation by TBHP and H2O2 using copper, manganese and

palladium based catalysts.21 Finally, it should be mentioned here

that the observed activity and selectivity shown by Co(III)–HMS

are comparable to those observed for the homogeneous reaction

catalysed by complex I.11 More importantly, the a-pinene

conversion as well as epoxide selectivity observed by us using the

Co(III) based homogeneous and heterogeneous catalysts stand

among the highest reported for the reaction. In essence, our results

are significant from a green chemistry point of view because no

sacrificial aldehyde, other additives or applied pressure, have been

used by us in the aerobic oxidation of a-pinene.

In order to test the true heterogeneity of the catalyst, following

the method described by Sheldon et al.,22 the catalyst was filtered

off at the reaction temperature after 1 h and the filtrate was

allowed to react further for 24 h at 100 uC to find no substantial

conversion of a-pinene. After 3 h (overall reaction time) only 2.5%

of a-pinene conversion was observed. The reaction under same

conditions with the catalyst showed 15.8% conversion of a-pinene

after 3 h. The detected conversion is presumably due to the

autoxidation of a-pinene under the reaction conditions used. Our

assumption is also supported by the fact that no cobalt could be

detected in the filtered reaction mixture. Preliminary studies on

recycling the catalyst showed that there was only a marginal drop

in catalyst activity, suggesting that the catalyst developed by us

may be re-usable.

In summary, we have prepared and characterized a Co(III)

based heterogeneous catalyst for the aerobic oxidation of a-pinene

and found it to give the best reported combination of activity and

selectivity to epoxide under low environmental impact conditions.
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formed.

This journal is � The Royal Society of Chemistry 2007 Green Chem., 2007, 9, 845–848 | 847

D
ow

nl
oa

de
d 

on
 2

1 
N

ov
em

be
r 

20
10

Pu
bl

is
he

d 
on

 1
1 

A
pr

il 
20

07
 o

n 
ht

tp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/B
61

88
62

A
View Online

http://dx.doi.org/10.1039/B618862A


4 S. Bhattacharjee, T. J. Dines and J. A. Anderson, J. Catal., 2004, 225,
398.

5 C. D. Nunes, M. Pillinger, A. A. Valente, J. Rocha, A. D. Lopes and
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Selective production of chloroanilines from chloronitro-

benzenes without any dechlorination was found feasible

by catalytic hydrogenation over zirconia-supported gold

catalyst, which uncovers a clean synthetic approach for useful

chloroanilines.

Introduction

Chloroanilines (CANs) from chloronitrobenzenes (CNBs) are an

important class of industrial intermediates for a variety of specific

and fine chemicals, including pharmaceuticals, dyes, herbicides

and pesticides.1 The conventional technology using stoichiometric

reducing agents is a tedious process and harmful to the

environment. With the increasing interest in human health and

environmental protection, environmentally benign preparation of

chemicals is attracting increasing attention.2 It is highly desirable

to produce these intermediates by selective reduction of the

corresponding chloronitrobenzenes with H2 using supported metal

catalysts (e.g., Pt, Ru, Pd, Ni).3–5 A severe problem related with the

catalytic hydrogenation has been the co-occurrence of the catalytic

hydrodechlorination reaction of the substrates, which significantly

limits the selectivity to chloroanilines and leads to a lot of waste.

Furthermore, hydrogen chloride produced from the hydro-

dechlorination is also corrosive to the reactor. It remains a big

challenge to develop heterogeneous catalysts that would ensure the

selective reduction of the nitro groups while leave intact the

carbon–chlorine bond in the same molecule. Many efforts have

been made to tailor the hydrogenation selectivity of supported

metal catalysts toward a specific hydrogenation of the nitro groups

in CNBs, e.g., by modifying the active metal with different

promoters3 or a second metal component4 and by assembling

metal-colloids onto suitable oxide nanoparticles5 or using

amorphous structures.6 Very recent exploratory work identified a

few highly selective catalysts, like nanostructured Ru/SnO2 for

ortho-CAN (o-CAN),5 and amorphous Ni–P–B for para-CAN

(p-CAN) synthesis.6

Started a couple of decades ago, catalysis by gold continues to

show a fascinating future in the field of catalysis.7 Nanosized Au

particles in interaction with a variety of support materials showed

special selectivity in catalyzing a number of reactions including CO

oxidation,8 alcohol oxidation,9 olefin epoxidation,10 vinyl chloride

synthesis,11 selective hydrogenation of unsaturated hydro-

carbons,12,13 aldehydes and ketones.14 For the reduction of nitro

compounds with H2, Au/TiO2, Au/Fe2O3 and Au/SiO2 catalysts

were recently found to be very specific in reducing the nitro group

in various compounds containing other functional groups.15

Unfortunately, none of the CNBs was included in the work.

Also, further work would be required to understand the behavior

of catalysts in different reaction conditions and their reusability.

We have recently shown that zirconia supported gold catalysts are

highly selective for the reduction of butadiene to form butenes.13,16

In the present study, we challenge the synthesis of CANs from

CNBs with Au/ZrO2 catalyst. We show that Au nanoparticles on

ZrO2 are highly efficient catalysts for the selective hydrogenation

of the nitro groups in CNBs without any dechlorination.

Experimental

Preparation of zirconia supported gold catalyst

Zirconia with BET surface area of 123 m2 g21 was prepared by

thermal processing in flowing air (60 ml min21) of a conventional

ZrO(OH)2 hydrogel at 400 uC for 5 h. Detailed preparation of

the hydrogel was described previously.17 Au/ZrO2 catalyst (BET

surface area of 87 m2 g21) was prepared using HAuCl4 as the gold

precursor by deposition–precipitation with urea onto the ZrO2.

After drying at 110 uC for 12 h, the sample was calcined at 200 uC
for 5 h in flowing air (60 ml min21). The gold content in the

catalyst was 3.8 wt% according to ICP-AES analysis.

General procedure for the catalytic test

Catalytic tests were performed with magnetic stirring in a 25 ml

stainless steel autoclave containing 2.0 mmol CNBs in 4.0 ml

ethanol (solvent). The catalyst (3.8 wt% Au/ZrO2 powders, particle

size 0.09 mm) used in each run of the reaction was 25.0 mg; the

overall molar CNB/Au ratio was 415. The reactor was flushed five

times with 0.5 MPa H2 before it was pressurized to the desired H2

pressure and placed in an oil bath maintained at the reaction

temperature. The reaction was stopped at a selected time by

cooling the reactor in an ice-water bath. Analysis of the reaction

products was done on an HP4890 GC with an HP-5 capillary

column and an FID as detector, using benzene as an internal

standard.

Results and discussion

Unless otherwise specified, Au/ZrO2 refers to the as-prepared fresh

catalyst sample (i.e., unreduced calcined sample). The particles size

of Au particles in this Au/ZrO2 catalyst appeared mainly in the

Innovative Catalysis Program, Key Lab of Organic Optoelectronics &
Molecular Engineering, Department of Chemistry, Tsinghua University,
Beijing, 100084, China. E-mail: bqxu@mail.tsinghua.edu.cn;
Fax: +86-10-6279-2122; Tel: +86-10-6277-2592
{ Electronic supplementary information (ESI) available: Fig. S1–S3 and
Table S1. See DOI: 10.1039/b618367k
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range of 2–5 nm with an average of ca. 4.0 nm by TEM

measurement [ESI{ Fig. S1A]. Table 1 shows the catalytic results

of p-CNB, o-CNB and 2,5-dichloronitrobenzene (DCNB) hydro-

genation over Au/ZrO2 catalyst at 150 uC, 1.0 MPa H2. Blank tests

using p-CNB as the substrate showed no reaction of CNBs in the

absence of the catalyst. The conversion of p-CNB over the ‘‘pure’’

ZrO2 support was ca. 1% in 1 h and less than 5% in 5 h. For all of

the three CNB substrates, the Au/ZrO2 proves to be an active

catalyst for the selective hydrogenation of CNBs to the corres-

ponding CANs. The CAN selectivity was higher than 95% when

the reaction was carried out for only 1 h, it increased to almost

100% with increasing the reaction time up to 5 h when the

substrate conversion became close to 100%. For comparison, our

test of nitrobenzene (NB) hydrogenation under the same condi-

tions gave an aniline selectivity of 97% (NB conversion was 95%)

in 1 h. Thus, reactivity of the substrate molecule appears sensitive

to the position and number of chlorines, i.e., NB . p-CNB .

o-CNB . DCNB, which could be due to combined steric and

inductive effects of the chlorine substitution.

Special attention was paid to distinguish by-products of the

hydrogenation reactions with GC-MS. Any by-product that

amounted to 0.03% in the reaction mixture can be unambiguously

detected in our method of product analysis. Dichloroazoxybenzene

or tetrachloroazoxybenzene (,0.6%), bis-chlorophenyldiazene or

bis-dichlorophenyldiazene (,3.5%) and N-ethyl-chloroaniline or

N-ethyl-dichloroaniline (,0.5%) were detected as the main by-

products in the reaction of CNBs. All of these by-products, except

N-ethyl-chloroaniline or N-ethyl-dichloroaniline, can be further

hydrogenated to the desired product CANs, which is supported by

the observed increase in the selectivity of the desired CANs with

increasing the substrate conversion or the reaction time (Table 1).

The most significant aspect of the data in Table 1 is that the C–Cl

bonds in the substrate molecules were kept intact during the

reaction, which indicates that the undesired hydrodechlorination

reaction usually observed over other metal catalysts1,3,4 can be

successfully avoided over the Au/ZrO2 catalyst.

H2 pressure has a significant effect on the substrate reactivity

and product selectivity (Fig. 1). The conversion of p-CNB and

selectivity to p-CAN were seen to increase with the H2 pressure.

The conversion of p-CNB and selectivity to p-CAN were 43% and

96.6%, respectively, at 1.0 MPa H2. The conversion increased to

88% and the selectivity reached 98.4% at 3.0 MPa H2. When the

reaction was continued for 3 h under 3.0 MPa H2, we observed a

complete conversion of p-CNB and a 99.7% selectivity to p-CAN

(see the star data in Fig. 1); the only by-product was N-ethyl-

(p-chloro)-aniline, a condensation product between p-CAN and

ethanol (the solvent). These data demonstrate that the undesired

hydrodechlorination can also be avoided over the Au/ZrO2

catalyst even when very high H2 pressure is used for the reaction.

The selective hydrogenation of CNBs also has a broad window

(110–230 uC) in the reaction temperature, which is exemplified for

the reaction of p-CNB under 1.0 MPa H2 (Fig. 2). The increase in

reaction temperature resulted in continuous increase in both

p-CNB conversion and the selectivity to p-CAN without formation

of any decholorination product. The highest selectivity to p-CAN

(97.5%) was obtained at ca. 190 uC. A slight decrease in the

p-CAN selectivity was observed with further increasing the

reaction temperature up to 230 uC. Still, formation of any

dechlorination product was not detected at all, which demonstrates

a remarkable feature of the Au/ZrO2 catalyst for successfully

avoiding any occurrence of the dechlorination reaction at the

highest temperature used (230 uC).

When o-CNB was used as the substrate, the changes of reaction

temperature and H2 pressure produced similar effects on the

selectivity to o-CAN. Therefore, our catalytic data prove that

Au/ZrO2 catalyst has the peculiarity to effect selective reduction of

the nitro groups in CNB substrates while at the same time to

maintain intact of the C–Cl bonds in the CNBs.

Table 1 Catalytic results of the selective hydrogenation of chloro-
nitrobenzenes over Au/ZrO2 catalysta

Substrate Time/h Conv. (%)

Product sel. (%)

Dechlor. (%)CANb Othersc

p-CNB 1 43 96.6 3.4 0
5 100 99.4 0.6 0

o-CNB 1 36 98.5 1.5 0
5 85 99.6 0.4 0

2,5-DCNB 1 28 95.9 4.1 0
5 81 99.4 0.6 0

a Reaction conditions: 25.0 mg catalyst, 2.0 mmol substrate in 4.0 ml
ethanol (solvent), 150 uC, 1.0 MPa H2. b CAN for substrate
p-CNB, o-CNB and 2,5-DCNB refers to p-CAN, o-CAN and
2,5-dichloroaniline (DCAN), respectively. c Other products are
N-ethyl-chloroaniline or N-ethyl-dichloroaniline (0.2–0.5%), bis-
chlorophenyl-diazene or bis-dichlorophenyl-diazene (0.1–3.5%),
dichloro-azoxybenzene or tetrachloroazoxybenzene (0–0.6%).

Fig. 1 Effect of H2 pressure on p-CNB conversion (–m–) and p-CAN

selectivity (–n–) in the hydrogenation of p-CNB over Au/ZrO2 catalyst.

Other reaction conditions: 25.0 mg Au/ZrO2, 2.0 mmol p-CNB in 4.0 ml

ethanol (solvent), 150 uC, 1 h. The star (w, q) data were obtained by

extending the reaction under 3.0 MPa for 3 hours.

Fig. 2 Effect of temperature on p-CNB conversion (–m–) and p-CAN

selectivity (–n–) in the hydrogenation of p-CNB over Au/ZrO2 catalyst

under 1.0 MPa H2. Other reaction conditions are the same as in Fig. 1.
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The Au/ZrO2 catalyst was reduced for 2 hours at 200 uC in a

flow of 5% H2/Ar. XPS measurements [ESI{ Fig. S2] showed that

the as-prepared fresh Au/ZrO2 catalyst (unreduced) contained

coexisting Au0 and Au1+ at a Au0/Au1+ ratio of ca. 7.0, whereas

gold in the reduced catalyst (coded as Au/ZrO2-R) was almost

100% in the metallic (Au0) state. This Au/ZrO2-R catalyst was also

tested for the hydrogenation of p-CNB at 150 uC under 1.0 MPa

H2. The p-CNB conversion and p-CAN selectivity were 46% and

97.2%, respectively, after 1 hour reaction, which are slightly higher

than those over the unreduced Au/ZrO2 catalyst (see the data given

in the first row of Table 1), which suggests that the metallic surface

Au0 sites on the Au/ZrO2 catalyst were acting as the catalytic

sites in the hydrogenation of CNBs.18 However, a remarkable

difference was observed between the two catalysts when they were

compared for reusability in the reactions. For instance, the

hydrogenation of p-CNB was performed for 5 h to ensure a

complete substrate conversion; the catalyst was then carefully

recovered from the reactor by filtration and washing with ethanol.

As can be seen in Table 2, the unreduced catalyst Au/ZrO2

showed continued loss of catalytic activity after each recovery. In

contrast, the reduced catalyst Au/ZrO2-R exhibited a much better

reusability for the reaction. Thus, the reusability of Au/ZrO2

catalyst can be significantly improved with pre-reduction.

A possible reason for the activity decline of the as-prepared fresh

Au/ZrO2 catalyst (unreduced) could be a leaching of Au by the

reaction liquids. We checked the Au content in the recovered

catalyst and found that there was no loss of Au in the recovered

catalyst. Another possibility for the activity loss would be

aggregation of the Au particles. TEM measurements showed that

the average size of Au particles of 7.0 nm in the recovered

Au/ZrO2 sample was significantly bigger than that in the as-

prepared fresh (un-reacted) Au/ZrO2 catalyst (4.0 nm) [ESI{
Fig. S1]. It is known that catalysis by gold is sensitive to the size of

Au particle,7 which could also be the case in this present work.

The improved reusability of the prereduced Au/ZrO2-R catalyst

(Table 2) would mean that aggregation of the Au particles in this

pre-reduced catalyst was not that significant during the reaction

[ESI{ Fig. S3]. We believe that there is an open chance to further

improve the reusability of gold catalyst by optimizing the size

distribution of Au particles with the selection of support material

and preparation procedure. Also, with a proper search for

alternative unreactive solvent (ethanol can also be reductive), it

would be possible to achieve with gold catalyst a 100% CAN

selectivity at complete CNBs conversion19 since all of the by-

products except N-ethyl-chloroaniline can be further hydrogenated

to the desired CANs.

Conclusions

This work shows that Au nanoparticles on ZrO2 are efficient

catalysts for the selective reduction of the nitro groups in CNBs

with H2 while the C–Cl bonds in the same CNB molecules

maintain intact. Proper pre-reduction with hydrogen of the as-

prepared fresh Au/ZrO2 catalyst significantly improves the catalyst

reusability for the synthesis of CANs from CNBs. Further

optimization of gold catalyst with the control of gold particle size

distribution and gold-support interaction could develop a practical

gold catalyst for a green synthesis of various haloanilines from

their corresponding halonitroaromatics.

We thank NSF (grant: 20573062), MOE (grant: 20040003036)

and MOST of China (grant: G2003CB-615804) for financial

support of this work..
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Silver nanoparticles (NPs) were rapidly synthesized by treating silver ions with a Capsicum

annuum L. extract. The reaction process was simple and convenient to handle, and was monitored

using ultraviolet-visible spectroscopy (UV-vis). The effect of Capsicum annuum L. proteins on the

formation of silver NPs was investigated using X-ray photoemission spectroscopy (XPS),

electrochemical measurements, Fourier-transform infrared spectroscopy (FTIR) and differential

spectrum techniques. The morphology and crystalline phase of the NPs were determined from

transmission electron microscopy (TEM), selected area electron diffraction (SAED) and X-ray

diffraction (XRD) spectra. The results indicated that the proteins, which have amine groups,

played a reducing and controlling role during the formation of silver NPs in the solutions, and

that the secondary structure of the proteins changed after reaction with silver ions. The crystalline

phase of the NPs changed from polycrystalline to single crystalline and increased in size with

increasing reaction time. A recognition–reduction–limited nucleation and growth model was

suggested to explain the possible formation mechanism of silver NPs in Capsicum annuum L. extract.

Introduction

Noble metal nanoparticles (NPs) are well known to have

important applications in the fields of electronic, magnetic,

optoelectronics, and information storage.1–4 It is now under-

stood that the intrinsic properties of a noble metal NP are

determined by its size, shape, composition, crystallinity, and

structure (solid or hollow). Silver NPs, as a significant member

of the noble metal NPs, are excellent substrates for surface

enhanced Raman scattering (SERS)5 to probe single mole-

cules, and are excellent as catalysts for accelerating some

chemical reactions.6

A number of approaches are available for the synthesis of

silver NPs. For example, silver ions are reduced by chemical,7

electrochemical,8 radiation,9 and photochemical methods,10

and Langmuir–Blodgett,11,12 and biological techniques.13

Among those methods, biological syntheses are not only a

good way to fabricate benign nanostructure materials, but

also to reduce the use or generation of hazardous substances

to human health and the environment. This approach provides

a facile and convenient entry to producing multiple inorganic

NPs. People have used purified natural materials to prepare

noble metal NPs, such as Nadagouda and Varma who used

vitamin B2 to synthesize gold and platinum NPs with

interesting morphologies.14 John and co-workers have used

vitamin C to prepare gold NPs in molecular gels and liquid

crystal systems.15 And our group has used vitamin E to

prepare silver NPs using the Langmuir–Blodgett technique.11

Now, there is more and more interest in green synthesis

research.

Synthesis using bio-organisms, especially plants that secrete

the functional molecules for the reaction, is compatible with

the green chemistry principles: the bio-organism is (i) eco-

friendly as are (ii) the reducing agent employed, and (iii) the

capping agent in the reaction. There are some examples of

synthesizing nanomaterials using plants, including the use of

live alfalfa to synthesize Au and Ag NPs,16 the secretions from

germinating chickpea seeds to biosynthesize CaCO3 crystals,17

and the broth of lemongrass and geranium leaves to synthesize

Au and Ag NPs.18,19 Capsicum annuum L. is a traditional

vegetable in China and northern America, and is largely

cultivated in many countries. It is available in supermarkets

and is inexpensive. In addition, no toxicity, compared to other

reducing agents, makes it an ideal multifunctional agent for

the production of nanomaterials. The Capsicum annuum L.

extract contains a lot of biomolecules, such as proteins/

enzymes, polysaccharides, amino acids and vitamins, et al.,20,21

which could be used as reductants to react with silver ions and

as scaffolds to direct the formation of silver NPs in solution.

To the best of our knowledge, the use of plant extracts at room

temperature for the green synthesis of noble metal NPs, such

as silver NPs, has not been reported. It is important to study

the formation of NPs in Capsicum annuum L. extracts for the

understanding of the mechanism of biological synthesis and

for exploring new green ways to prefabricate nanomaterials.

Results and discussion

The UV-vis spectrum of the Capsicum annuum L. extract is

shown as an inset in Fig. 1a; the peaks are typical of the

absorptions of proteins. The peak at 210 nm was assigned to

the strong absorption of peptide bonds in the extract. The

absorption at 280 nm indicated the presence of tyrosine,

tryptophan, and/or phenylalanine residues in the proteins,

School of Chemistry and Chemical Engineering, Anhui University, Hefei
230039, China. E-mail: s_yuhua@163.com; anjx@163.com;
Fax: +86-551-5107342; Tel: +86-551-5108090
{ Electronic supplementary information (ESI) available: Details of
the extracting process of Capsicum annuum L., figures of N1s and O1s
core level spectra, and the frequencies and the percentages of the
secondary structures of Capsicum annuum L. proteins. See DOI:
10.1039/b615357g
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which are known to interact with silver ions.22 Fig. 1a displays

the UV-vis spectra of solution (I) as a function of reaction

time. The strong resonance centered at 440 nm was clearly

observed and increased in intensity with time. It might arise

from the excitation of longitudinal plasmon vibrations in silver

NPs in the solution. The results were in accordance with the

report of Naik et al.13 Fig. 1b presents a plot of the plasmon

intensity at 440 nm against reaction time. It can be seen easily

that the plasmon intensity at the reaction time of 11 h is near

to that at 15 h, meaning completion of the reaction. The insets

of Fig. 1b present the color changes in the mixture solution

over the reaction time. The extract was light green before

reaction with silver ions (A) and changed to pale yellow (B),

yellow (C) and dark brown (D) after reaction times of 5, 9 and

11 h, respectively, and then the color did not change any more

with reaction time. The characteristic brown color of silver

solutions provided a convenient spectroscopic signature to

indicate their formation.

Fig. 2 shows typical TEM micrographs of silver NPs

synthesized using Capsicum annuum L. extract at different

reaction times and concentrations of silver ions. Fig. 2a is the

TEM graph of silver NPs in solution (I) with a reaction time of

Fig. 1 (a) UV-vis spectra of the solution (I) recorded as a function of time; the inset is the UV-vis spectrum of Capsicum annuum L. extract. (b)

Plot of the intensity of the surface plasmon resonance at 440 nm against the reaction time; the insets are photos of the solution changes with

reaction time (A, B, C and D at 0, 5, 9 and 11 h, respectively).

Fig. 2 (a), (b), and (c) TEM images of silver NPs synthesized in solution (I), with reaction times of 5, 9, and 13 h, respectively; (d) HRTEM of the

silver NPs of (c); (e) NPs synthesized in solution (II) with a reaction time of 13 h; (f) HRTEM of the silver NPs of (e). In (a), (d) and (f), the insets

are the SAED patterns of the silver NPs.
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5 h. The morphology of the NPs was spherical with an average

size of 10 ¡ 2 nm. The inset SAED pattern revealed that the

diffraction rings from inner to outer, with d-spacings of 0.236,

0.2202, 0.141, and 0.121, could be indexed as (111), (200),

(220), and (311) reflections, respectively, corresponding to

face-centered cubic (fcc) silver. The diffraction rings also

suggested the NPs were polycrystalline. When the reaction

time increased to 9 h and 13 h, the size of the NPs increased to

25 ¡ 3 nm (Fig. 2b) and 40 ¡ 5 nm (Fig. 2c), respectively. It

was noticeable that the edges of the particles were lighter than

the centers (shown as an inset in Fig. 2c), suggesting that

biomolecules, such as proteins in Capsicum annuum L. capped

the silver NPs. From the HRTEM (Fig. 2d), the thickness of

the capping protein was about 3 nm, and the fringe spacing

(0.237 nm) was in agreement with the spacing of the [111]

lattice. The inset is the SAED pattern of the single particle; the

sharp diffraction spots clearly suggest the particle is of single-

crystal quality, and the plane could be indexed to the fcc silver.

The representative image of silver NPs synthesized in solution

(II), with an increased concentration of silver ions, is shown in

Fig. 2e. The particle morphology was also spherical, and the

sizes were in the range 30 to 70 nm, with an average size of

45 ¡ 3 nm. The distribution of these particles was very

interesting: they were connected to each other and were

arranged in a regular manner. The inset is a magnification of

part of Fig. 2e. It is clearly seen that proteins are present

among the particles and are adhered to their surfaces. An

HRTEM image (Fig. 2f) further confirmed that the silver NPs

were capped by biomolecules. The thickness of the coating

protein (10 nm) was thicker than that found in Fig. 2d (3 nm).

The lattice spacing was about 0.203 nm between the [200]

planes, consistent with fcc silver. The SAED pattern indicated

that the particle was also single-crystalline phase, with (111),

(200), (220), and (311) planes. The above results suggested that

the size of the spherical silver NPs increased with reaction

time, and the crystalline phase of the particles translated from

polycrystalline to single crystalline. However, the morphology

and crystalline phase of the silver NPs was not affected by the

increase in silver ions.

Fig. 3 displays the XPS spectra of silver (I), produced using

Capsicum annuum L. extract. The general scan spectrum

showed the presence of strong C1s, O1s, N1s and Ag3d core

levels (shown in Fig. 3a). The C1s core level could be

decomposed into three chemically distinct components that

are present in the protein molecules (Fig. 3b). In addition to

the C1s peak at 284.8 eV BE (major peak), which corresponds

to the carbon atoms within the phenyl rings of tyrosine,

tryptophan, and/or phenylalanine residues of the protein,

peaks at 286.4 and 288.3 eV BE were observed. The higher BE

(binding energy) peak at 288.3 eV was attributed to electron

emission from carbons in carbonyl groups (carbonyl carbons

of the proteins/enzymes or polysaccharides),23 the lower peak

at 286.4 eV BE was most likely from carbons a to the carbonyl

carbons. The N1s (see ESI, Fig. S1a{) could also be resolved

into two components, centered at 399.8 and 403.2 eV, and were

assigned to neutral amine and protonated amine groups (N+)

present in the protein moiety. The O1s core level (see ESI,

Fig. S1b{) was broad and centered at 532.1 eV, which was

assigned to the carboxylate groups. The Ag3d core level

spectrum is shown in Fig. 3c, and is resolved into two spin–

orbit components, Ag3d5/2 and Ag3d3/2, peaks which occur at

BEs of 368.0 and 374.0 eV, respectively. There was little

Fig. 3 XPS survey (a), C1s (b), Ag3d (c), and AES (d) core level spectra recorded from silver (I).
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difference between the binding energy of Ag and Ag+. The

formation of Ag or Ag+ cannot be judged only through the

binding energy of Ag3d3/2. The Ag3d Auger core level spectrum

(AES) was observed at 358.3 eV (shown in Fig. 3d). The

summation of binding energy and Auger energy was 726.3 eV,

which indicated the formation of Ag.24 Thus it was concluded

from XPS measurements that the silver ions were reduced

to the metallic form, and the silver NPs were capped by

protein. The results confirmed the hypothesis mentioned in the

TEM analysis.

Fig. 4 shows XRD patterns of silver (I) (a), and (II) (b),

respectively. The Bragg reflections show that the two samples

were in the same space group. The peaks were assigned to

diffraction from the (111), (200), (220), (311) and (222) planes

of face-centered cubic (fcc) silver, which were in good agree-

ment with reference to the unit cell of the fcc structure (JCPDS

File No. 87-0720) with a lattice parameter of a = 4.077 Å. It is

worth noting that the relative intensity of the (200) to (111)

diffraction peaks in Fig. 4a, b (0.50, 0.54) was higher than the

conventional value (0.45). This result indicated that the

synthesized silver NPs in our system were enriched in {100}

facets, and thus their {100} planes tended to be preferentially

oriented parallel to the surface of the supporting substrate.25

In addition, the intensity ratio of the (200) to (111) peaks of

silver (II) (0.54) was higher than for silver (I) (0.50), which

suggested that {100} planes were easier to grow in a higher

concentration of the silver ion solution by allowing more silver

atoms to accumulate onto them. Meanwhile, the size of these

particles could be estimated from the Debye–Scherrer equation

(eqn (1)) by determining the width of the (111) Bragg

reflection.26

L~
kl

b cos h
(1)

k is the Scherrer constant, l is the wavelength of the X-ray, b

and h are the half width of the peak and half of the Bragg

angle, respectively. Therefore the size (L) of the particles could

be easily estimated; the sizes of silver NPs (I) and (II) were

about 42.3 and 45.9 nm, respectively. The results were

consistent with the TEM results.

Fig. 5 shows the FTIR spectra for Capsicum annuum L.

extract (a), reaction solution (I) (b), and solution (II) (c). There

are several characteristic protein bands in Fig. 5a. 1652 cm21 is

the stretching vibration of amide I CLO groups in Capsicum

annuum L. proteins.27 The peaks at 1542 and 1241 cm21 are

the stretching vibration of N–H groups and the bending

vibration of C–N groups, amide II and III bands, in the

proteins. 671 cm21 is the plane bending vibration of N–H

groups in the proteins. 1401 cm21 and 1078 cm21 are the

bending vibration of COH groups and the antisymmetric

stretching band of C–O–C groups of polysaccharides and/or

chlorophyll. The bands at 2962 and 2873 cm21 are charac-

teristic of stretching vibrations of methyl groups. The peak at

3295 cm21 is the characteristic band of hydrogen bonded NH

groups. After reaction with silver ions (Fig. 5b and c), the

strength of the peak at 3426 cm21 corresponded with that seen

for the proteins/enzymes or polysaccharide components, and

was assigned to the vibration of –N–N– groups. The absence

of the 671 cm21 peak in Fig. 5b and 5c indicated that the

reduction of the silver ions was coupled to the oxidation of the

amine components. Meanwhile, the intensity of the above

mentioned hydrogen bonded NH groups weakened obviously.

These changes in the infrared spectra suggested that protein

with functional amine groups might act as a reductant. As we

know that the Capsicum annuum L. extract contains a lot of

reductive amino acids and vitamins; they may have partici-

pated in the reduction reaction as well. After reaction, the

amide I band at 1652 cm21 has broadened, which indicates

capping of silver NPs by proteins. A similar phenomenon was

also observed by Shankar et al.19 It is known that proteins can

bind to gold NPs, either through free amine groups or cysteine

residues.28 A similar mechanism could be operating in the

present case, where proteins extracted from Capsicum annuum

L. coat the silver NPs and stabilize them. Fig. 5c is similar to

Fig. 5b, indicating that the reaction that occurred in solution

(II) was the same as that in solution (I).

It is known that structure changes in proteins can reveal

more detailed information about interactions with silver ions.

The secondary structures of Capsicum annuum L. proteins

before and after reaction with silver ions were studied by

second derivative techniques followed by curve fitting29 (shown

in Fig. 6a, b). The bands (see ESI, Table 1{) at 1603–1639

and y1691; 1654–1665; 1679–1680; and y1645 cm21 were

assigned to b-sheet, a-helix, b-turn and random coil of the

Fig. 4 XRD patterns of silver NPs synthesized by Capsicum annuum

L. extract: (a) reaction solution (I), and (b) solution (II).
Fig. 5 FTIR spectra of Capsicum annuum L. extract (a), solution (I)

(b) and solution (II) (c).
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proteins, respectively. The b-sheet, a-helix, b-turn and random

coil percentages of the proteins were 35.1, 12.8, 39.1 and

13.0%, respectively. After reaction with silver ions, the

percentages of b-sheet, b-turn and random coil all increased,

while a-helix significantly decreased (see ESI, Table 2{). The

results suggested that the reaction of the protein with silver

ions makes its conformation disordered.

To explore the mechanism of the reaction, we examined the

electrochemical behavior of the extract. Fig. 7a shows the

typical cyclic voltammogram (CV) of the Capsicum annuum L.

extract recorded at a scan rate of 0.02 V s21 in the potential

window between 20.70 and 0.90 V. It can be seen clearly from

the dashed line in Fig. 7a that there was no redox activity at the

Au electrode in pure water in the potential range. However,

there appeared to be an oxidation peak (solid line in Fig. 7a) at

the potential of about 0.50 V in the Capsicum annuum L.

extract, which possibly arose from the redox activity of amine

residues of the proteins/enzymes in the Capsicum annuum L.

extract.30 In general, azo components exhibit several oxidation

and reduction peaks, which arise from the cleavage of the azo

bonds. But in pure amino acids or protein systems, there are

only quasi-irreversible redox peaks present in the potential

range.31 To extract the information from the oxidation peak,

differential pulse voltammetry (DPV) was recorded with a

pulse width of 0.001 s in the potential window between 20.15

and 0.85 V (shown in Fig. 7b), which obviously displays the

oxidation present in the Capsicum annuum L. extract. The

appearance of oxidation suggested that the amine residues of

proteins/enzymes might contribute to an effective process for

obtaining electrons on the Au electrode. The results of CV and

DPV illustrated that the reductive materials in the Capsicum

annuum L. extract could gain electrons and be oxidized in the

surrounding of an electric field.

According to the nucleation and growth theory,32 to form a

spherical particle, the overall free energy change (DG) must be

overcome. DG is the sum of the free energy due to the

formation of a new volume and the free energy due to the new

surface created:

DG~{
4

V
pr3kBT ln Sð Þz4pr2c (2)

where V is the molecular volume of the precipitated species,

r is the radius of the nucleus, kB is the Boltzmann constant,

S is the saturation ratio, and c is the surface free energy

per unit surface area, respectively. From eqn (2), it follows

that a decrease in surface energy (c) or an increase in

supersaturation (S) is helpful to the formation of silver

NPs. In our reaction solutions, the interactions of Capsicum

annuum L. proteins with silver ions made the concentration

of silver ions rich around the negatively charged groups,

and the protein adhered to the silver nuclei, leading to a

lower surface energy of the crystal lattice. Therefore, the

effect of protein recognition could make the reaction occur

more easily.

Fig. 6 Second derivative and Gaussian curve fitting of the amide I band of Capsicum annuum L. protein (a) and the reaction solution product

(I) (b).

Fig. 7 The CV (a) and DPV (b) of the Capsicum annuum L. extract recorded at a scan rate of 0.02 V s21 in the potential window between 20.70

and 0.90 V.
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According to the literature,32,33 we supposed the model of

recognition–reduction–limited nucleation and growth to

explain the silver NP formation mechanism in the reaction

solutions. The schematic representation is shown in Fig. 8.

First, silver ions were trapped on the surface of proteins in the

Capsicum annuum L. extract via electrostatic interactions. This

stage was the recognition process. Thereafter, silver ions were

reduced by proteins extracted from Capsicum annuum L.,

leading to the changes in the secondary structures of the

proteins and formation of silver nuclei, which subsequently

grew by further reduction of silver ions and accumulation on

these nuclei. The flexible linkage of the proteins and the large

numbers of biomolecules ranged in the reaction solutions

might have led to the isotropic growth and the formation of

the most stable spherical silver NPs. With an increase in aging

time, large sized silver NPs formed and the crystalline phase

changed from polycrystalline to single crystalline through

Ostwald ripening.

Conclusions

A rapid, eco-friendly synthesis process for silver NPs using

proteins extracted from Capsicum annuum L. has been demon-

strated. The reduction of silver ions and stabilization of the

silver NPs was thought to occur through the participation

of proteins. With increasing reaction time, the size of the

silver NPs increased and the crystalline nature of the NPs

changed from polycrystalline to single crystalline. Meanwhile

the supposed recognition–reduction–limited nucleation and

growth model has been used to explain the formation

mechanism of silver NPs in Capsicum annuum L. extract.

Most importantly, the reaction was simple and convenient to

handle, and it is believed that it has advantages over other

biological syntheses.

Experimental section

Materials and methods

The Capsicum annuum L. used in this experiment was fresh and

green, and was purchased from the supermarket of Anhui

University. Silver nitrate, acetone and anhydrous alcohol were

all received from Shanghai Reagent Co., China. The above

reagents were of analytical purity and were used without

further purification. Double distilled water was used in this

experiment.

Synthesis of silver NPs using Capsicum annuum L. extract

Prior to an experiment, the cleaned Capsicum annuum L. was

put into a juice extractor to extract the juice, which was

collected for the subsequent reaction (details shown in ESI{).

In a typical experiment, 10 ml of a 0.01 M aqueous

AgNO3 solution was added to 50 ml of the above extract.

The mixture was called reaction solution (I). During the

reaction, part of the solution was taken out for measurements

by UV-vis spectroscopy and TEM at different times.

The remnants of the reaction mixture were separated by

eccentricity of 12 000 rpm, and then washed with double

distilled water, acetone and absolute ethanol, several times

each, and dried under vacuum at 20 ¡ 2 uC. The product

was called silver (I). When the concentration of AgNO3 was

adjusted to 0.1 M (the other experimental parameters were

similar to the above-mentioned operation), the formed mixture

and solid product were called reaction solution (II) and silver

(II) respectively.

Characterization

Cyclic voltammograms and differential pulse voltammetry on

the Capsicum annuum L. extract were carried out on an

Autolab PGSTAT30 (ECO CHEMIE) instrument, using a Au

electrode as the working electrode, Pt flag as the counter

electrode and Ag/AgCl as the reference electrode, and without

adding any electrolyte for this experiment. UV-vis spectra were

measured using a TU-1901 model UV-vis double beam

spectrophotometer (Beijing Purkinje General Instrument Co.,

Ltd, China). FTIR spectra were performed and recorded with

a Fourier-transform infrared spectrophotometer Nicolet 870

between 4000 and 400 cm21, with a resolution of 4 cm21. XPS

analysis was carried out on a VG ESCALAB MKII instrument

at a pressure greater than 1026 Pa. The general scan C1s, N1s,

O1s and Ag3d core level spectra were recorded with un-

monochromatized Mg Ka radiation (photon energy =

1253.6 eV). The core level binding energies (BEs) were aligned

with respect to the C1s BE of 285.0 eV. XRD was performed

on a MAP18XAHF instrument, with the X-ray diffractometer

using Cu Ka radiation (l = 1.5 Å) at a scan rate of 0.05u 2h s21

to determine the crystalline phase. The accelerating voltage

and applied current were 35 kV and 20 mA, respectively (MAC

Science, Japan). TEM, SAED and HRTEM were performed

on JEM model 100SX and 2010 electron microscopes (Japan

Electron Co.) and operated at accelerating voltages of 80 and

200 kV, respectively.

All experiments were carried out at room temperature

(20 ¡ 2 uC).
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Candida antarctica Lipase B (CALB) formed a seemingly homogeneous solution in water, 1-ethyl-

3-methylimidazolium dicyanamide ([C2mim][N(CN)2]) or dimethyl sulfoxide (DMSO). However,

dynamic light scattering (DLS) and small angle neutron scattering (SANS) demonstrated that

the enzyme formed aggregates in the non-aqueous solvents. In aqueous solution, SANS

measurements revealed that CALB formed cylindrical nano-structures with a diameter of 5 nm

and a length of 4 nm, equivalent to the dimensions of a single CALB molecule. The enzyme also

formed cylindrical structures in DMSO but the diameter was 4 nm and the length was 12 nm,

indicating that the enzyme had aggregated to form dimers or trimers. In [C2mim][N(CN)2], disc-

shaped aggregates were formed, with an average diameter of 49 nm and a length of 3.8 nm,

equivalent to the volume of 150 CALB molecules. In all cases, the hydrodynamic diameters

measured by DLS matched the long axial lengths of the aggregates determined by SANS,

indicating a good consistency between the two techniques. DLS measurements showed that

CALB aggregates in [C2mim][EtOSO3] and [C2mim][NO3] had a smaller diameter than in

[C2mim][N(CN)2]. In all cases, the aggregation observed in the solvents was associated with loss of

enzymatic activity.

1. Introduction

Ionic liquids, sometimes referred to as room-temperature

molten salts, are liquids composed entirely of ions.1,2 Although

they have been known for many years, there has been a recent

explosion of interest, fuelled by more than a dozen industrial

applications, ranging from catalytic synthesis to paint addi-

tives, from batteries to gas adsorbers, and from refinery

applications to cleaning.1 The versatility of this class of fluids

stems from the ability to change either the anion or the cation,

yielding a wide range of organic, inorganic and polymeric

compounds with different physical and chemical properties.

Moreover, ionic liquids (ILs), unlike many common organic

solvents, do not usually exhibit a measurable vapour pressure

at room temperature,3 making them potentially attractive

‘green solvent’ alternatives in many industrial processes.4

The idea of using organic solvents and ionic liquids as a

medium for biocatalysis is not a new one, with enzymes being

exploited for, amongst other things, asymmetric synthetic

transformations in these media, fuelled by the growing demand

for enantiopure pharmaceuticals.1,5,6 The switch from water,

the enzyme’s natural environment, to alternative solvents is

necessitated by the fact that in an aqueous environment, the

range of possible reactions is small, due to issues such as poor

substrate solubility, unwanted side reactions and also product

hydrolysis. However, while it would appear that enzymes used

in organic solvents present a panacea for such problems, this is

not necessarily the case. Previous studies suggest that while

organic solvents such as tetrahydrofuran and toluene can

facilitate enzymatic reactions to varying extents, DMSO and

dioxane, for example, cannot; that said, the same is true for

many ionic liquids.5–7 1,3-Dialkylimidazolium-based ionic

liquids such as 1-butyl-3-methylimidazolium hexafluorophos-

phate, [C4mim][PF6], and 1-butyl-3-methylimidazolium tetra-

fluoroborate, [C4mim][BF4], have been commonly employed

as media for alcoholysis, ammoniolysis and perhydrolysis

reactions using enzymes such as the now widely studied

Candida antarctica Lipase B (CALB),5–7 while [C4mim]Cl and

[C4mim][CH3CO2]8 appear not to support enzyme activity.

From this cursory review, it is clear that no single class of

‘solvent’ – whether it be ionic liquids or traditional organic

solvents – offers a complete solution to problems associated

with industrial biocatalytic processes. While certain examples

from each class provide suitable conditions for biocatalysis,

others adversely affect enzyme function and ultimately product

yield. It is hence imperative to identify the factors responsible

for these different effects in order to undertake efficient

identification of a solvent suitable for a specific task.

A common consensus amongst many authors is that ionic

liquids containing a coordinating anion such as chloride,

nitrate or lactate, do not permit enzyme activity, but there is

a lack of experimental data to support this view. Work by

Lau et al.8 and van Rantwijk et al.9 has, however, added some
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credence to the idea that the ‘polarity’ of a solvent and its

subsequent interaction with the enzyme structure are respon-

sible for structural unfolding and deactivation.

In this study, the structure of the enzyme Candida antarctica

Lipase B was investigated in different solvents using small

angle neutron scattering (SANS) and dynamic light scattering

(DLS). The aim was to compare any conformational changes

in the solvents, and to correlate these with changes in catalytic

activity.

2. DLS, SANS and selection of solvents

Dynamic light scattering (DLS) has been used to determine the

average size of protein molecules or their aggregates in

different solvents. In DLS experiments, particles in solution

are illuminated with light of a given wavelength and the

intensity fluctuations from the scattered light are measured

over a time course between 1 ns and 1 ms. The intensity

fluctuations encountered occur due to the random diffusion of

particles through the solvent, known as Brownian motion. The

change in signal intensity over the time course of an

experiment arising from these fluctuations can be principally

described through the autocorrelation function, eqn (1),10

G(1) tð Þ!
ðRmax

Rmin

N Rð ÞM2 Rð ÞP qð ÞS qð Þ exp {mR{1q2trel

� �
dR (1)

which contains the distribution of relaxations t and the

scattering amplitudes of the studied components, where m is

the proportionality component. N(R) and M(R) denote the

number and mass of particles with radius R between the

integration limits Rmin and Rmax. P(q) is the ‘intraparticle

scattering factor’, and it arises from the intraparticle inter-

ference effects. S(q) is defined as the ‘interparticle scattering

factor’, because it describes the interference effects arising

from the particles.11 The significance of the autocorrelation

function is that particles with a larger hydrodynamic radius

will diffuse with a lower velocity through the bulk solvent. As a

result, the autocorrelation function (which describes how

similar the two signals are) will be greater for particles with a

larger hydrodynamic radius, i.e. the signal from a larger

particle will not have altered as much over time as that from a

smaller particle.

If the particles studied are small compared to the employed

wavelength, the translational diffusion coefficient, Do, can be

determined through Laplace inversion of the autocorrelation

function. From the diffusion coefficient, the hydrodynamic

radius of the scattering particles can be calculated from the

Stokes–Einstein equation, eqn (2),10

Rh = kBT/6pgDo (2)

where kB denotes the Boltzmann constant, T the absolute

temperature, and g is the viscosity of the solvent in the

same temperature. Rh is experimentally the measure of the

maximal radius of a hydrated object (assuming it rotates

along all directions). In the case of a non-spherical object, it

approximates to the largest rotational radius. DLS cannot,

therefore, provide information about the shape of a particle

as measured.

Small angle neutron scattering (SANS) is a well-established

technique for investigating both the size and the shape of

nanoparticles in solution, with higher resolution and sensi-

tivity. SANS has become a widely used technique in the

characterisation of biomacromolecules, and information per-

taining to enzyme conformation is examined through the

determination of the size and shape of protein molecules under

different conditions. An increase in size greater than that

found in the crystalline structure of the enzyme is usually

attributed to molecular aggregation driven by structural

deformation and unfolding.12,13

SANS measures the differential scattering cross-section,

(dS/dV)(Q), which contains information on the size, shape and

interactions between the scattering centres or particles in the

sample.11 A generalised expression for the small angle neutron

scattering from any sample is given in eqn (3),

dS

dV
Qð Þ~NV 2

p Drð Þ2P Qð ÞS Qð ÞzB (3)

where N is the number concentration of scattering centres, Vp

is the volume of one scattering centre, Dr is the contrast,

indicating the difference in scattering length density between

the scattering object and the surrounding solvent and B is the

background signal.

Similarly, S(Q) is the interparticle form factor and P(Q) is

the self form factor which changes with the length and radius

of the particle. The general form of P(Q) is given by van de

Hulst’s equation, eqn (4),

P Qð Þ~ 1

V2
p

ðVp

0

exp if Qað Þ½ �dVp

������

������ (4)

where a is a ‘shape parameter’ – which may represent a length

or radius depending on the geometry of the particle. Analytical

expressions exist for most common shapes, for example,

cylinder and sphere, and also for more complex structural

shapes. Eqn (5) represents the analytical expression for a disc

of finite thickness and radius, Rp,

P Qð Þ~ 2

QRp

� �2
1{

J1 2QRp

� �
QRp

� �
(5)

where J1 is a first-order Bessel function. The interparticle form

factor S(Q) is modulated by interference effects between

radiation scattered by different scattering bodies, for example,

several protein molecules in a single solution. As a result, S(Q)

is dependent on local order or, likewise, the concentration of

the sample. In the context of these experiments, the

concentration of particles in solution is so small that S(Q) is

close to 1. Large scale suspensions are undesirable for SANS

measurements, due to the Q range of detection of the SANS

instrument, usually ,2000 Å.

Information about the structure of scattering objects

is usually obtained by comparing a scattering profile

calculated from a presumed geometrical shape with the

obtained data, and the process is iterated until an acceptable

fit is produced. In data analysis, the isotopic contrast is

usually coupled to the scale factor (sf), which is related to

860 | Green Chem., 2007, 9, 859–867 This journal is � The Royal Society of Chemistry 2007
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the concentration of the aggregates, and can be expressed by

eqn (6),

sf = Bw(rp 2 rw)2 (6)

where w is the aggregate volume fraction in the form of a

water-filled cylindrical object, and is proportional to the

enzyme concentration; rp denotes the scattering length density

of the water-filled aggregate, and rw denotes that of the

solvent; B is the constant relating to the unit of r used. In this

instance the scale factor is an important parameter to observe,

as any changes in concentration will be mirrored by a change

in scale factor. The scale factor can also be affected by

incomplete dissolution of proteins in the bulk. If the enzyme

does not solubilise, large aggregates are formed, and if they are

outside of the Q range of the instrument, w is lower than the

anticipated value.

The effect of solvents on the signal of small angle neutron

scattering and DLS depends on how the solvent interacts

with, in this case, the protein. When a solvent shows good

solubility with regard to the protein molecule, the average

scattering density of the solvated protein becomes closer to

that of the pure solvent, i.e. we are approaching homogeneity.

However, if the solvent causes structural unfolding, this may

change the shape of the protein molecule (e.g. different

diameter and/or length), and it could also result in protein

aggregation to form larger scattering objects. Therefore, we

used SANS and DLS to detect changes in size and shape of

CALB in a range of different solvents which are known to

inactivate CALB.

From our previous work (unpublished), it was observed that

[C2mim][N(CN)2] (Fig. 1) caused almost complete abolition of

enzyme activity. It is possible that such a drastic effect on

catalysis is due to the ability of the solvent to interact with the

protein tertiary structure; such interactions may cause

sufficient changes such that the active site is disrupted.

Therefore, we studied the effect of [C2mim][N(CN)2] on the

structure of CALB using both SANS and DLS. We also used

DLS to study the structure of CALB in [C2mim][EtOSO3] and

[C2mim][NO3].

Dimethyl sulfoxide (DMSO) was also employed as a solvent

in this investigation due to the fact that it is one of the few

organic solvents that impart a sufficiently good solubility to

proteins,3–6 but at the cost of low enzyme activity;14,15 this

therefore should provide an interesting comparison between

the behaviour of CALB in a polar organic solvent and in an

ionic liquid. Water was used as a reference solvent in this study

due to the fact that in nature, enzymes are almost exclusively

found to exist in an aqueous environment and as a result it

would be expected that the enzyme would be in its most active

conformation in this medium.

3. Experimental

(a) Materials

The enzyme used in this study was prepared from a commer-

cial product from Altus Biologics, which contained non-cross-

linked CALB enzyme crystals and buffer salts used during

crystallisation. In order to remove the unwanted buffer salts,

the enzyme was dissolved in water and then centrifuged. The

resulting pellet was then diluted in 2 mM potassium phosphate

buffer pH 7, and passed through a 10 000 Da filter. The

resultant enzyme solution was then added slowly to cold 1,2-

dimethoxyethane to precipitate. Once the protein had precipi-

tated, the solution was again centrifuged and the supernatant

liquid was then washed with diethyl ether and vacuum dried.

The D2O and DMSO-d6 used were purchased from Sigma

and contained 99.8% D. The D2O was buffered at pH 7, using

2 mM phosphate buffer pH 7. All other deuterated chemicals

were obtained from Aldrich, and used as supplied (all

containing .99.5% D). Weakly acid aluminium oxide (type

506 C) was obtained from Fluka, and used as supplied.

1-(methyl-d3)imidazole was synthesised according to two

literature procedures.16,17 Alkylation of 1-(methyl-d3)imida-

zole was performed according to two alternative procedures

using either bromoethane-d5 or ethyl-d5 tosylate as reactants,

as described in the chemical syntheses below.

(b) Assessment of CALB activity

Assessment of CALB activity was undertaken using the

alcoholysis (transesterification) of ethyl butanoate with buta-

nol in water and the ILs, following the same procedures as

described in the literature.8 The transesterification of ethyl

butanoate (0.06 M) with butanol (0.12 M) was carried out in

0.5 cm3 solvent. CALB (15 mg) and 1,3-dimethoxybenzene

(internal standard, 0.06 M) were added and the reaction was

carried out at 40 uC. The reactions were monitored for 24 h,

and samples were taken for chromatographic analysis against

time.8 The initial activity test, following the solution prepara-

tion from the free CALB lyophilised powder, showed that the

enzyme had a relatively high activity compared to the supplied

product specification, and that the enzyme activity had been

little affected by the preparatory steps. The activity of CALB

in aqueous solution measured in the triacetin hydrolysis assay

(2 mM triacetin in 100 mM potassium phosphate pH 7.5,

21 uC) was found to be 10 540 U g21. If this was defined as

100% active, the relative activity of the enzyme in DMSO and

the ionic liquids after 24 h was close to zero. Our CALB

activity in DMSO was lower than reported in the literature11

and was possibly due to the full solubilisation and longer time

exposure.

(c) Chemical syntheses

Scheme 1 outlines the main steps involved in the preparation

of deuterated 1-ethyl-3-methylimidazolium-d11 dicyanamide,

[C2mim-d11][N(CN)2], with the synthesis of key intermediates

described in the following.

1-(Methyl-d3)imidazole from (methyl-d3)ammonium chloride

(see ref. 16). (Methyl-d3)ammonium chloride (5.89 g,

Fig. 1 Cationic structure of hydrogenated [C2mim][N(CN)2] (left)

and deuterated [C2mim-d11][N(CN)2] (right).

This journal is � The Royal Society of Chemistry 2007 Green Chem., 2007, 9, 859–867 | 861

D
ow

nl
oa

de
d 

on
 2

1 
N

ov
em

be
r 

20
10

Pu
bl

is
he

d 
on

 2
7 

A
pr

il 
20

07
 o

n 
ht

tp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/B
70

04
37

K
View Online

http://dx.doi.org/10.1039/B700437K


83.5 mmol) was dissolved in water (30 cm3) and stirred at

215 uC. Sodium hydrogencarbonate (7.01 g, 83.5 mmol),

methanal (2.51 g, 83.5 mmol), ammonium hydrogencarbonate

(6.60 g, 83.5 mmol), and glyoxal (4.85 g, 83.5 mmol) were

added. Immediately after the addition of methanal, the mixture

started to effervesce. The mixture was then allowed to slowly

warm up to room temperature. Water was removed under

reduced pressure and 1-(methyl-d3)imidazole was vacuum

distilled using a Kugelrohr apparatus, yielding a clear, water-

like liquid (4.31 g, 50.6 mmol, 61%). 1H-NMR (300.2 MHz,

DMSO-d6, TMS): 6.90 (t, 1H), 7.10 (t, 1H), 7.57 (s, 1H).

1-(Methyl-d3)imidazole from iodomethane-d3 (see ref. 17).

Sodium hydroxide (6.95 g, 0.174 mol) was dissolved in water

(25 cm3) and imidazole (11.83 g, 0.174 mol) was added. The

mixture was heated to 100 uC for 30 min and 200 uC for 10 min,

the water was removed in vacuo, and the white solid (sodium

imidazolate) was dried overnight at 100 uC in vacuo.

Ethanenitrile (74 cm3) was added to the white dry solid and

the mixture was cooled to 225 uC, followed by slow addition

of iodomethane-d3 (25.0 g, 0.173 mol). The mixture was slowly

allowed to warm up to room temperature and stirred for three

days. The solvent was removed under reduced pressure and

1-(methyl-d3)imidazole was vacuum distilled from the mixture

using a Kugelrohr apparatus, yielding a clear, water-like liquid

(7.62 g, 89.5 mmol, 52%). 1H-NMR (300.2 MHz, CDCl3,

TMS): 6.88 (s, 1H), 7.04 (s, 1H), 7.42 (s, 1H).

1-(Ethyl-d5)-3-(methyl-d3)imidazolium bromide and dicyan-

amide. Bromoethane-d5 (1.57 g, 20 mmol) was treated with

1-(methyl-d3)imidazole (1.17 g, 13.8 mmol) in ethanenitrile

(5.0 cm3) under a dinitrogen atmosphere at 40 uC and pro-

tected from light. After four days, the solvent was evaporated

in vacuo and the viscous ionic liquid was immediately used for

metathesis with freshly prepared Ag[N(CN)2]. The latter was

prepared by slowly adding an aqueous solution of sodium

dicyanamide (2.31 g, 26.0 mmol) to an aqueous solution of

silver(I) nitrate (3.40 g, 20.0 mmol) under dinitrogen while

stirring; the solid silver dicyanamide was collected by filtra-

tion. All the Ag[N(CN)2] was added to the aqueous solution

of [C2mim-d8]Br (38.94 g, 0.204 mol) and stirred overnight.

The green-yellow solid (silver bromide and excess silver

dicyanamide) was removed by filtration, and the water was

removed by rotary evaporation, yielding a slightly yellow ionic

liquid (2.31 g, 12.5 mmol, 90%).

Ethyl-d5 tosylate, Me-4-C6H4SO2OC2D5. Ethanol-d6

(10.00 g, 0.192 mol) was reacted with tosyl chloride (36.59 g,

0.192 mol) in dry pyridine and yielded a clear, oil-like liquid

after vacuum distillation using a Kugelrohr apparatus (34.49 g,

0.168 mol, 88%). 1H-NMR (300.2 MHz, CDCl3, TMS): 1.59

(3H), 7.35 (d, 2H), 7.79 (dd, 2H).

1-(Ethyl-d5)-3-(methyl-d3)imidazolium tosylate, chloride, and

dicyanamide. (Methyl-d3)imidazole (7.62 g, 89.5 mmol) was

cooled in an ice bath and ethyl-d5 tosylate (18.37 g, 89.5 mmol)

was added. The temperature was slowly increased to room

temperature and the mixture was stirred overnight. Water was

added and the mixture was heated to 100 uC for 30 min, after

which the volatiles were removed in vacuo at 100 uC, yielding a

white solid [C2mim-d8][OTs] (25.51 g, 87.8 mmol). Metathesis

to the chloride salt was performed by ion exchange over a

Dowex 1X8-200 (Cl2 form) column. The water was evapo-

rated, yielding a slightly yellow, viscous oil, [C2mim-d8]Cl.
1H-NMR (300.2 MHz, DMSO-d6, TMS): 7.76 (t, 1H), 7.86

(t, 1H), 9.41 (t, 1H). Metathesis with silver dicyanamide

as described above, followed by aluminium oxide column

purification using ethanenitrile as an eluent, yielded a clear,

water-like ionic liquid (10.49 g, 56.6 mmol, 64%).

1-Ethyl-3-methylimidazolium-d11 dicyanamide, [C2mim-d11]

[N(CN)2] (see ref. 18). [C2mim-d8][N(CN)2] (11.01 g,

59.4 mmol) was dissolved in D2O (107.16 g, 5.35 mol),

anhydrous potassium carbonate (0.42 g, 3.0 mmol) was added,

and the mixture was stirred at 100 uC under a dinitrogen

atmosphere for one day. D2O was removed by rotary

evaporation, the ionic liquid was dissolved in dry ethanenitrile,

and the solid potassium carbonate removed by filtration. The

solvent was evaporated and the residue dissolved in dry

dichloromethane and stored at 220 uC overnight. Residual

solid salt was removed by filtration, and the solvent

evaporated. The ionic liquid was dried in vacuo over

phosphorus(V) oxide at 80 uC, yielding a slightly yellow

coloured ionic liquid (10.99 g, 58.4 mmol, 98%). 1H-NMR

Scheme 1 Synthesis of 1-ethyl-3-methylimidazolium-d11 dicyanamide. Reagents and conditions: (i) step 1: NaOH, 200 uC, vacuum; step 2: CD3I,

225 uC in ethanenitrile; (ii) aqueous medium, 10 uC; (iii) step 1: C2D5OTs, 0 uC to RT; step 2: anion exchange with Dowex 1X8-200 [Cl2 form]; (iv)

C2D5Br, reflux; (v) Ag[N(CN)2] in water; (vi) K2[CO3] in D2O, 100 uC.

862 | Green Chem., 2007, 9, 859–867 This journal is � The Royal Society of Chemistry 2007
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analysis in D2O using sodium ethanoate as an internal

reference showed little residual hydrogen, with the D content

estimated to be over 98%. The H/D exchanges at ring positions

4 and 5 were complete and the residual hydrogen content

was well under 2%. The residual water or ion level in the

ionic liquid was not checked, but our previous analyses

following similar treatments showed that the samples were

extremely dry.

The [C2mim][N(CN)2] used in the first round of SANS

experiments was shown to contain 3757.7 ppm chloride,

(0.38%); with the [C2mim][N(CN)2] from the second round

of experiments containing 0.66% chloride and 0.1% nitrate.

The [C2mim][N(CN)2] from the final round of SANS experi-

ments had a chloride content of 0.24% and a nitrate content of

0.016%, with a total deuterium content of 99.5%.

In each round of experiments, the CALB solutions were

made to a protein concentration of around 1% (weight/

volume, w/v%) and stirred for a minimum of 8 h, using a

magnetic stirrer in anhydrous conditions to prevent H/D

exchange due to adventitious moisture. Prior to SANS

measurements, the samples were transferred to pre-cleaned

and dried quartz cells.

(d) SANS

SANS measurements were made on the white beam time-of-

flight scattering instrument, LOQ, ISIS Facility, Rutherford

Appleton Laboratory (RAL), Didcot, Oxford, UK, which has

a wavelength range of 2–10 Å. The 64 cm square detector

was at a distance of 4.1 m, giving a wave vector (Q) range of

0.006–0.28 Å21. Samples were contained in 2 mm path fused

silica cells. Data were corrected for the wavelength dependence

of the incident spectrum, the measured sample transmission,

and relative detector efficiencies, prior to subtraction of

background from respective D2O buffers. Absolute scaling

was obtained by comparison to the scattering from a partially

deuteriated polystyrene standard. To obtain solutions of

lower enzyme concentrations – 1, 0.5 and 0.2% (w/v%) – it

was necessary to serially dilute the relevant sample with

an appropriate solvent. All the SANS data were recorded at

25 uC. The data modelling was performed using the FISH2

fitting program developed by Dr R. K. Heenan at RAL.

(e) DLS

All DLS measurements were made using a commercially

available, Malvern Instruments Nano-S machine, and the

instrument was fitted with a red laser (633 nm) with a size

detection range of 0.6 nm to 6 mm. The detection angle was

173u with respect to the incoming beam. Samples analysed

were contained in a 1 cm path length quartz cell and the

data were analysed using Malvern Instruments Dispersion

Technology Software. The protein refractive index was taken

to be 1.45 with an absorbance of 0.001. The viscosity and

refractive index of D2O, [C2mim][N(CN)2] and DMSO

were taken as: 0.887 mPa s and 1.330; 21.0 mPa s and

1.514; and 21.4 mPa s and 1.479 at 25 uC, respectively. Six

measurements were performed on each sample, with an

average of ten runs taken for each measurement, each within

one minute.

4. Results

(a) Dynamic light scattering

The solution properties of CALB in water, DMSO and

[C2mim][N(CN)2] were first examined using dynamic light

scattering. CALB formed nanoparticles of different sizes in

these solvents (Fig. 2). In water, the hydrodynamic diameter

of the nanoparticles was centred around 5 nm and was

distributed between 3 nm and 7.5 nm. It was a relatively

homogeneous size distribution. In DMSO, the mean diameter

was 12 nm. However, the size distribution was extremely

broad, ranging from 5 nm to 30 nm, indicating that the enzyme

had aggregated to form structures with a wide range of sizes.

In [C2mim][N(CN)2] the average diameter was 50.7 nm,

and the size distribution was narrower than in DMSO.

Nevertheless, the minimum and maximum diameters were

25 nm and 90 nm, which again indicated the formation of

aggregates with various sizes. These results show a clear

trend of size increase from water to DMSO and then to

[C2mim][N(CN)2], with a concomitant increase in the breadth

of the size distribution.

Further to this, the hydrodynamic diameters of CALB in

two more ionic liquids, [C4mim][NO3] and [C2mim][EtOSO3]

(data not shown), were also analysed using DLS. As was the

case with [C2mim][N(CN)2], CALB formed particles with a

mean diameter of 37.8 nm in [C2mim][EtOSO3] and 43.8 nm in

[C4mim][NO3], both indicating substantial aggregation.

From this set of experiments, it can be concluded that

aggregation took place in both the organic solvent, DMSO,

and in the ionic liquids, [C4mim][NO3], [C2mim][EtOSO3] and

[C2mim][N(CN)2], with the largest enzyme aggregates forming

in the ionic liquids. It should be noted that the sizes of the

aggregates were extremely variable.

(b) Small angle neutron scattering

SANS measurements were performed initially on CALB

dissolved in D2O, as this solvent would allow us to obtain

information on the enzyme in its most active conformation.

Fig. 3 shows the scattering intensity (I) plotted as a function

of the wave vector (Q), for solutions of varying enzyme

concentration in D2O.

Fig. 2 DLS size distribution in the form of hydrodynamic diameters

for aggregates of CALB formed in water (leftmost trace) DMSO

(middle trace) and [C2mim][N(CN)2] (rightmost trace). The y-axis is

shown in relative scattering intensity (arbitrary unit).
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The subsequent analysis to the SANS scattering profiles

demonstrated a number of salient features. Using the ‘disc’

model, whereby the diameter of the particle is greater than the

length, each scattering intensity profile could be fitted with a

length and diameter and the scale factor relating to the

concentration of the enzyme. The parameters of the scattering

objects present in the bulk solution from the model calculation

were a diameter of 5 nm and a length 4 nm. CALB is a

globular protein,14 with approximate dimensions of 3 6 4 6
5 nm. The particle size detected by SANS is in agreement with

the crystalline molecular structure, indicating that the enzyme

was completely dissolved in the water.

The next feature of the scattering profiles obtained from

the data is that as the concentration of protein in solution

decreases, so does the scale factor (Table 1). It can thus be seen

from Fig. 3 that the scattering intensity profiles are sensitive to

changes in enzyme concentration. This observation suggests

that all the enzymes dissolved contributed to the formation of

monomers.

It is useful to compare the structural information from

SANS with the DLS data as already described. DLS provides

information about the size of the molecule along its longest

axis, whereas SANS detects not only the size but also the shape

of the aggregates. The diameter of 5 nm for the cylindrical

structure determined from SANS corresponds extremely well

with the hydrodynamic diameter of 4.9 nm determined by

DLS. The main parameters obtained from DLS and SANS are

listed in Table 2 for comparison.

With the ability of SANS to determine protein size and

shape in solution successfully demonstrated, the next step was

to study the solution state of CALB in DMSO. As with D2O,

the same four protein concentrations were used in deuterated

DMSO and the corresponding SANS scattering profiles are

shown in Fig. 4.

The plots of scattering intensity profiles shown in Fig. 4

provide direct evidence that CALB formed aggregates

in DMSO, rather than the monomers formed in water.

Analysis of the scattering profiles resulted in the fitting

of the measured profiles as represented by the continuous

lines shown in Fig. 4, this time using a cylindrical model.

The main parameters obtained are given in Table 3.

The average dimensions of the aggregates were found to be

greater than the monomers in D2O, with a diameter of 4 nm

and a length of 12 nm. This would suggest that the enzymes

Fig. 3 Small angle neutron scattering intensity (I) plotted as a function of wave vector (Q) for CALB in D2O at concentrations of 0.2 (%), 0.5 (#),

1.0 (n) and 1.5 w/v% (e).

Table 1 Structural parameters obtained from fitting the disc model to
the SANS profiles shown in Fig. 3, for different concentrations of
CALB dissolved in water

Enzyme conc.
(w/v%)

Fitted scale
factors Diameter/nm Length/nm

1.5 6.48 6 1026 5 ¡ 0.1 4 ¡ 0.3
1.0 4.32 6 1026 5 ¡ 0.3 4 ¡ 0.3
0.5 2.16 6 1026 5 ¡ 0.2 4 ¡ 0.2
0.2 8.64 6 1027 5 ¡ 0.2 4 ¡ 0.2

Table 2 Comparison of aggregate size and shape as detected by DLS (hydrodynamic sphere) and SANS (disc/cylinder) in different solvents. Note
that the activity of CALB in aqueous solution was measured in the triacetin hydrolysis assay and taken as 100%, and the relative activities in
DMSO and the ionic liquids after 24 h were close to zero. Our CALB activity in DMSO was lower than reported in the literature13 and was possibly
caused by the full solubilisation and longer time exposure (see the Experimental section for more details)

Solvent DLS (sphere) diameter/nm

SANS (disc or cylinder)

Relative activity (%)Diameter/nm Length/nm

D2O 4.9 5 4 100
DMSO 12.5 4 12 0
[C2mim][EtOSO3] 37.8 — — 7
[C2mim][NO3] 43.8 — — 3
[C2mim][N(CN)2] 50.7 48.6 3.8 0
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coalesce to form a unit resembling a dimeric or trimeric end-to-

end assembly.

As in water, the DLS and SANS data were in agreement

within the experimental error. The hydrodynamic diameter

measured by DLS (12.5 nm) showed consistency with

the length of the aggregate as obtained from the SANS

measurement. Furthermore, the scale factors obtained from

the data analysis are in good proportion to enzyme concentra-

tion. However, they are somewhat lower than those from the

previous data set, which might suggest that DMSO was not

dissolving the protein to the same extent as water – with large

particles outside the range of detection.

In the final round of neutron scattering experiments,

deuterated ionic liquid {[C2mim-d11][N(CN)2]} was used as

the solvent. Data could only be obtained when the enzyme

concentration was 0.5, 1.0 and 1.5 w/v%, since the solution

containing 0.2% CALB gave an extremely low signal with too

much scatter of the data.

Fig. 5 shows the resultant SANS scattering profiles with the

fitted structural parameters given in Table 4. Even without any

attempt to fit the data, it can be seen directly from Fig. 5 that

the system involves some substantial aggregation because the

SANS profiles were shifted to a lower Q range. Fitting analysis

showed that CALB dissolved in [C2mim-d11][N(CN)2] formed

large, disc-like aggregates, with a diameter of 48.6 nm and

length 3.8 nm.

In keeping with the previous sets of data, the scale factors

were again directly proportional to the enzyme concentration,

which was indicative of structural homogeneity against con-

centration increase. It is also useful to note that the hydro-

dynamic diameter determined by DLS of some 50 nm compared

well with the SANS diameter of 48.6 nm, again showing a

high degree of consistency between the two techniques.

Fig. 4 Small angle neutron scattering intensity (I) plotted as a

function of wave vector (Q) for CALB in deuteriated DMSO at the

concentrations of 0.2 (%), 0.5 (#), 1.0 (n) and 1.5 w/v% (e).

Table 3 Structural parameters obtained from cylinder model fitting
to the SANS profiles shown in Fig. 4 for different concentrations of
CALB dissolved in DMSO

Enzyme conc.
(w/v%)

Fitted scale
factors Diameter/nm Length/nm

1.5 1.693 6 1026 4.0 12
1.0 1.264 6 1026 4.0 12
0.5 7.09 6 1027 4.0 12
0.2 3.10 6 1027 4.0 12

Fig. 5 Small angle neutron scattering intensity (I) plotted as a function of wave vector (Q) for CALB in ionic liquid [C2mim][N(CN)2] at the

concentration of 0.5 (#), 1.0 (n) and 1.5 w/v% (e).

Table 4 Structural parameters obtained from disc model fitting to the
SANS profiles shown in Fig. 5 for different concentrations of CALB in
[C2mim][N(CN)2]

Enzyme conc.
(w/v%)

Fitted scale
factors Diameter/nm Length/nm

1.5 2.29 6 1027 48.6 ¡ 0.3 3.8 ¡ 0.3
1.0 1.53 6 1027 48.6 ¡ 5.2 3.8 ¡ 0.7
0.5 7.65 6 1028 48.6 ¡ 20 3.8 ¡ 0.7
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5. Discussion

Extensive studies over the past few decades have focused on

understanding how different aqueous and non-aqueous

solvents affect biocatalysis.1,9,19–21 Although enzyme biocata-

lysis in ionic liquids has now become attractive, our general

understanding of the solubilisation and deactivation of

enzymes in these novel solvents is comparatively poor. As

deactivation is often associated with structural deformation

and aggregation, DLS and SANS have been used in our work to

determine the structural features of CALB in ionic liquids. As

this was our first scattering study, measurements were also made

for CALB in the conventional solvents, water and DMSO.

As expected, no aggregation was detected in water, and the

corresponding enzyme activity was found to be the highest. In

contrast, CALB in DMSO formed aggregates with a range of

size distributions, with the average size corresponding to

dimers or trimers. Even this extent of aggregation resulted in

complete loss of activity. Others have reported that CALB is

active in DMSO,13 but this difference may be because we

incubated the enzyme long enough in DMSO to obtain full

solubilisation.

The ionic liquids [C2mim][EtOSO3], [C2mim][NO3] and

[C2mim][N(CN)2] all dissolved CALB, but also all caused

formation of large aggregates. However, the aggregates in

[C2mim][N(CN)2] were disc-shaped, suggesting ‘side-by-side’

aggregation, rather than the ‘end-to-end’ aggregation seen in

DMSO. These aggregates were completely inactive, whereas

the aggregates in [C2mim][EtOSO3] or [C2mim][NO3] retained

very low levels of enzymatic activity.

The structure of enzymes in solution depends very strongly

on the presence of water molecules in the structured hydration

shell surrounding the enzyme molecules.21 Many non-aqueous

solvents9,22,23 such as ethanol, ethanenitrile, 1,4-dioxane and

DMSO can dissolve enzymes to form homogenous solutions,

but in doing so they may strip away the hydration shell,

causing enzyme denaturation. We might also expect ionic

liquids to sequester water associated with the hydration shell,

depending on their affinity for water, and this may partly

explain the aggregation that we observed using DLS and

SANS. However, CALB is known to be active even when

completely dehydrated,24 so it seems more likely that the

cations and anions caused aggregation and inactivation by

interacting directly with the enzyme molecule, via charged

groups or by rearrangement of hydrogen bonding.8,9,23 Indeed,

Lau et al.8 found that the secondary structure of CALB

changed dramatically from a-helix to b-sheet when dissolved in

several ionic liquids (but unfortunately not the ionic liquids

studied here).18 Lau et al. suggested that this was due to

hydrogen bonding between the enzyme and the ionic liquids in

place of the normal intramolecular hydrogen-bonding within

the polypeptide backbone. The formation of b-sheets would

normally be associated with an increased propensity to aggre-

gate, and we found that the ionic liquids did cause extensive

aggregation. The average size of the CALB aggregates

increased with the electron density (and hence hydrogen-

bonding potential) of the anion, in the order [EtOSO3]2 ,

[NO3]2 , [N(CN)2]2, and this also corresponded to the

decrease in activity. Therefore, we suggest that our structural

studies provide further support for the hypothesis that strongly

hydrogen-bonding ionic liquids should be avoided when

choosing solvents for biocatalysis.

6. Conclusions

The selection of an appropriate solvent for enzymes in bio-

catalysis has attracted a great deal of interest from academic

and industrial communities. Many studies have already been

devoted to relating enzyme activity and stability to the physical

properties of a solvent, particularly its hydrophilicity and

polarity. However, the variety of enzymes and the range of

solvents (including ionic liquids) emerging as potential

candidates have meant that it is unrealistic to attempt to give

any general rules without any insight into enzyme structure in

the solvent and understanding of the possible interactions

behind it. Whilst it is well known that enzymes may retain

their activities in some media and that their activities may be

completely lost in others, it is necessary to unravel their

solution structures and the associated interactions. This study

demonstrates that it is feasible to determine the structure of

enzyme aggregates in different solvents by DLS and SANS.

The results from this work have shown that the three types

of solvent caused different degrees of enzyme aggregation and

dissolution. The extent of aggregation reflected the deviation

from the enzyme’s native structural framework, showing a

clear correlation between the different activities of the enzyme

in different solvents and the underlying interactions at the

molecular level. Enzyme aggregation thus reflects the extent of

interaction between protein and solvent via forces such as

hydrogen bonding, and hydrophobic and electrostatic inter-

actions; the effect of such interactions on enzyme activity is

vital to gaining an understanding of how to tailor-make a

solvent for a particular enzyme-catalysed reaction.
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A Lewis basic mixture of quaternary ammonium salts with glycerol has been used to extract

excess glycerol from biodiesel formed from the reaction of triglycerides with ethanol in the

presence of KOH. The effect of the cation on the partition coefficient of glycerol was determined,

together with the time taken for the systems to reach equilibrium. Protocols were also investigated

for the separation of glycerol from the quaternary ammonium salt mixtures.

Introduction

Biodiesel can be manufactured from a variety of natural

product oil feedstocks, for example, sunflower oil, rapeseed oil,

rubber seeds, and soy bean oil.1–8 Its synthesis from a natural

product means biodiesel is a carbon-neutral fuel (i.e. carbon

dioxide generated from its combustion is equal to or less than

the carbon dioxide used up by the plants it is derived from) and

it produces significantly fewer particulates1 than conventional

diesel fuel with no sulfurous emissions. It can be used pure or

blended with mineral diesel in most modern compression-

ignition engines.9

The manufacturing procedure for biodiesel is much the

same, regardless of the feedstock used. The triglyceride oil

extracted from the plant is transesterified into alkyl esters

(usually methyl or ethyl) using a catalyst such as KOH,

NaOH, or a lipase. This yields three moles of ester and one

mole of glycerol per mole of triglyceride as shown schemati-

cally in Fig. 1.7

The liberated fatty acid esters comprise a mixture of C-18

products, such as stearic, linoleic, linolenic, and oleic acid, and

C-16 derivatives, such as palmitic acid in varying compositions

depending on the source. The glycerol is an unwanted

by-product and must be removed before the ester biodiesel

can be used as fuel, as the viscosity of the glycerol present in

the mixture impedes the high-pressure injection system of a

modern diesel engine and may cause damage.

Several methods have been used to remove glycerol from

biodiesel and these include adsorption over silica,10 membrane

reactors,11 and the addition of lime and phosphoric acid.12

There are numerous problems associated with the costs and

complications of operating biodiesel synthesis on an industrial

scale.7 Currently it is cheaper to drill and refine mineral diesel

than to grow, extract, transesterify, and purify biodiesel, and

methods to improve the economical feasibility of biodiesel

production are sought.

The aim of this study is to design a system to separate

glycerol and residual ethanol from some ethanol-esterified

natural oils. We have previously shown that ionic liquids

formed from eutectic mixtures of quaternary ammonium

salts and hydrogen bond donors (HBDs) are an effective

method of producing inexpensive, non-toxic, and environ-

mentally benign solvent systems.13,14 These so-called deep

eutectic solvents (DESs) are made from quaternary ammo-

nium salts mixed with a small HBD molecule, of which

glycerol is one example. These DESs have been shown to have

practical use in applications such as electropolishing15 and

metal oxide processing.16

The eutectic point (the composition of lowest freezing point

and viscosity) of these solvents, that have so far been charac-

terised, tends to occur at either 1 : 1 or 2 : 1 HBD : salt molar

ratio.13,14 The components of the mixture have a high affinity

for each other due to the strength of the hydrogen bonding

interactions formed. The high affinity of the salt for glycerol

should mean that if a Lewis basic mixture of salt and glycerol

is mixed with a phase with a low affinity for glycerol, then the

former should be able to extract the excess glycerol. The high

affinity of the ionic liquids for alcohols should also allow

excess ethanol to be extracted from the biodiesel layer.

The aim of this work is to characterise and optimise a

eutectic extraction system capable of washing glycerol out of

the biodiesel product. Five quaternary ammonium salts were

studied and all formed eutectics with glycerol that were

miscible with water and immiscible with oils.

Experimental

The alcoholysis of vegetable oils was studied using alkaline

catalysts. Potassium hydroxide, 5 g (0.9 mol) was suspended in

1 L of absolute ethanol and shaken until dissolved. 1 g of this

solution was mixed with 5 g of oil and shaken in a small
Chemistry Department, University of Leicester, Leicester, UK, LE1
7RH. E-mail: Andrew.abbott@le.ac.uk; Fax: +44 116 252 3789

Fig. 1 Transesterification of triglycerides to alkyl esters of fatty acids

and glycerol.

PAPER www.rsc.org/greenchem | Green Chemistry

868 | Green Chem., 2007, 9, 868–872 This journal is � The Royal Society of Chemistry 2007

D
ow

nl
oa

de
d 

on
 2

1 
N

ov
em

be
r 

20
10

Pu
bl

is
he

d 
on

 1
9 

A
pr

il 
20

07
 o

n 
ht

tp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/B
70

28
33

D
View Online

http://dx.doi.org/10.1039/B702833D


stoppered flask. The flasks were placed in an incubator shaker

at 40 uC and 400 rpm for 24 h. After this time, they were

allowed to stand for 1 h. Separation of the KOH-catalysed

reaction in ethanol did not occur, but separation of the NaOH-

catalysed reaction in methanol was observed. The molecular

mass of soy bean oil was assumed to be 965.

A larger volume (10 ml oil and 2 ml 0.9 M KOH–ethanol)

was produced under the same conditions and this was divided

into 1 ml samples and used to test the eutectics and quaternary

ammonium salts as extraction media. 1 mole equivalent of

each salt was added to the oil samples and heated with

agitation, but a lower layer was not seen to form. 1 : 1 eutectics

of each quaternary ammonium salt were prepared and added

to the solutions in a 1 : 1 salt : oil molar ratio.

For the larger scale experiments 500 g of oil (rapeseed or soy

bean) and 150 g of 0.9 mol KOH in absolute ethanol were

mixed in an incubator at 40 uC and 400 rpm for 24 h. After this

period, a lower layer separated from the rapeseed oil reaction.

This was collected and NMR analysis confirmed it to be

predominantly glycerol. The soy bean oil reaction did not

separate on standing.

The DES used for extraction was made by heating 46 g

(0.5 mol) glycerol and 69.8 g (0.5 mol) of choline chloride on a

hotplate at 50 uC until a homogenous transparent liquid

formed. This was added to the homogeneous oil resulting from

the soy bean oil reaction and the separated oil from the

rapeseed oil reaction, shaken and allowed to stand for 30 min.

Samples of the upper and lower layers were analysed by 1H

NMR in 1-butanol and dichloromethane, respectively, and a

10 ml sample of the upper layer was analysed by GC.

Removal of glycerol from a standard solution of ethyl

caprate–glycerol was carried out using a standard solution of

ethyl caprate–glycerol in a 3 : 1 molar ratio. To this 0.5% v/v

solution, ethanol was added to aid miscibility. 10 ml of this

solution was mixed with a 1 : 1 glycerol–acetylcholine chloride

eutectic and samples were taken from the upper layer and

analysed by FT-IR.

Viscosity and freezing point determination of deep eutectic

solvents: viscosity was determined using a Brookfield DV-E

viscometer according to the standard procedure. The freezing

point was taken to be the glass transition temperature or

crystallisation temperature as was measured with a Jenway

4071 temperature probe after gradual cooling in ice followed

by dry ice–acetone.

The chloride ion concentration was determined using

potentiometry with a silver chloride and calomel electrode.

In the cell

Hg|Hg2Cl2|KCl(sat)||Cl2analyte Cl2|AgCl|Ag

the change in potential with chloride ion concentration was

found to follow a Nernstian behaviour.

Results and discussion

Soy bean oil was chosen as the feedstock of study because of

its favourable cetane number, and also because it did not

separate readily from glycerol at the end of the reaction, and

therefore was useful for the principles to be studied. Fig. 2

shows a schematic of a process that uses a choline chloride–

glycerol mixture to draw out excess glycerol from biodiesel.

It was decided to concentrate on KOH and NaOH as the

catalysts as these gave quantitative conversion of the oil to

the methyl esters. Enzyme catalysed transesterification was

also attempted, but of the fifteen lipases studied only Candida

antarctica B gave a reasonable yield (38%) after a 24 h

period of incubation. These data are comparable to the yields

achieved with different oils published by Abigor et al.17

1H NMR studies of the reaction products were undertaken

using the solvent 1-butanol-d10, as this was the only solvent in

which glycerol, fatty acid esters, and unreacted soy bean oil

were found to dissolve. The spectrum of the potassium

hydroxide-catalysed reaction contained the glycerol signal

but no discernible glyceride peaks (d 4.15 and d 4.3 ppm),

which confirmed that the reaction had gone to completion.

Extraction of glycerol using sub-eutectic salt mixtures

Initially, pure quaternary ammonium salts were added to the

crude biodiesel, to see if a deep eutectic would spontaneously

form in situ extracting the glycerol and forming a separate

layer. After the reaction was complete, the resulting oil was

separated into 1 ml samples and each of these was shaken with

a 0.5 mole equivalent of each of the quaternary ammonium

salts chosen for the study. Upon shaking and heating, the salts

all remained as solids and did not dissolve in the liquid phase,

form a separate liquid phase, or effect any noticeable extrac-

tion of the glycerol from the biodiesel–glycerol mixture. This is

probably due to the enthalpy of formation of the eutectic

mixtures, and so an alternative approach was attempted.

Lewis basic mixtures of salt and glycerol (i.e. a 1 : 1 molar

ratio) were made and heated until they formed homogeneous

liquids. These were added to 1 ml samples of biodiesel in such

quantity to ensure that the sum contents of both phases was a

1 : 2 salt : glycerol molar ratio. The mixtures were shaken,

allowed to separate, and then analysed by 1H NMR against

the unwashed biodiesel product. A decrease in the glycerol

signals (d 3.55 and d 3.45 ppm) in the oil phase was observed

in all cases. No significant decrease in glycerol signals was

observed when 1 : 2 salt : glycerol eutectics were added to the

crude biodiesel in the same way, showing that the mixture is

only effective at extracting glycerol when it is Lewis basic. No

signal was detected for either ethanol or catalyst left in the

biodiesel phase.

These initial results show that mixtures of salt and glycerol

below the eutectic point can remove glycerol from crude

Fig. 2 Schematic diagram for the production of biodiesel and

removal of excess glycerol using a sub-eutectic salt : glycerol mixture.
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biodiesel yields and suggests this extraction method to be

suitable for more in-depth study.

Comparison of the physical properties of glycerol mixtures

The phase behaviour and viscosity of the salt : glycerol

mixtures were characterised to identify which salts could be

practically used to extract glycerol from biodiesel. The

mixtures should preferably be liquid at ambient temperature

and have viscosities that permit physical separation of phases

by decantation or filtration. Five quaternary ammonium

salts were used, and viscosities and freezing points of the

mixtures were measured as a function of glycerol mole

fractions in the range 0.35 to 1. The results obtained are

shown in Fig. 3 and Fig. 4.

All of the eutectics studied showed their lowest viscosity

at the mole fraction of approximately 0.75, whereas the

freezing point minima tended to vary slightly depending on

the salt. Choline chloride had a minimum freezing point at

approximately 0.7, while the other salts had minima at mole

fractions between 0.8 to 0.85. The freezing points at the

eutectic point occurred between 210 and 235 K, meaning that

all systems could be used effectively at ambient temperatures.

All the salts were also viable with respect to their viscosity.

Since mixtures at the eutectic point were not found to be

effective at removing glycerol from biodiesel, a Lewis basic

mixture was needed. The 1 : 1 ratio of salt : glycerol mixture

appeared to be the best compromise between viscosity and

melting point and low mole fraction of glycerol. In this way,

it is hoped that a 1 : 1 mixture of salt : glycerol could be used

to extract one mole of glycerol from an equivalent 3 moles of

biodiesel.

Quantification of glycerol extraction

The acetylcholine chloride eutectic was selected to study the

extraction of glycerol from biodiesel as a function of time

because the acetyl group on the cation and the OH group in

glycerol have strong FT-IR resonances at 3330 and 1740–

1730 cm21, respectively. These absorbances can be monitored

over time to ascertain the time taken to reach equilibrium.

By dividing the absolute intensity of the OH resonance by

the absolute intensity of the acetyl resonance for studies of

various molar ratios of the eutectic, a calibration curve was

produced. A molar equivalent of 1 acetylcholine chloride

eutectic to 1 glycerol was then used to wash a 1 ml sample of

crude biodiesel. At various times, 10 ml samples of the eutectic

layer were taken and analysed by FT-IR. The results are

shown in Fig. 5.

This experiment revealed that the eutectic reached glycerol

saturation after 10 min. Saturation corresponded to an

approximate 1 : 2 molar ratio of acetylcholine chloride :

glycerol and .99% removal of glycerol from the ester layer.

Effect of salt and initial composition of washing liquid

A standard mixture of 3 moles of ethyl caprate and 1 mole

glycerol, with 5% v/v ethanol to aid miscibility, was mixed with

Fig. 3 Phase diagram of eutectics at different glycerol mole fractions.

Fig. 4 Viscosity graph for eutectics at different glycerol mole

fractions.

Fig. 5 Glycerol mole fraction in an acetylcholine chloride–glycerol

mixture in contact with biodiesel containing glycerol as a function

of time.
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a variety of quaternary ammonium salt–glycerol mixtures of

different molar ratios to determine their efficacy for glycerol

removal. After shaking and warming the vials and allowing

them to settle into two layers, the upper (ethyl caprate) layer

was assayed by GC. The resulting glycerol–ethyl caprate mole

fractions are shown in Fig. 6.

Fig. 6 shows similar profiles for the acetylcholine chloride

and EtNH3Cl eutectics. Pr4NBr shows a slightly different

profile with a better extraction of glycerol at higher mole

fractions but a weaker extraction efficacy at the lower (0.5)

mole fraction. From these results, it would appear the ability

of the salt to draw glycerol out of the other phase may be

dependent on the anion but is unaffected by the cation. The

ability of chloride to extract glycerol at the 0.5 mole fraction is

likely due to the higher electronegativity of the ion compared

to bromide. Conversely, the lower ionic radius of chloride may

become more of an issue at higher mole fractions of glycerol,

and thus bromide is more effective at extracting glycerol at

these mole fractions because its larger ionic radius simply

means more moles of glycerol will fit around it spatially.

These results showed that the ability of the eutectics to

remove glycerol from a standard system decreased with

increasing glycerol concentration. The 1 : 1 molar ratio of

glycerol : salt was found to be the most suitable in terms of its

extraction ability and its ease of use. The three salts all gave

very similar partition coefficients.

Extraction of glycerol from biodiesel into a eutectic solvent

The ideas developed with the ethyl caprate standard were

applied to a practical sample of biodiesel produced using

KOH, ethanol and soy bean oil. Mixtures of glycerol and salts

were prepared in 1 : 1 molar ratios and used to extract 1 ml

samples of crude biodiesel. The biodiesel layer was then

analysed by GC to calculate the mole fraction of glycerol

remaining. The results are shown in Table 1.

A significant decrease was observed in the mole fraction of

glycerol remaining in the biodiesel layer after washing with all

of the salt–glycerol mixtures. Particularly effective removal

was noted with EtNH3Cl and ClEtMe3NCl, with effectively

complete removal of glycerol from the biodiesel. The least

effective salt was Pr4NBr, which confirms the earlier result

using the standard ethyl caprate system in Fig. 6.
1H NMR of the washed biodiesel and eutectic mixtures

showed no traces of cross contamination of the two phases.

However, the biodiesel yields showed impurities on the GC

trace after washing with Pr4NBr eutectic, thought to result

from possible contamination with Pr3N, and likewise after

washing with acetylcholine chloride eutectics, the biodiesel

layer showed evidence of impurities on the NMR spectrum,

corresponding to the signals on the NMR spectra of the free

amines of these salts which almost certainly comes from trace

impurities in the original quaternary ammonium salts. No

evidence of contamination, however, was seen when choline

chloride, ClEtMe3NCl, or EtNH3Cl were used in washing

solvents. Taking all these factors into account, ClEtMe3NCl

and EtNH3Cl appear to be the most suitable quaternary

ammonium salts for making eutectics for the extraction of

glycerol from biodiesel, as they both remove almost all of it to

practical detection limits in this system.

Separation of salt from glycerol mixture

To make the separation of glycerol from biodiesel using this

method a viable process, a method of recovering the glycerol

and the quaternary ammonium salt from the washing eutectic

is necessary. In the system that has been developed here, the

glycerol is recovered as a 2 : 1 mixture with a salt. In order to

recycle the salt, it must be recovered or reduced to at least a

1 : 1 molar composition and the rest of the glycerol separated.

Possible purification methods include recrystallisation of the

choline chloride, either by cooling or by addition of an

antisolvent, and distillation of the glycerol. Distillation would

be energetically difficult due to the high boiling point of

glycerol (182 uC at 20 mm Hg) although vacuum distillation

may be ultimately the easiest solution.

On cooling in ice, 1 : 2 mixtures of choline chloride : glycerol

and acetylcholine chloride : glycerol both formed needle-like

crystals. Filtration and analysis by the electrochemical

method, however, showed that only about 4 wt% of the

quaternary ammonium chloride could be recovered with either

system. Further cooling of the solution in dry ice–acetone

mixtures produced a glass-like material with no crystallisation.

Gas expansion of the mixtures was attempted using CO2 at

50 bar as an antisolvent. The gas was soluble in the liquids as

evidenced by opalescence of the solution on pressurisation and

vigorous degassing on depressurisation, but no precipitation

or crystal formation was observed over 24 h under pressure,

Fig. 6 Mole ratio of glycerol : ethyl caprate remaining in the biodiesel

phase after washing with different salt–glycerol mixtures.

Table 1 Mole fraction of glycerol in the biodiesel layer after washing
with 1 : 1 glycerol : salt mixtures

Washing eutectic Xglycerol

No wash 0.15
Pr4NBr 0.08
EtNH3Cl 0.00
ClEtMe3NCl 0.00
Choline chloride 0.05
Acetylcholine chloride 0.03
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and the potentiometric analysis showed the solution to be

unchanged.

An alternative approach was attempted by adding a liquid

co-solvent to aid the separation of the salt on cooling.

1-Butanol was added to the 1 choline chloride : 2 glycerol

mixture, warmed to 50 uC to aid mixing and then cooled in ice.

Significantly, more choline chloride formed as a precipitate

than just by cooling the eutectic mixture. Analysis of the

filtrate showed that 25% of the salt could be recovered by this

method. While still unoptimised, the process shows that an

anti-solvent could be added to recover the quaternary

ammonium salt.

Scaled-up biodiesel synthesis with eutectic solvent extraction

To assess the suitability using salt–glycerol mixtures to purify

biodiesel, a larger scale batch procedure was carried out. Both

rapeseed and soy bean oil (500 g) were used with 150 g of KOH

and ethanol for 24 h. Table 2 shows the yield of biodiesel

produced from each experiment together with the amount of

glycerol remaining after extraction with a 1 mole equivalent of

1 : 1 choline chloride : glycerol eutectic. After separation, the

upper, biodiesel layer was analysed by 1H NMR and GC-MS.

This shows that glycerol can be effectively removed from a

biodiesel product on a moderate scale using a eutectic mixture.

Conclusions

Quaternary ammonium salt–glycerol mixture solvents were

found to be successful as extraction media for glycerol from

biodiesel product mixtures. A 1 : 1 glycerol : salt molar ratio

was found to be the most effective for extracting glycerol from

the biodiesel product. Of the salts studied, choline chloride,

ClEtMe3NCl, and EtNH3Cl showed the best results in terms of

effective glycerol removal. Choline chloride was recovered

with some success from a 1 : 2 mixture with glycerol by

recrystallisation from 1-butanol, although this process was not

optimised.

The process was scaled-up to a 500 ml batch process, with

full alcoholysis of the triglyceride starting material and

glycerol was successfully extracted by a choline chloride–

glycerol washing solvent. Overall, the use of quaternary

ammonium salt–glycerol DESs to remove glycerol by-products

from the finished biodiesel reaction was found to be successful,

but it is hoped further research will reveal a better method for

recycling the salt and recovering the glycerol afterwards.
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Effect of ionic liquids on human colon carcinoma HT-29 and CaCo-2 cell
lines

Raquel F. M. Frade,a Ana Matias,a Luis C. Branco,bc Carlos A. M. Afonsoc and Catarina M. M. Duarte*a

Received 1st December 2006, Accepted 28th February 2007

First published as an Advance Article on the web 22nd March 2007

DOI: 10.1039/b617526k

The toxicity of ionic liquids, involving different classes of cations and different types of anions,

was evaluated by a colorimetric assay with 3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium

bromide (MTT) in two colon carcinoma HT-29 and CaCo-2 cell lines. Confluent CaCo-2 cells can

undergo spontaneously an enterocytic differentiation and represent a good in vitro model of

normal human intestinal epithelium. Ionic liquids are highly promising due to their low vapour

pressures, however, toxicity evaluation of these ionic liquids is of great importance to assess the

risk of these ionic liquids to humans and the environment.

Introduction

Ionic liquids (ILs) are potential ‘‘environmentally friendly’’

solvents due to their negligible vapour pressures. ILs are

usually water-soluble and thus, they can easily enter and

accumulate in the environment. As such, it is important to

investigate their toxicological properties for further risk

assessment of ILs. The numerous number of possible anion–

cation combinations facilitates a change in the properties of

the solvents; around 1012 accessible compounds have been

estimated. The main classes of cations are imidazolium (IM),

pyridinium, phosphonium and ammonium; IM remaining the

most studied, so far.1 The IM cations have 2 variable residues,

one residue is usually either a methyl (MIM) or an ethyl (EIM)

group, whereas the other residue is usually an alkyl chain.

Regarding the anions, there also exists many possibilities;

however, tetrafluoroborate (BF4
2) and hexafluorophosphate

(PF6
2) have been extensively studied. Experiments with model

microorganisms and some mammalian cell cultures have been

published and no rule has yet been established between the

type of anion and toxicity level, however, they do affect

the cytotoxicity.2–5 In contrast, toxicity seems to be directly

correlated to the length of the alkyl chains present in the

cation. Toxicity tests using the soil warm Caenorhabditis

elegans demonstrated that increasing toxicity follows the trend

C4MIM (1-butyl-3-methylimidazolium) , C8MIM (1-octyl-3-

methylimidazolium) , C10MIM (1-decyl-3-imidazolium)6 and

similar results were reported for Vibrio fischeri,4 the green algae

Oocystis submarina,7 the diatom Cyclotella meneghiniana,7

an aquatic organism very sensitive to metals and organic

compounds, the floating aquatic organism, Lemna minor,8 and

the fast growing terrestrial plant, Lepidium sativum;8 the last

two organisms usually employed as models to investigate

the hazardous potential of industrial chemicals. Addition of

functional groups to the alkyl chains can be used to change the

properties of ILs, such as the introduction of polar functional

groups, which has already been suggested to reduce the

toxicity of ILs.8 Not many studies have been published about

different classes of cations, but there is some evidence that

toxicity might increase for ammonium salts when compared

with IM, pyridinium or pyrrolidinium.9

In this paper we compare toxicological data of several

ILs based on MIM (methyl-imidazolium) with different

substituent chains, Aliquat1 (tri-n-octylmethylammonium),

P66614 (tri-n-hexyl-tetra-n-decylphosphonium) and DMG

(tetra-n-hexyldimethylguanidinium) cations combined with

different anions (Table 1). Assays were performed in two

human colon carcinoma HT-29 and CaCo-2 cell lines.

Confluent CaCo-2 cells are a suitable model to study

enterocytic differentiation in vitro.10

Experimental

Materials

RPMI medium 1640, fetal bovine serum (FBS) and

L-glutamine 200 mM (1006) and trypsin-EDTA solution

were from GIBCO and the cell proliferation reagent 3-(4,5-

dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide (MTT)

was purchased from Sigma.

Ionic liquids

The ILs were generally prepared in this laboratory following

reported procedures11 which involved final washing with water

as liquid or as dichloromethane solution, and removal of

volatile components under vacuum. They were further purified

by dissolving in the appropriate solvent (usually dichloro-

methane), filtration through a layered activated charcoal–silica

column, followed by solvent removal under vacuum and

dried overnight at 60–70 uC with stirring and under vacuum

(0.1–0.5 mmHg). The purity of the ILs was checked by NMR.
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For the new ILs, chloride, water and combustion analysis (C,

H) were also performed. Aliquat and P66614 cations are

commercially available as chloride salts and thus, anion

exchange was executed from these materials.

Cell culture

Human colon carcinoma HT-29 (ATTC, USA) and CaCo-2

(ATTC, USA) cells were used in this experimental work. Cells

were cultured in 175 cm2 flasks in RPMI medium 1640,

supplemented with 10% FBS and 2 mM L-glutamine at 37 uC
in a humidified atmosphere of 5% CO2. The medium was

changed when depleted and cells were sub-cultured after

reaching confluence. The medium was removed from the flask

and the flask rinsed with approximately 4 mL of 1% trypsin–

EDTA solution. The same volume of 1% trypsin–EDTA

was added to the flask and the flask incubated at 37 uC
for 5–10 min. 6 mL of fresh medium was added and the cell

suspension was diluted 1 : 3. The flask was supplemented with

more medium until a total volume of 35 mL was reached.

Viability cell assay

A colorimetric assay with MTT was used to assess the viability

of the cells. HT-29 cells were trypsinised and plated out in

96-well plates with a confluence of 105 cells mL21; each well

contained 100 mL of medium. Stock solutions of the ILs were

prepared either in 100% absolute ethanol or, in case ethanol

did not ensure complete dissolution, 5% (C5O2MIM BF4,

C2OHMIM PF6, BMIM PF6 and DMG DCA) or 10% DMSO

(C5O2MIM PF6). All the ILs were homogenous in solution

and were tested in a concentration range up to 6000 mM.

HT-29 cells were cultured in 0.5% FBS for 24 h and then

incubated for 4 h with the ILs in a 5% FBS medium. This

length of time was chosen according to the digestion time.

After treatment, the medium from the plates was changed

with fresh 0.5% FBS medium and the plates returned to the

incubator for an additional 24 h period. After this period,

100 mL of the colorimetric reagent MTT (0.5 g L21) was added

to each well and left for 4 h. MTT is reduced to a purple

formazan product by mitochondrial reductase enzymes active

Table 1 Schematic representation of the cations and anions

Name (abreviation) Structure Name (abreviation) Structure

Cations Anions
1-(2-Hydroxyethyl)-3-methylimidazolium

(C2OHMIM)
Tetrafluoroborate

1-(2-(2-Methoxyethoxy)ethyl)- 3-methylimidazolium
(C5O2MIM)

Hexafluorophosphate

Choline Dicyanoamide (DCA)

1-n-Butyl-3-methylimidazolium (C4MIM) Acesulfame

1-n-Butyl-2,3-dimethylimidazolium (BDMIM) Sacharin

1-n-Octyl-3-methylimidazolium (C8MIM) Bistrifluoromethane-sulfonimidate
(NTf2)

1-n-Decyl-3-methylimidazolim (C10MIM)

Tetra-n-hexyldimethylguanidinium (DMG)

Tri-n-hexyl-n-tetradecylphosphonium (P66614)

Tri-n-octylmethylammonium (Aliquat)
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in viable cells and therefore the amount of formazan product

is proportional to the number of viable cells. Reaction was

stopped with 150 mL DMSO in each well and formazan was

quantified by measurement of the absorbance at 540 nm in a

plate reader.

ILs not toxic for HT-29 cells, in the concentration range

studied, were suspected to be not toxic for CaCo-2 cells.

This was confirmed by evaluation of CaCo-2 cells viability,

previously treated at the highest experimental concentration

(6000 mM). The remaining ILs were studied as previously

within the same concentration range.

Toxicological assays using CaCo-2 cells were done after

reaching confluence and therefore cells were not left in the

incubator for 24 h. MTT reagent was added straight after the

4 h incubation period with the ILs.

In all cell assays, each sample was incubated in three

different wells and three different measurements were obtained

and the average used in the data analysis. The ratio between

the absorbance of IL treated cells and the absorbance of

solvent treated cells (control) was used to determine the cell

viability. This parameter was represented as a function of the

base 10 logarithm of the IL concentration (mM). In some cases,

viability stands above 1 and this is believed to be due to a

mitogenic response at lower doses, since this effect has been

verified for some toxic compounds.12 A mathematical function

that best fits to the experimental data was found and the

different concentrations used were interpolated to construct

the curves presented in the graphs. EC50 values represent the

concentration at which the IL induced 50% decrease of cells

viability and they were derived using the logistic model4 when

applied.

Results and discussion

EC50 was determined for ILs that reduced viability more

than 50% and whose data points were able to be fitted to

the logistic model.4 When viability just varied slightly within

the studied concentration range or, on the contrary, was

strongly reduced at low doses of IL, EC50 was not possible

to achieve.

Imidazolium ionic liquids

To investigate the influence of the substituent chain on the

toxicity of the MIM (i) alkyl chain substituents of different

lengths and (ii) substituent chains with functional polar

groups were subjected to the MTT assay with HT-29 and

CaCo-2 cell lines.

HT-29 cell line

Independent of whether the BF4 or PF6 anion was used,

C8MIM decreased the cells’ viability more than C4MIM

(Fig. 1). However, the decrease was bigger for the PF6 anion

and thus, the effect of the IL is dependent on the type of anion.

As expected from the previous results, viability was drastically

reduced when C8MIM BF4 was changed to C10MIM BF4

(Fig. 1). Accordingly, HT-29 cells viability decreased con-

siderably with increasing length of the alkyl chain which agrees

with previous publications.4,5

The presence of functional polar groups (C2OH and C5OH)

in the MIM substituent chain enhanced the cells’ viability in

the presence of either BF4 (Fig. 2) or PF6.

For a better understanding of the effect of the anion on the

IL’s toxicity, this study was extended to other species. C4MIM

reference cation was used in combination with the anions

acesulfame, saccharin, DCA and NTf2. While C4MIM

acesulfame was not toxic, the others induced a slight decrease

in the viability (Fig. 3). The C2OHMIM cation was also

studied in combination with acesulfame and saccharin and did

not have any effect on the viability which supports the finding

that the presence of functional polar groups contributes to

diminishing toxicity.

CaCo-2 cell line

Increasing of the toxicity with the length of the alkyl

substituent chain on the MIM cations was also observed for

this cell line (Fig. 1). The presence of polar groups seems to

contribute to a lower toxicity also in this case. The study of

C4MIM with different anions revealed that C4MIM acesul-

fame, C4MIM saccharin, C4MIM DCA and C4MIM NTf2

induced negligible toxicity (Fig. 3).

Fig. 1 Experimental toxicity data for MIM ILs with substituent

chains of different lengths. The assay was performed on HT-29 cells

and samples were incubated for 4 h.

Fig. 2 Experimental toxicity data for MIM BF4 ILs containing

polar substituent groups. The assay was performed on HT-29 cells and

samples were incubated for 4 h.
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Aliquat ionic liquids

HT-29 cell line. Some of the anions were tested with other

cations including Aliquat (Fig. 3 and 4). Aliquat DCA,

Aliquat acesulfame and Aliquat saccharin induced a high

toxicity even at low doses; about 80% of cells were not

viable when exposed to approximately 100 mM of these ILs

(Fig. 4). The viability curve obtained for Aliquat NTf2

suggests this ionic pair is the least toxic within this group

because viability did not go below 50% in the studied

concentration range (Fig. 4).

CaCo-2 cell line. Similar results were obtained for this

cell line. Aliquat DCA, Aliquat acesulfame and Aliquat

saccharin reduced drastically the cells’ viability, whereas

cells incubated with Aliquat NTf2 had their viability just

reduced to about 20% for the maximum concentration

used (Fig. 3).

Choline ionic liquids

HT-29 cell line. Choline saccharin and choline acesulfame

were not toxic for these cells within the studied concentration

range (Fig. 3).

CaCo-2 cell line. Choline acesulfame and choline saccharin

seemed to decrease just slightly the CaCo-2 cells’ viability

(Fig. 3).

Phosphonium and guanidinium ionic liquids

HT-29 cell line. Phosphonium P66614 NTf2 was also studied

and compared with C4MIM NTf2, DMG NTf2 and Aliquat

NTf2. P66614 NTf2 is more harmful than C4MIM NTf2 or

DMG NTf2, however, EC50 was never attained (Fig. 3). On

the contrary, it is a better IL than Aliquat NTf2 (Fig. 3 and 4).

CaCo-2 cell line. P66614 NTf2 was negligibly toxic for

CaCo-2 and induced a similar response comparatively with

C4MIM NTf2 and Aliquat NTf2. For this cell line, DMG

NTf2 was more toxic (Fig. 3).

Comparison of IL’s toxicity with conventional organic solvents

Methanol, acetone, acetonitrile, ethanol and DMSO were the

solvents utilized for comparison and the concentration used

was equal to the maximum concentration used for ILs.

C4MIM PF6 and C4MIM acesulfame did not induce any

decrease of viability in both cell lines as the organic solvents

tested (Fig. 3). All the other C4MIM combinations decreased

slightly the HT-29 cells’ viability whereas BDMIM NTf2

decreased slightly the viability of both cell types (Fig. 3).

C2OHMIM BF4/PF6, C5OHMIM BF4/PF6, C2OHMIM

acesulfame and C2OHMIM saccharine were also inoffensive

for both cell lines and therefore do not present any further risk

than the experimented organic solvents. Choline saccharin and

choline acesulfame seem to decrease to some extent CaCo-2

viability but the toxic effect is not significant. Aliquat ILs

were extremely toxic for both cells, with the exception of

Aliquat NTf2 that did not affect significantly CaCo-2 viability.

Therefore, Aliquat ILs do not present suitable alternatives to

conventional solvents (Fig. 3 and 4). Cations P66614 and

DMG are not as toxic as Aliquat but are more destructive than

commonly used solvents (Fig. 3 and 4).

Conclusions

Two colon carcinoma HT-29 and CaCo-2 cell lines were

used to evaluate the toxicity of ILs, involving different classes

of cations and different types of anions and the results are

summarised in Table 2. In both cells, C4MIM, C2OHMIM,

C5OHMIM and cholines were the least toxic cations indepen-

dently of the anion. Within the studied combinations, C4MIM

PF6, C4MIM acesulfame, C2OHMIM BF4/PF6, C5OHMIM

BF4/PF6, C2OHMIM acesulfame and C2OHMIM saccharine

were not toxic and present good alternatives to organic

solvents.

Increasing the length of the substituent chain contributed to

a significant increasing of MIM toxicity and thus, C8MIM and

Fig. 4 Toxicity data for Aliquat, DMG and P66614 ILs performed

on HT-29 cells. ILs were incubated for 4 h and viability assessed

by MTT.

Fig. 3 Comparison of the toxicity of the ILs investigated in both

HT-29 and CaCo-2 cells. Cells were treated with a similar con-

centration ($6000 mM) of the different ILs and organic solvents

(methanol, acetone, acetonitrile, ethanol and dimethyl sulfoxide

(DMSO)) for 4 h.
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C10MIM had a strong toxic effect on the cells. Out of this

class, the most toxic ILs were Aliquat acesulfame, Aliquat

saccharin, Aliquat DCA and DMG PF6.

The results suggested that the presence of the NTf2 anion

decreases the toxicity to a large extent, independently of the

cation and for both cell types. If NTf2 is the anion used,

toxicity of the cation seems to follow the trend choline/MIM ,

DMG , phosphonium , Aliquat.
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C5O2MIM PF6 NT NT C2OHMIM acesulfame NT NT
C2OHMIM PF6 NT NT C4MIM acesulfame NT NT
C4MIM PF6 NT NT Choline acesulfame NT NT
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BDMIM BF4 .3.78 NT Aliquat saccharin T T
C4MIM BF4 .3.78 .3.48 Anion DCA
C8MIM BF4 3.60 ¡ 0.21 3.34 ¡ 0.13 C4MIM DCA .3.78 NT
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The hydroxy- and carbonyl-derivatives of 9-oxabicyclo[3.3.1]nonane have been synthesized

through an economic and green catalytic reaction between cycloocta-1,5-diene (COD) and

aqueous H2O2 with tungstic acid as the catalyst. This process has advantages from the viewpoint

of green chemistry, in that the aqueous H2O2 is used as the green oxygen donor, the only

by-product of H2O2 is water and the tungstic acid catalyst can also be easily recovered. The

excellent yields of the object products (1 and 2) (see Scheme 1) are reached easily under mild

reaction conditions.

1. Introduction

The c-butyrolactone structure is a versatile building block in

organic synthesis since countless compounds containing this

functional group show interesting biological activity.1–3 For

example, 5-hydroxy-c-decalactone is a potent cytotoxic agent

on different tumour cell lines.4 It is commonly accepted that

9-oxabicyclo[3.3.1]nonane-2,6-dioles (1) and 2-hydroxy-9-oxa-

bicyclo[3.3.1]nonane-6-one (2) are the major starting material

for the synthesis of c-butyrolactones. Therefore, it is of great

significance to develop efficient and accessible approaches to

affording these products (1 and 2). Classical routes to 1 and 2

employ peroxo acid or permanganate as oxidants. For

example, Behr et al. obtained a 23.3% yield of 1 by using

peracetic acid as the oxidant and cycloocta-1,5-diene (COD) as

the raw material.5 If peracetic acid was replaced by perman-

ganate, a much lower conversion of COD was observed.

Moreover, the yield of 1 can reach 70% if performic acid is

used, according to Hegemann et al.6 However, the performic

acid, as well as peracetic acid and permanganate, is an

expensive chemical and leads to a large amount of by-

products. Therefore, difficult separation of 1 from the

products mixture is inevitable in these routes because of the

low conversion and selectivity.

Nowadays, the development of environmental friendly tech-

niques is one of the priority goals of chemical research, and

this is especially true in the field of the oxidation of organic

compounds, where there is an urgent need to replace wasteful

and toxic stoichiometric oxidants with ‘‘clean’’ oxygen donors,

such as hydrogen peroxide. As we know, the oxidation of

organic substrates with hydrogen peroxide is very attractive

and has long been studied. Many useful reactions using

hydrogen peroxide as oxidant have been developed, such as

the epoxidation of olefins and allylic alcohols,7–9 olefins to

carboxylic acids,10 oxidation of sulfides to sulfoxides and

sulfones11 and oxidative cleavage of carbon–carbon double

bonds to aldehydes.12–16 It is an effective strategy for the

synthesis of these two compounds (1 + 2) by the selective

oxidation of COD with environmentally benign aqueous

H2O2. Thus, no noxious substances are needed and no toxic

waste is generated in the reaction. However, to the best of our

knowledge, no catalytic process has ever been reported so far

in this strategy.

Herein we report a green procedure for the O-heterocycliza-

tion of COD by catalytic oxidation with aqueous H2O2.

tert-Butanol is chosen as the solvent because the tert-butanol–

H2O2 system is stable and safe and has been employed in many

oxidation reactions.16 The reaction is carried out under mild

conditions and enjoys good selectivity. Tungstic acid is an

inexpensive catalyst and aqueous hydrogen peroxide is a

relatively safe and non-polluting oxidant. The tungstic acid

catalysts which deposit by adjusting the pH value of the

solution to higher than 7 can be easily removed by simple

filtration. The products can be easily obtained with high

purity through decompressed rectification, due to the big

difference in boiling point between the object products and

tert-butanol. Therefore, the large-scale preparation and

industrial manufacture of the hydroxy- or carbonyl-derivatives

aDepartment of Chemistry and Shanghai Key Laboratory of Molecular
Catalysis and Innovative Materials, Fudan University, Shanghai 200433,
P. R. China. E-mail: wldai@fudan.edu.cn; Fax: 86-21-65642978
bDepartment of Chemistry, Shanghai Normal University, Shanghai
200234, P. R. China. E-mail: Hexing-Li@shnu.edu.cn.;
Fax: 86-21-64322272

Scheme 1 The oxidation products of COD by H2O2.
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of 9-oxabicyclo[3.3.1]nonane can be achieved by use of these

compounds.

2. Experimental

2.1. Materials

Cycloocta-1,5-diene, 50% aqueous H2O2, tert-butanol, tungstic

acid, 1,4-dioxane, acetonitrile, tetrahydrofuran, methanol,

ethanol, n-butanol and iso-propanol were of analytical grade

and were used as received.

2.2. Catalyst preparation

The novel catalytic system was prepared by a simple method:

the required amount of tungstic acid was added into aqueous

H2O2 at 60 uC. After 2 h pre-reaction, the mixture was used as

the catalytic system.

2.3. Catalytic reaction: COD oxidation

The activity test was performed at 35 uC for a set time ranging

from 2 to 24 h with magnetic stirring in a closed 25 mL regular

glass reactor using 50% aqueous H2O2 as oxygen-donor and

t-BuOH as the solvent. In a typical experiment, 0.108 g of the

WO3?H2O (0.46 mmol) and 1.4 mL of 50 wt% aqueous H2O2

(22.5 mmol) were introduced into the regular glass reactor at

60 uC with vigorous stirring. Then, the reaction was started

after the addition of 10 mL of t-BuOH and 1.06 mL of COD

(7.5 mmol) into the mixture and was kept for 2 h or more. The

conversion of H2O2 was measured by a standard iodimetric

titration method. The quantitative analysis of the reaction

products was performed by using a GC method and the

identification of different products in the reaction mixture was

determined by means of GC-MS on HP 6890GC/5973 MS.

3. Results and discussion

3.1. Products of COD oxidation

According to the GC-MS analysis, the products of COD

oxidation, as shown in Scheme 1, consist of the two object

products 1 and 2 with small amounts of by-products including

3, 4 and 5 under the present conditions. All the products are

the derivatives from the epoxide of CLC bond and the further

oxidation of alcoholic moieties into ketones, such as the

conversion of 1 into 2 and the conversion of 2 into

9-oxabicyclo[3.3.1]nonane-2,6-dione (6), which can be

neglected because of the small amount of it present. It is a

surprise to find that there are no cleavage products from one

or two CLC bonds. Since the two main products, 1 and 2, can

both be oxidized to the same product—c-butyrolactones—the

total yield of these two products is used to determine the

catalytic performance of different catalysts.

3.2. Conversion of COD and H2O2 and selectivity of various

products over the catalyst

The reaction process is indicated in Fig. 1, which shows a

typical plot of COD consumption, and the products formation

versus time under the reaction conditions. It is shown that a

complete conversion of COD is achieved and the selectivity to

1 and 2 is satisfactorily high. In particular, the curve of 5 with

the highest selectivity in the first period declined versus time.

At the same time, the tendencies of 3 and 4 are similar to 5.

For the main products of 1 and 2, the selectivity increases with

time. Under this reaction condition, the oxidation of COD to 1

and 2 is a very complex process. Some of these steps are similar

to those described in refs. 17 and 18. Therefore, a possible

reaction scheme can be described (see footnote{).

3.2. COD oxidation with different amount of H2O2

Table 1 shows the performance of the selective oxidation of

COD over various molar ratios of H2O2 to COD. It can be

seen that the conversion of COD rises with the increase in

molar ratio of H2O2 to COD, as does the selectivity to 1 and 2.

Because H2O2 is the oxygen donor, the rate of the reaction

and the selectivity of products are due to it. The complete

consumption of COD cannot be achieved when the ratio is

Fig. 1 Conversion of COD and H2O2 and selectivity of 1 and 2 over

the catalyst (reaction condition: reaction temperature 35 uC, COD

7.5 mmol, H2O2 22.5 mmol, catalyst WO3?H2O 0.14 mmol).{

{ Herein, we assume that the process for this reaction, catalysed by
tungstic acid, consists of several steps. COD is first oxidized to its
oxides, such as 1,5-epoxycyclooctene (5), 1,5 diepoxycyclooctane, etc.,
then 1 is formed via hydrolysis of 1,5-diepoxycyclooctane, accom-
panied by the formation of a by-product 3, via hydrolysis of 5. Some of
these steps are similar to the study of refs. 17 and 18. The step of 1
being formed from 1,5-diepoxycyclooctane is so fast that the
diepoxycyclooctane cannot be tested in our experiments, Following
above steps, 4 and 2 are respectively formed via deep oxidation of 3
and 1. Finally, 6 is formed by deeper oxidation of 2, but the amount of
6 is so small that it can be neglected.

Table 1 Catalytic performances of oxidation of COD over various
molar ratios of H2O2 to CODa

H2O2:COD

Conversion (%) Selectivity (%)

COD H2O2 1 2 1 + 2

1:1 71 97 23 1 24
2:1 96 97 67 6 73
2.5:1 98 88 75 11 86
3:1 100 80 79 14 93
4:1 100 80 71 27 98
a Reaction condition: reaction temperature 35 uC, H2O2 22.5 mmol,
catalyst WO3?H2O 0.081 mmol, reaction time 24 h, t-BuOH 10 mL.
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lower than 3:1. The selectivity of 1 rises with the increase of

the ratio before 3:1, then it decreases at 4:1. However, the

selectivity of 2 rises with the increase of the ratio for all the

molar ratios. The result shows that 1 and 2 have different

trends of selectivity for various molar ratios of H2O2 to COD.

Thus, different ratios of H2O2 to COD can affect the yield of

the object products. At the molar ratio of 4:1, the selectivity of

the total products reaches 98%, but considering both good

catalytic performance and H2O2 utility, the 3:1 ratio of the

H2O2 to COD is needed.

3.3. Catalytic performance with different amounts of WO3?H2O

The reaction results as a function of the amounts of WO3?H2O

catalyst used were also investigated, and are listed in Table 2.

It was found that conversion of COD in a fixed reaction period

ascends with increasing catalyst dosage, the amounts of which

are ranging from 0.013 g (0.055 mmol) to 0.108 g (0.46 mmol).

When the amounts are higher than 0.108 g, the conversion of

COD in 2 h is the same to 100%. It could thus be suggested

that the amounts of active species affect the reaction rate. The

higher the amount of peroxotungstic acid, the higher the rate

of the consecutive reactions. Entries 1–3 in Table 2 indicate

that when COD reaches complete conversion, the total

selectivity of (1 + 2) with the amount of catalyst is almost

the same, ranging from 97 to 99%, but the distributions of 1

and 2 are different from each other (the selectivity of 2 ranges

from 5 to 17%). Such a phenomenon can also be seen from

entries 4 and 5. This indicates that the amount of catalyst

not only affects the rate of the reaction but also affects the

distribution of 1 and 2.

3.4. Effect of solvent on COD oxidation

Solvent plays an important role in the selectivity of the

reaction, and hence it was decided to investigate the solvent

effect. As shown in Table 3, the maximum selectivity of the

object products is formed when the solvent is tert-butanol,

whereas the use of other alcohols results in a low yield

compared with tert-butanol. It is important to note here that

the by-products in solution using linear alcohols are ethers,

which derive from the etherification of the hydroxy derivatives

with the corresponding alcoholic solvents. This leads to the

conclusion that the tert-butanol is the best of its kind, the large

alkyl structure of which hinders the formation of ethers. Some

other water-soluble solvents, such as 1,4-dioxane, acetonitrile

and tetrahydrofuran, which have no tendency to give ethers,

were also tested (see Table 3) and the conversion of COD and

the selectivity of object products were also high. The nature of

the oxidation in these solvents is still under investigation.

Independent experiments were carried out to study the effect

of the volume of tert-butanol on reaction. Table 4 indicates

that there is an optimum volume of tert-butanol at which a

maximum amount of (1 + 2) is formed. Initially, with a

decrease in the volume from 20 to 5 mL, the selectivity of

object products increases from almost 88 to 98%. This can be

explained by the fact that, for the formation of 1 and 2, the

concentration of active oxidizing species is required. The

concentration of active oxidizing species formed depends on

the concentration of hydrogen peroxide. At 5 mL, large

amount of oxidizing species are formed as compared to the

case with high volume of tert-butanol. It is also found that,

without the use of desired amount of organic solvents, this

reaction cannot be carried out with high efficiency due to the

phase splitting between COD and aqueous H2O2. Thus,

further studies are under way on the search of new catalysts

showing good activity and selectivity without the use of any

organic solvents.

Here the ammonium tungstate and sodium tungstate also

used were compared with tungstic acid. It was found that the

performance of ammonium tungstate was similar to that of

tungstic acid. However, the sodium tungstate has no activity

for this reaction. It was observed that the pH values of the

reaction solution were 0.67, 1.82 and 4.83, respectively, for

tungstic acid, ammonium tungstate and sodium tungstate. The

different pH values hint that the tungsten species are different

in those solutions. Lin et al.19 found that the composition of

Table 2 The effect of the amounts of catalysts over the reactiona

Entry
Amount of
catalyst/g

COD:
catalystb Time/h

Conversion
(%)

Selectivity
(%)

COD H2O2 1 2 1 + 2

1 0.324 5.40 2 100 98 94 5 99
2 0.216 8.20 2 100 93 82 17 99
3 0.108 16.3 2 100 96 86 11 97
4 0.059 32.6 2 92 80 50 7 57
5 0.059 32.6 12 100 84 85 13 98
6 0.019 101 12 97 80 65 14 79
7 0.019 101 17 98 85 71 17 88
8 0.013 148 12 86 72 46 11 57
9 0.013 148 17 88 76 56 14 70
a Reaction condition: reaction temperature 35 uC; COD: 7.5 mmol;
H2O2: 22.5 mmol; t-BuOH 10 mL. b The molar ratio of COD to
catalyst (tungstic acid).

Table 3 The effect of the different solvents over the reactiona

Solvents CCOD (%) S1 (%) S2 (%) S1+2 (%) Sother (%)

Methanol 100 42 30 72 28
Ethanol 100 58 26 84 16
n-Butanol 100 78 6 84 16
2-Propanol 100 81 11 92 8
tert-Butanol 100 86 11 97 3
1,4-Dioxane 93 65 29 94 6
Acetonitrile 100 91 5 96 4
Tetrahydrofuran 100 75 22 97 3
a Reaction conditions: reaction temperature 35 uC, reaction time 2 h,
COD 7.5 mmol, H2O2 22.5 mmol, tungstic acid 0.46 mmol, solvent
10 mL.

Table 4 The effect of volumes of t-BuOH on the oxidation of CODa

Volumes of
t-BuOH

Conversion (%) Selectivity (%)

COD H2O2 1 2 1 + 2

5 100 91 78 20 98
10 100 95 86 11 97
15 100 91 83 10 93
20 98 68 80 8 88
a Reaction conditions: reaction temperature 35 uC, reaction time 2 h,
COD 7.5 mmol, H2O2 22.5 mmol, tungstic acid 0.46 mmol.
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active tungsten species was affected by the pH value. It can be

speculated that the composition of active tungsten species is

the inner key to the reaction. However, experiments on the

continuous change of the pH value in this reaction by adding

alkali were not successful due to the deposition of tungstic

species. Detailed work concerning the effect of pH values and

the mechanism at molecular level is under way.

4. Conclusions

From this detailed study of O-hetero-cyclization of COD by

catalytic oxidation with aqueous H2O2, the following conclu-

sions can be established. It is possible to oxidize COD to

hydroxy- or carbonyl-derivatives of 9-oxabicyclo[3.3.1]nonane

at room temperature in the presence of tungstic acid. The

reaction rate and selectivity of object products formation are

affected by the amount of the tungstic acid and the molar ratio

of COD to H2O2, as well as the volume ratio of the solvent to

reactant. The branched alcohols are recommended as solvents

in order to reach good yields of the products. The present

method appears to be useful in preparing the hydroxy- or

carbonyl-derivatives of 9-oxabicyclo[3.3.1]nonane by oxida-

tion of COD with H2O2. It has advantages compared with the

other traditional chemical methods. With a high conversion of

COD and selectivity of the object products, it is very suitable

for the preparation of hydroxy- or carbonyl-derivatives of

9-oxabicyclo[3.3.1]nonane from COD in both the laboratory

and industry.
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Aerobic oxidation of styrene catalyzed by PdCl2/CuCl can be smoothly performed in the

supercritical carbon dioxide and poly(ethylene glycol) biphasic system. A high conversion of

styrene and yield of acetophenone were obtained in the presence of a relatively low catalyst

loading. This environmentally benign biphasic catalytic system can be applied to the Wacker

oxidation of various alkenes. Furthermore, the PdCl2-mediated oxidation of styrene was

preferentially converted into benzaldehyde using a biphasic scCO2/PEG system. The PEG could

effectively immobilize and stabilize the catalysts. The present biphasic system could facilitate

product separation and catalyst recycling. The effects of the reaction parameters such as solvent

and CO2 pressure were also investigated in detail.

Introduction

Processes involving the oxidation of olefins using air or oxygen

are of great importance to industrialized economies because of

their role in converting petroleum hydrocarbon feedstocks into

industrial organic chemicals. Palladium-catalyzed oxidation of

alkenes to methyl ketones has been successfully developed in

synthetic organic chemistry as well as in industrial processes. A

well-known example is the Wacker process using CuCl2 or

CuCl as co-catalyst in acidic aqueous medium under an

oxygen atmosphere.1 However, this catalytic system with high

catalyst loading is highly corrosive, and higher alkenes have

very poor solubility in water, resulting in low reaction rates

and the formation of different types of by-products. To

overcome such drawbacks, many efforts have been made,

including: (1) the choice of appropriate solvents, such as

N,N-dimethylformamide,2 ethanol,3 acetonitrile,4 supercritical

carbon dioxide (scCO2),5 poly(ethylene glycol) (PEG),6 ionic

liquids (ILs),7 scCO2/ILs,8 N,N-dimethylacetamide (DMA);9

(2) the addition of promoters, like pyridine,10 hexamethylphos-

phoramide,11 calixarenes,12 bidentate diamine;13 (3) employing

suitable co-catalysts like benzoquinone (BQ),4,14 ferric chlor-

ide,15 heteropoly acid,16 iron phthalocyanine;17 and (4)

supporting of Pd(II) catalyst onto polymers.18 Consequently,

the development of a simple, efficient and environmentally

friendly method for the selective oxidation of styrene to

acetophenone is a desirable research endeavour.19–21

PEG is an inexpensive, non-volatile, and environmentally

benign solvent, which represents an interesting reaction

medium for conventional solvent replacement.22 scCO2 has

attracted much attention as a ‘green’ replacement for organic

solvents, offering economical and environmental benefits

due to its favorable physical and chemical properties.

Recyclability, ease of solvent removal, and readily tunable

solvent parameters make scCO2 a desirable alternative over

conventional solvents.23 In particular, CO2 appears to be an

ideal solvent for use in oxidations. Unlike almost any organic

solvent, CO2 will not be oxidized further, and hence the use of

CO2 as a reaction medium eliminates by-products originating

from the solvent. The high miscibility of the gaseous oxidant

such as O2 in scCO2 could eliminate interphase transport

limitations.23

The biphasic catalysis system using scCO2 as the continuous

phase (extracting CO2-soluble products) and PEG as the

stationary catalyst phase (immobilized PEG-soluble catalyst)

could offer the possibility of recovering the expensive metal

catalyst and running the metal-mediated chemical reactions

under continuous flow conditions. Recently, Leitner and co-

workers have presented an excellent example for an aerobic

oxidation of alcohols catalyzed by PEG-stabilized palladium

nanoparticles using a biphasic PEG/scCO2 system.22f

Up to now, the Wacker oxidation reaction still suffers from

Pd deactivation, high catalyst loading, and a limited substrate

scope. In order to circumvent these problems, we introduce a

biphasic PEG-300(MW = 300)/scCO2 system to the Wacker

reaction as a part of our continuous efforts on utilizing CO2

as a feedstock or reaction medium.24 In this work, we would

like to present our observation on the Wacker oxidation of

styrene catalyzed by PdCl2/CuCl using molecular oxygen in a

scCO2/PEG biphasic solvent system, where the present

biphasic solvent system can be also successfully applied to

the PdCl2-mediated aerobic oxidation of styrene to benzalde-

hyde (Scheme 1) with efficacious recyclability.

Results and discussion

Currently, Pd-catalysts have been widely used for catalytic

oxidation, hydrogenation and C–C coupling reactions in

industrial processes, but the application is limited probably

due to aggregation and formation of the less active Pd-black.

Preventing the deactivation and reducing the catalyst loading

is a continuing challenge for chemists in both academia and

Institute of Elemento-Organic Chemistry, State Key Laboratory of
Elemento-Organic Chemistry, Nankai University, Tianjin, 300071,
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industry. In this context, the biphasic PEG-300/scCO2 catalysis

may provide a pathway to address this problem. In our studies,

in the PdCl2/CuCl-catalyzed aerobic oxidation of styrene

in scCO2/PEG-300 into acetophenone and benzaldehyde,

detected by GC–MS as depicted in Scheme 2, no chlorinated

product was formed. The results are summarized in Table 1.

For the Wacker oxidation, in the absence of any solvent, the

reaction did not take place at all (entry 1, Table 1). In scCO2/

CH3OH, although the conversion of styrene was fair to good,

the selectivity to the target molecule acetophenone was poor

(entry 8). In pure CO2, the conversion of styrene could reach

100% with 74% yield (entry 2), as previously reported by Jiang

et al.5 However, addition of water had an adverse effect on the

catalytic performance (entries 6, 7, and 9).

Notably, the addition of PEG noticeably enhanced the

selectivity (entries 10, 11 vs. 2), and the reaction ran quiet well

even in pure PEG-300 (entry 4), possibly owing to the unique

properties of PEG including its miscibility with organic

substrates and coordination with metal salts and expandability

by CO2, accompanied by changes in the physical properties

such as viscosity and diffusion rates.22a,22d,25,26 Furthermore,

the oxidation of styrene proceeded smoothly even in a low

catalytic amount of 0.6% relative to styrene (entry 10). When

CuCl was replaced by CuCl2, the conversion decreased to a

great extent, whereas the selectivity towards ketone was still

high (entry 14).

It is important to note that the major limitation of the

reported Wacker oxidation of styrene is the catalyst deactiva-

tion by aggregation and formation of Pd-black, and the high

catalyst loading (10%).7a Notably, the presence of PEG can

stabilize the Pd(0) generated from the catalytic approach,22f

allowing the catalyst to participate in more catalytic cycles, so

the amount of catalyst could be reduced. As a consequence,

the best result was obtained in a biphasic scCO2/PEG-300

system (entry 11), in almost 100% conversion and 92% yield of

acetophenone. To our knowledge, this is one of the best results

to date for aerobic oxidation of styrene to acetophenone.

It is noteworthy that a varying amount of benzaldehyde was

formed in the present Wacker reaction process. The PdCl2-

catalyzed aerobic oxidation of styrene was found to result in

the formation of benzaldehyde, acetophenone and benzoic

acid as elaborated in Scheme 3. These results intrigued us for

further investigation. The reaction did not occur at all with

Scheme 1 Aerobic oxidation of styrene in scCO2/PEG.

Scheme 2 PdCl2/CuCl-catalyzed Wacker oxidation of styrene to

benzaldehyde in scCO2/PEG.

Table 1 Aerobic oxidation of styrene in different solvents and catalytic systemsa

Entry Solvent Conversion (%) Ketone yieldb (%) Aldehyde yield (%)

1 None Trace — —
2 scCO2 100 74 22
3c scCO2 Trace — —
4 PEG 100 83 11
5d PEG 100 30 35
6e PEG/H2O 100 83 12
7f scCO2/H2O 69 63 4
8g scCO2/CH3OH 100 44 25
9e scCO2/PEG/H2O 53 43 9

10h scCO2/PEG 96 88 7
11 scCO2/PEG 100 92 7
12i scCO2/PEG Trace — —
13j scCO2/PEG 100 10 85
14k scCO2/PEG 69 64 2
a Reaction conditions: styrene, 0.3 mL (2.6 mmol); PdCl2, 27 mg (5.8% relative to styrene); CuCl, 200 mg; PEG-300(MW = 300), 2 mL; O2,
3 MPa; total pressure, 16 MPa; temperature, 60 uC; time, 24 h. b Determined by GC using an internal standard. Each entry is the average of
two tests. c PdCl2, 27 mg (5.8%). d PdCl2, 27 mg (5.8%); PEG-300, 2 mL. e H2O, 1 mL. f H2O, 2 mL g CH3OH, 2 mL. h PdCl2, 3 mg (0.6%).
i CuCl, 200 mg; PEG-300, 2 mL. j PdCl2, 27 mg (5.8%); PEG-300, 2 mL; CO2, 13 MPa. k PdCl2, 27 mg (5.8%); CuCl2, 250 mg; PEG-300,
2 mL.

Scheme 3 PdCl2-catalyzed aerobic oxidation of styrene in scCO2/

PEG.
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CuCl alone (entry 12), and, also, only traces of benzaldehyde

were obtained when PEG-300 was excluded (entry 3).

Surprisingly, the catalytic performance in the PdCl2-mediated

oxidation of styrene was significantly improved in the PEG

solution with almost complete conversion (entry 5), where the

main products were benzaldehyde (30%), acetophenone (35%)

and benzoic acid (29%). Further studies showed that

benzaldehyde was obtained as a main product with up to

85% yield using a biphasic scCO2/PEG system (entry 13), with

concomitant formation of 10% of acetophenone and a small

amount of benzoic acid. Note that the presence of CO2 could

suppress the generation of acetophenone (entry 5 vs. 13).

Possibly, the favorable physico-chemical properties of scCO2

in the reaction system could prevent further oxidation from

benzaldehyde to benzoic acid. To the best of our knowledge,

this is the first example of the PdCl2-catalyzed aerobic

oxidation of styrene to benzaldehyde in high selectivity. In

summary, the preferential formation of a methyl ketone

such as acetophenone in the PdCl2/CuCl-catalyzed Wacker

oxidation of styrene can be realized by optimizing the reaction

parameters like solvents, CO2 pressure, etc. The PdCl2-

catalyzed aerobic oxidation of styrene in a biphasic PEG/

scCO2 system leads to two possible products: benzaldehyde

and the Wacker reaction product acetophenone. The selec-

tivity of the reaction can be switched by addition or abdication

of the co-catalyst CuCl.

It is well-known that the properties of supercritical fluids are

sensitive to pressure, and thus pressure may drastically

influence the catalytic activity or the selectivity of the product

when a reaction takes place in supercritical conditions. The

Wacker oxidation of styrene was chosen as a benchmark

reaction to investigate the effect of pressure. The quantitative

conversion was approached at 60 uC in the pressure range of

0–20 MPa, suggesting that the total pressure had a negligible

effect on the catalytic activity, while CO2 pressure noticeably

affected the selectivity towards acetophenone within 20 MPa

(Table 2). As easily seen from Table 2, the favorable pressure

was around 16 MPa, at which the selectivity towards

acetophenone reached 92% (entry 4, Table 2). The presence

of CO2 is beneficial for improving the selectivity towards the

ketone (entry 2 vs. 3). Under a total pressure of 9 MPa

(entry 3), the selectivity for acetophenone was lower than that

at 16 MPa, presumably due to enhancement of the solvent

power of CO2 with increasing pressure. Therefore, less reactant

exists in the PEG phase at higher pressure, which significantly

prevents the reactant from its isomerization. However, CO2

with a higher pressure of over 20 MPa might retard the

interaction between the substrate and the catalyst, and might

cause a low concentration of substrate in the vicinity of the

catalyst, thus resulting in a relatively low yield.24e

The scope of the substrates was further explored as shown in

Table 3 (see Scheme 4). Several terminal olefins were chosen to

be tested in the biphasic scCO2/PEG system for the Wacker

oxidation reaction, including four common aromatic olefins as

well as two representative aliphatic counterparts. The experi-

mental results display that the catalytic system could be

extended to various alkenes. All substrates could be converted

to the desired methyl ketone in good to excellent yields and

selectivity.

One of the most striking features of this biphasic catalytic

system for the PdCl2-catalyzed aerobic oxidation of styrene

into benzaldehyde is the facile separation of the oxidized

products from the reaction mixture. The workup27 of the

reactions was performed by extraction either with scCO2, or

with diethyl ether, and the PEG phase which immobilized the

Table 2 Pressure effect for the Wacker oxidation of styrenea

Run Total pressure/MPa Conversionb (%) Ketone selectivityc (%)

1d 16 100 93
2e 3 100 83
3 9 100 86
4 16 100 92
5 20 100 90
a Reaction conditions: styrene, 0.3 mL (2.6 mmol); PdCl2, 27 mg
(5.8% relative to styrene); CuCl, 200 mg; PEG-300, 2 mL; O2,
3 MPa; temperature, 60 uC; time, 24 h. b Determined by GC using
an internal standard. Each entry is the average of two tests. c The
selectivity is defined as number of moles of the designated product
divided by the total number of moles of all the products. d O2,
2 MPa. e In the absence of CO2.

Table 3 Wacker oxidation of olefins in scCO2/PEGa

Substrate Product Conversion (%) Yield (%)

.99 90

.99 87

80 72

.99 85

61 58

.99 99

a Reaction conditions: olefin, 2.6 mmol; PdCl2, 27 mg (5.8% relative
to olefin); CuCl, 200 mg; PEG, 2 mL; O2, 2 MPa; total pressure,
16 MPa; temperature, 60 uC; time, 24 h.

Scheme 4 PdCl2/CuCl-mediated Wacker oxidation of olefins in

scCO2/PEG.
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catalyst was readily reused without further purification or

activation. In general, the catalytic activity of the PdCl2
seriously declines,28 while it is demonstrated in this biphasic

system that PdCl2 can be recycled for at least five times

without significant loss in activity and the selectivity, as shown

in Fig. 1. The yield of product reached over 80% after the

fifth recycling process. A noticeable problem in homogeneous

Pd-mediated oxidation is catalyst deactivation by aggregation

into inactive metallic Pd.28 The catalyst recycling in our

studies suggested that this problem could be addressed by

catalyst stabilizing in PEG with a biphasic PEG/scCO2

catalytic system.

In addition, we also tested the leaching of the active

ingredient of the catalyst Pd. The content of Pd in the product

solution was measured by Atomic Absorption Spectroscopy.

The results demonstrated that the Pd leaching was at the level

of 0.5 ppm, consistent with experimental results on catalyst

recycling, hinting that the biphasic PEG/scCO2 system can

enhance the stability of the Pd oxidation catalyst.

The Wacker reaction is usually carried out in aqueous

solution. Water plays a key role in dissolving catalysts (PdCl2,

CuCl2 and Cu2Cl2), to produce H3O+ and provide nucleophilic

species.29 In this investigation, the Wacker reaction can be

successfully performed in a biphasic scCO2/PEG-300 system.

The plausible mechanism could be similar to that in alcoholic

solvents,3,5 with the PEG serving as a nucleophilic species to

attack the palladium–alkene complex. Mimoun and co-

workers have reported that the Pd(II)–OOH species undergoes

an oxygen transfer to the terminal alkenes through a five-

membered pseudocyclic peroxypalladation mechanism.30

Takehira et al. also proposed the formation of Pd(II)–OOH

species from palladium, ethanol, and oxygen.31 Recently,

many groups have reported that the Pd(II)–OOH species was

believed to be acting as the key intermediate. Thus, H2O2 was

produced in the catalytic cycle.32 Experimentally, in the course

of the Pd-catalyzed oxidation of styrene into benzaldehyde, the

peroxide species, being detected by a KI/starch test, possibly

facilitates homolytic bond cleavage and formation of benzal-

dehyde, although the exact mechanism for the cleavage of the

double bond of styrene is not clear at the moment.

Conclusions

The PdCl2-catalyzed aerobic oxidation of styrene in a biphasic

PEG/scCO2 system leads to two possible products, benzalde-

hyde and the Wacker reaction product acetophenone. The

selectivity of the reaction can be switched by the co-catalyst

CuCl, from 92% in favor of acetophenone in the presence of

CuCl to 85% favoring benzaldehyde without any co-catalyst.

The PEG could effectively immobilize and stabilize the

catalysts. The present biphasic scCO2/PEG system could

accelerate product separation and catalyst recycling.

Moreover, this environmentally benign biphasic catalytic

system can be applied to the Wacker oxidation of various

alkenes. Notably, another advantage of using a biphasic

scCO2/PEG system from an engineering point of view is the

possibility of combining reaction and separation in just one

integrated process for potential industrial application. The

ongoing mechanistic insight to understand this oxidation and

to evaluate the process with a broader scope of substrates is

currently in progress in our laboratory.

Experimental

Chemical reagents

The olefins and PEG-300 were purchased from J&K

CHEMICAL. The solvents prior to use in this study were

purified according to the known procedures. The other

commercially available reagents were used without further

purification.

Typical procedure for aerobic oxidation of styrene in scCO2/

PEG{

A mixture consisting of styrene (0.3 mL, 2.6 mmol), PEG-300

(2 mL), PdCl2 (27 mg), and CuCl (200 mg) was placed in a

25 mL autoclave. A certain amount of CO2 and 3 MPa of O2

were successively charged into the autoclave and heated to the

reaction temperature. Then the final pressure was adjusted to

the desired pressure by introducing the amount of CO2. After

reaction, the autoclave was allowed to cool, and then CO2 was

vented. The product was slowly separated from the PEG

system by extraction. The products were analyzed on a gas

chromatograph (Agilent 6890) equipped with a capillary

column (HP-5 30 m 6 0.25 mm) using a flame ionization

detector. The structure and the purity of the products were

further identified using GC–MS (HP G 1800A) and GC by

comparing the retention times and fragmentation patterns with

those of authentic samples. NMR data for some products of

the Wacker reaction were as follows:

Benzaldehyde 1H NMR (CDCl3, 400 MHz): d 7.49 [t, 2H,
3J(H,H) = 7.7 Hz, C6H4], 7.59 [t, 1H, 3J(H,H) = 7.4 Hz, C6H4],

Fig. 1 Catalytic activity of the reused catalyst in scCO2/PEG.

Reaction conditions: styrene, 0.3 mL (2.6 mmol); PdCl2, 50 mg;

PEG-300, 2 mL; O2, 3 MPa; total pressure, 16 MPa; temperature,

60 uC; time, 24 h.

{ Safety warning: experiments using large amounts of compressed
gases, especially molecular oxygen and supercritical fluids, are
potentially hazardous and must only be carried out by using the
appropriate equipment and under rigorous safety precautions. In
particular, oxygen is introduced into the substrate-loaded reactor
before CO2 is added. To avoid an explosive regime the following order
should be used: substrate . CO2 . oxygen. Moreover, the oxygen
content should not exceed 14 vol% when CO2 is used as a reaction
medium.
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7.84 [d, 2H, 3J(H,H) = 7.9 Hz, C6H4], 9.98 [s, 1H, COH]. 13C

{1H} NMR (CDCl3, 100.6 MHz): d 128.85, 129.58, 134.33,

136.19, 192.28.

Acetophenone 1H NMR (CDCl3, 400 MHz): d 2.60 [s, 3H,

COCH3], 7.46 [t, 2H, 3J(H,H) = 7.7 Hz, C6H4], 7.56 [t, 1H,
3J(H,H) = 7.5 Hz, C6H4], 7.96 [d, 2H, 3J(H,H) = 7.8 Hz, C6H4].
13C {1H} NMR (CDCl3, 100.6 MHz): d 26.54, 128.25, 128.51,

133.04, 137.10, 198.06.

p-Methylacetophenone 1H NMR (CDCl3, 400 MHz): d 2.41

[s, 3H, PhCH3], 2.57 [s, 3H, COCH3], 7.25 [d, 2H, 3J(H,H) =

7.98 Hz, C6H4], 7.85 [d, 2H, 3J(H,H) = 8.14 Hz, C6H4]. 13C {1H}

NMR (CDCl3, 100.6 MHz): d 21.60, 26.49, 128.40, 129.20,

134.71, 143.82, 197.78.

p-Methoxyacetophenone 1H NMR (CDCl3, 400 MHz): d

2.56 [s, 3H, COCH3], 3.87 [s, 3H, OCH3], 6.93 [d, 2H, 3J(H,H) =

8.88 Hz, C6H4], 7.94 [d, 2H, 3J(H,H) = 8.89 Hz, C6H4]. 13C {1H}

NMR (CDCl3, 100.6 MHz): d 26.27, 55.41, 113.64, 130.54,

163.44, 196.71.

p-Chloroacetophenone 1H NMR (CDCl3, 400 MHz): d 2.59

[s, 3H, CH3], 7.43 [d, 2H, 3J(H,H) = 8.5 Hz, C6H4], 7.89 [d, 2H,
3J(H,H) = 8.5 Hz, C6H4]. 13C {1H} NMR (CDCl3, 100.6 MHz):

d 26.54, 128.86, 129.70, 135.40, 139.55, 196.80.
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We describe a method for sustainable biocatalysis in an organic aqueous tunable solvent (OATS)

system in which a hydrophobic substrate is transformed with a homogeneous enzymatic catalyst in a

single liquid phase. Subsequent CO2 addition produces a biphasic mixture where the hydrophobic

product partitions preferentially into the organic rich phase for separation while the hydrophilic

enzyme catalyst partitions into the aqueous rich phase, where it is recyclable. Greater than 99%

enantiomeric excess (ee) is shown for catalyzed hydrolysis of rac-1-phenylethyl acetate with Candida

antarctica lipase B (CAL B) both before and after CO2-induced separation. Additionally, processing

parameters in OATS systems are discussed. This system combines homogeneous enzymatic

reactions with a built-in heterogeneous separation for enantiomerically pure products.

Introduction

There is a broadly recognized need for the development of

environmentally benign processing techniques and the use of

alternative solvents is an active area of investigation.1,2 We

have recently explored enzymatic reactions in organic aqueous

tunable solvent (OATS) systems as a sustainable approach

which couples homogeneous catalysis with facile product and

catalyst separation.3,4 Enzymatic catalysts are at the forefront

of emerging sustainable synthesis and processing techniques,

such as those recognized in the United States over the past four

years by recipients of the Presidential Green Chemistry

Challenge Award.5 The enormous potential of enzymes for

the transformation of synthetic chemicals with high chemo-,

regio- and enantioselectivities is well established3,4,6–8 and

useful for the production of single enantiomers of drug

precursors or intermediates of increasing importance in the

pharmaceutical industry.6 Additionally, chiral intermediates

are also now in high demand for the production of bulk

agricultural products.6,9,10

Traditional enzymatic reactions are typically limited to

aqueous media and consequently also limited to transforma-

tions of hydrophilic substrates. In order to broaden the use of

biocatalysts to hydrophobic substrates, current research is

investigating applications of enzymes in organic solvents9,11

and ionic liquids.12–14 To date, such reactions in these solvents

are limited mainly to heterogeneous catalysis using immobi-

lized enzymes or dispersed enzyme powders.15

OATS systems use homogeneous catalysts which are gener-

ally more active and more selective than heterogeneous

catalysts;4 further, they are especially useful for asymmetric

synthesis as they almost always result in superior enantiomeric

excesses (ee).16 Homogeneous catalysts avoid limitations such

as active-site heterogeneity or mass transport limitations of

reactants and products to and from the active site. However, a

major barrier is often their expense and/or toxicity; for either

reason, they must be separated from the products and if

possible, recycled for reuse. OATS can reduce the ecological

footprint and cost associated with asymmetric transformations

of hydrophobic substrate by:

1. Allowing recycling of both catalyst and solvents;

2. Using highly selective enzymatic catalysts to reduce the

production of byproducts requiring downstream purification;

3. Replacing a portion of the volatile organic solvent used in

reactions with environmentally and chemically benign water

and CO2, which are both virtually non-toxic, non-flammable,

and relatively inert;

4. Applying modest CO2 pressure as a phase switch for

product recovery, in contrast to the massive amounts of

organics consumed in conventional liquid–liquid extractions.

Herein, we report the use of OATS for a versatile one-pot

enantioselective reaction with a built-in product and catalyst

separation. Specific processing challenges with regards to

solvent selection and buffer{ addition for enzyme stability are

addressed. Additionally, we compare the OATS process to

competing methods for transforming hydrophobic substrates

with enzymes.

aSchool of Chemical & Biomolecular Engineering, Georgia Institute of
Technology, 311 Ferst Drive, Atlanta, GA, 30332, USA
bSchool of Chemistry & Biochemistry, Georgia Institute of Technology,
311 Ferst Drive, Atlanta, GA, 30332, USA
cParker H. Petit Institute of Bioengineering and Bioscience, Georgia
Institute of Technology, 311 Ferst Drive, Atlanta, GA, 30332, USA
dSpecialty Separations Center, Georgia Institute of Technology, 311
Ferst Drive, Atlanta, GA, 30332, USA
{ Electronic supplementary information (ESI) available: Additional
ternary phase plots of THF and acetonitrile. See DOI: 10.1039/
b701409k

{ Buffer for all solubility tests, kinetic assays, and separation experi-
ments reported refers to a 150 mM monobasic sodium phosphate
solution in water titrated to a pH of 7.1. For ternary phase data
measurements, buffer is distinguished where appropriate as either a
150 mM monobasic sodium phosphate solution in water titrated to a pH
of 7.1 or a 150 mM Hepes solution in water titrated to a pH of 7.01.
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Results and discussion

A homogeneous reaction [Fig. 1] in OATS is coupled with

CO2-induced phase separation as subsequent processing. The

enzyme recycling and reactivity in a (1,4)-dioxane OATS

mixture has been reported for this catalyst elsewhere.3 The

goal here is to determine the effect of CO2-induced separation

on the overall ee value of the reaction, as well as to examine

alternate OATS solvents for effectiveness of biocatalyst

reaction and separation.

Acetone, acetonitrile, (1,4)-dioxane, and tetrahydrofuran

(THF) were each investigated as OATS solvents. THF showed

buffer precipitation even at concentrations as low as 5%

by volume and was therefore eliminated from the study. Cloud

points (indicating either the substrate or buffer precipitation)

were found for organic-aqueous mixtures of acetone, aceto-

nitrile, and (1,4)-dioxane to be at 35%, 50%, and 60% by

volume, respectively. Table 1 compares the substrate satura-

tion concentration, rate constant, and ee value of the product

for each of these solvents at a fixed volume percent organic

solvent. Excellent ee values are observed for all of the solvents

studied with this reaction. It is apparent from this table that a

(1,4)-dioxane OATS system is best suited for this reaction

because of its high saturation concentration as compared

to acetonitrile and increased rate constant as compared to

acetone.

The 30% (1,4)-dioxane OATS system was tested with

subsequent separation as described in the experimental section

and compared to a control reaction that did not undergo

CO2-induced separation. The overall ee value of the (R)-1-

phenylethanol without separation (.99%) is the same as the

ee value of the organic and aqueous phases, indicating the

CO2-induced separation has no significant effect on the overall

ee value of the product.

Processing considerations

The use of CO2 as a separating agent for simultaneous bio-

catalyst recycle and product isolation requires two processing

considerations to be understood. First, the solution equilibria

of the water–solvent–CO2 system must be well characterized

so that as the product-laden organic phase is removed from

the reactor, an accurate make-up stream can be added to

maintain the appropriate OATS mixture. This will allow for

repeatable separation of successive reaction cycles. Second, the

pH of the aqueous phase must be carefully maintained to

preserve optimal biocatalyst activity. Addition of CO2 to

aqueous mixtures is known to lower the solution pH due

to carbonic acid formation.17,18 Two commonly used buffers

for biocatalytic systems are monobasic sodium phosphate

(phosphate buffer) and (2-hydroxyethyl)-1-piperazineethane-

sulfonic acid (Hepes buffer). Both can adequately buffer

against carbonic acid formation seen in water–CO2 mix-

tures,3,19 and the phosphate buffer has been shown to

adequately buffer recycled OATS mixtures over six cycles.3

The phase equilibria of CO2 pressurized OATS mixtures

is best illustrated on a ternary phase diagram, as shown in

Fig. 2. Fig. 2A illustrates a typical diagram for a type 1 ternary

made up of two partially immiscible solvents and a solute

which is completely miscible in either. The area under the

curved line is the two-phase region; outside of this region there

exists a single miscible phase. In the absence of solute, the

mutual solubilities are given by A and B. As solute is added

to the first tie line, the mutual solubilities become C and D,

and for the second E and F. At some point enough solute is

added to give complete miscibility at a point G called the

consolute point. To use such a system for OATS, we seek to

use a tie line that gives maximum separation, well below any

consolute point.

Ternary phase diagrams at 25 uC are shown for the

unbuffered (1,4)-dioxane OATS system (Fig. 2B), a (1,4)-

dioxane OATS system with 150 mM phosphate buffer

(Fig. 2C), and a (1,4)-dioxane OATS system with 150 mM

Hepes buffer (Fig. 2D). As in the example diagram described

above (Fig. 2A), these diagrams show the tie lines illustrating

type 1 ternary behavior, and one can envision the same phase

envelope indicating a two-phase region. For all cases, the two

liquid phases can be made purer (relative to the amount of

water and dioxane) by the addition of more CO2 with a

resulting increase in pressure.20 We postulate that the addition

of a buffer causes a ‘‘salting out’’ effect of CO2.21 Thus, for the

buffered cases, the solubility of CO2 is reduced causing a lower

purity of the phases.

While both buffers alter the two-phase region critical to

separation in the OATS system, it is clear that the Hepes has a

much greater effect. One may better appreciate this effect by

comparing the amount of CO2 pressure required to reach

0.1 mole fraction of water in the organic rich phase (i.e. the

pressure required to remove 90% of the water from the organic

phase). For the unbuffered system only 3.1 MPa is required,

however, in the Hepes case the pressure must be raised to

4.4 MPa to achieve a water content of 0.1 mole fraction. The

intermediate pressure of 3.7 MPa for the phosphate buffered

case illustrates that this effect also occurs for inorganic salts.

We surmise that the effect is increased because the organic salt

(Hepes buffer) is more soluble in the organic solvent than the

inorganic salt (phosphate buffer). (See the ESI for additional

ternary plots of THF and acetonitrile).{

Fig. 1 Kinetic resolution of rac-1-phenylethyl acetate to (R)-1-

phenylethanol with Candida antarctica lipase B (CAL B) in an

OATS system.

Table 1 Comparison of OATS solvents and their effectiveness for the
chiral resolution of 1-phenylethyl acetate with Candida antarctica
lipase B (CAL B)

Solvent

% by
volume
in OATS

Substrate
saturation/
mM

Pseudo
1st order rate
constant/s21

Product
enantiomeric
excess (ee)

Acetone 30 18.1 ¡ 0.9 0.003 ¡ 0.001 .99%
Acetonitrile 30 9.1 ¡ 0.5 0.009 ¡ 0.001 .99%
(1,4)-Dioxane 30 17.7 ¡ 0.8 0.014 ¡ 0.001 .99%
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Comparison to alternative techniques

Initial work on enzymatic reactions in organic solvents was

originally met with some skepticism as to its practical

usefulness;22 however, research in this area over the past two

decades has shown marked success and led to an array of new

biocatalytic processing techniques. Among these methods are

water-in-oil microemulsion systems and aqueous biphasic

catalysis, both of which utilize multiple liquid phases for

reaction, and employ either organic solvents or ionic liquids

with water. Solid enzyme preparations, for example lyophi-

lized enzymes or enzymes adsorbed on an inert support

suspended in an organic solvent or ionic liquid, use a single

liquid phase (although, in the presence of a solid catalyst

phase) and are therefore most closely related to our own

OATS system, which couples monophasic liquid biocatalysis

with a biphasic separation.

We compare these three solvent types (pure organic liquids,

ionic liquids, and OATS) to better illuminate which of these

tools is best suited for a particular application. What is

common to all three of these solvent systems is that they allow

enzymatic transformation of hydrophobic substrates not

accessible via traditional aqueous media. As mentioned above,

the ability to transform such substrates is an extremely

desirable asset for the pharmaceutical and agrochemical

industries. Organic solvents affect enzymatic performance via

three routes:14

1. They can strip off the essential water that is associated

with the enzyme;

2. They can interact with the enzyme by changing the

protein dynamics, conformation, and/or active site;

3. They can interact with the substrates and products by

direct reaction.

Medium engineering has also been investigated as a means

to influence or even reverse an enzyme’s selectivity.23 However,

there is no general paradigm that adequately describes an

approach to medium engineering, most likely because multiple

factors are involved, among which water content is a critical

component.24–26 One could assume that both ionic liquids

and OATS systems might have similar effects on the enzyme;

however, the extent would depend greatly on the anion/cation

or amount/type of organic cosolvent, respectively.

Fig. 2 (A) Model ternary diagram for type 1 behavior. (B) unbuffered (1,4)-dioxane OATS system. (C) (1,4)-dioxane OATS with 150 mM

phosphate buffer. (D) (1,4)-dioxane OATS with 150 mM Hepes buffer.
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A clear disadvantage of pure organic solvents is the

requirement of the enzyme to be immobilized9 to achieve

high reaction yields. This need for immobilization adds time

and effort to already laborious isolation techniques. At

present, enzymatic reactions in ionic liquids also require

immobilized enzymes, although some research is being

conducted to tailor ionic liquids to prevent dissolved enzymes

from denaturing.27

Ionic liquids are suggested as possible alternative green

solvents due to their nonvolatile nature, thermal stability,

and ability to be tuned via anion/cation selection. This

unique ability to be tuned for certain physical and chemical

properties, such as polarity, hydrophobicity, viscosity, and

solvent miscibility, renders ionic liquids particularly useful

for dissolving highly polar substrates such as carbohydrates

and amino acids.28 Conversely, the important issues of toxicity

and ecological impact of most ionic liquids are not well

known,2,29 nor are means to effectively recycle the used ionic

liquid. For biocatalysis, purification of the ionic liquid is often

necessary for good yields,30 and the practical challenge of

developing efficient methods for product isolation from ionic

liquids remains. Very volatile products may be evaporated off,

products of intermediate volatility have been removed with

supercritical CO2 extraction,2,31 and ways to isolate nonvola-

tile products have begun to be addressed through liquid–liquid

extraction.2,28,29

A major advantage of the OATS system is the inherent

sequence of separation and recycling, as illustrated in Fig. 3.

Such systems support the dissolution of salt buffers to

maintain an adequate pH for completely homogeneous

enzymatic catalysis. As in ionic liquids, OATS can be tuned

for increased substrate solubility, in this case, through careful

selection of the type and amount of organic cosolvent. OATS

systems facilitate catalysis of reactions that are unfavorable

in water due to solubility constraints, however, they are not

appropriate to reduce water-induced side reactions because

the miscible mixture requires too high a water content for

reaction (generally, around 30–70% water by volume).

Additionally, we are in the process of validating the OATS

system with more enzymes than the robust CAL B as catalyst.

We suggest that this is a promising avenue given the success of

mixed aqueous–organic solvents for reaction11,32 and our

ability to also tune our separation with buffer, temperature,

and pressure variation.

Conclusions

We show the application of CO2-switched OATS systems

for enantioselective reactions of hydrophobic substrates.

The overall ee value of the product is the same before

and after OATS separation, at .99%. In OATS systems, a

reaction can be run homogeneously in an organic–aqueous

miscible mixture, followed by a CO2-induced phase separation

giving a product-containing organic phase and a catalyst-

containing aqueous phase at modest pressures. The phase

behavior critical to this separation is dramatically affected

by the buffer salt Hepes and is mildly altered with the

addition of phosphate buffer. Compared to the unbuffered

OATS mixtures, both buffers studied require additional CO2

pressure to achieve ‘‘clean’’ organic and aqueous phases during

separation.

As is the case for pure organic solvents and ionic liquids, it is

likely that OATS systems can be applied to multiple enzyme

types; however, OATS systems are not appropriate for water

sensitive reactions. OATS bridges the best of both worlds of

catalysis: it offers the increased selectivity, yields, and ee values

seen in homogeneous catalysis, while affording the facile

separation of heterogeneous catalysis. Furthermore, OATS

systems are beneficial because they have a reduced amount of

organic solvent in reaction mixtures, and the CO2-induced

separation eliminates the need for large volume solvent

extractions for product recovery. In this way, OATS offers a

holistic approach to processing by coupling reaction with an

inherent separation.

General experimental

Candida antarctica lipase B (SOL-101; ¢8 kU mL21) was

a kind gift from Biocatalytics (Pasadena, CA, USA).

HPLC grade solvents (99.5%) 1,4-dioxane, acetone, aceto-

nitrile, tetrahydrofuran, and water were purchased from

Sigma–Aldrich and were used without further purification.

Reagents, used as received, include: rac-1-phenylethyl

acetate (Acros 99%), rac-1-phenylethanol (Acros 98%), (R)-1-

phenylethanol (Alfa Aesar 99%), (S)-1-phenylethanol

(Sigma 98%) and CO2 (Airgas SFC grade). Reaction progress

was followed by measuring the 1-phenylethyl acetate and

1-phenylethanol content of samples as compared to calibra-

tion standards. Yields were found using an Agilent gas

chromatograph (GC-FID model 6890) with a DB17 column

(Agilent, Palo Alto, CA, USA). Enantioselectivity was

monitored by analytical high performance liquid chromato-

graphy (LC) at 245 nm using an Agilent 1100 series LC

and a Chiralcel OD-RH (Diacel, Inc., Fort Lee, NJ, USA)

with a 0.46 cm I.D. 6 15 cm L column set at 35 uC
and a flow rate of 0.5 mL min21 (40% acetonitrile–60%

water) for 25 minutes. Both R and S enantiomers were

resolved for the purchased racemic mixture; however, the S

enantiomer was not present in detectable amounts for any of

the reaction samples. Therefore, ee is reported as 100%

minus the limit of detection, 1%. All samples were immediately

mixed 1 : 1 with a mixture of 1 : 1 glacial acetic acid : organic

solvent of interest to quench the reaction before either GC or

LC analysis.

Fig. 3 The OATS system shown above illustrates the facile product

recovery with CO2-induced phase separation as well as the opportunity

for both solvents and catalyst recycles.
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Solubility tests

The solubility limit for 1-phenylethyl acetate was tested in

various OATS systems starting at 10% organic solvent and

increasing in increments of 5% until a cloud point was reached.

A 5 mL solution of the desired OATS system was prepared.

For example, a 30% (1,4)-dioxane OATS system is made by

combining 1.5 mL of (1,4)-dioxane with 3.5 mL of buffered

water. To this 5 mL solution, 1 mL of 1-phenylethyl acetate

was added. The mixture was placed in an oil bath at 25 uC and

magnetically stirred for 1 hour. The mixture was then allowed

to stand, without agitation, for 10 minutes while it separated

into two phases. The top phase was undissolved 1-phenylethyl

acetate, and the bottom phase the OATS system saturated

with 1-phenylethyl acetate. The bottom phase was sampled

and analyzed via GC-FID for concentration as compared to

a calibration made from standard solutions of 1-phenylethyl

acetate.

Kinetic assays

150 mM phosphate buffer (pH 7.1) was mixed with the

appropriate amount of solvent and a stock solution of

substrate dissolved in organic solvent to yield a final reaction

mixture of 6 mL at the desired volume percentage of organic

solvent. For example, to make a 15 mM 1-phenylethyl acetate

solution in 6 mL of a 30% (1,4)-dioxane OATS system, we

mixed 0.45 mL of stock (200 mM) 1-phenylethyl acetate in

(1,4)-dioxane, 1.35 mL of pure (1,4)-dioxane, and 4.2 mL of

buffered water. 1.75 mL of this reaction mixture was aliquoted

to three test tubes for reaction and the remainder 0.75 mL was

taken as an initial sample. 0.1 mL of 1/1006 enzyme was

added to each test tube to initiate the reaction and 0.25 mL

was removed periodically for analysis. Each condition was

repeated three to five times. Reaction progress was monitored

by GC-FID and enantiomeric excess by LC.

Separation experiments

Reactions were carried out in a 50 mL Jurgeson pressure

vessel, stirred by a magnetic stir bar. The cell was mounted on

a perpendicular rotating shaft so that the cell could be agitated

under pressure for more vigorous mixing of the CO2. Pressure

in the cell was measured by a pressure transducer with digital

readout (Druck, DPI 260, PDCR 910, GE Infrastructure

Sensing, Billerica, MA, USA) which was calibrated against a

hydraulic piston pressure gauge (Ruska, GE Infrastructure

Sensing, Billerica, MA, USA) to an uncertainty of ¡0.1 bar.

While pressurized, the cell was kept behind a 1/40 polycarbo-

nate enclosure as a safety precaution.

All samples taken were quenched with a 1 : 1 mixture of

glacial acetic acid : (1,4)-dioxane before further analysis.

Reactions were carried out at ambient room temperature

(25 uC). 15.92 mL of 150 mM phosphate buffer (pH 7.1) was

mixed with 5.117 mL dioxane and 1.706 mL of dioxane

containing 200 mM 1-phenylethyl acetate. 2 mL of this

mixture was withdrawn as an initial (t = 0) sample, and

1.3 mL of 1/1006 enzyme was added to initiate the reaction.

The reaction mixture was loaded into the pressure cell and

stirred by a magnetic stir bar for 1 hour, after which 0.5 mL

was removed and assayed for conversion by GC-FID and

enantiomeric excess by LC, as described in the General

Experimental section. The cell was sealed and pressurized

with CO2 to 50 bar. CO2 was first added through a dip tube at

the side of the cell so that it could bubble directly through the

liquid phase, thus decreasing the time to reach equilibrium.

While pressurized, the cell was rotated to mix the contents

well and aid CO2 dissolution into the reaction mixture. After

several inversions, the cell was turned upright and stirred with

the magnetic stir bar to dislodge any organic droplets that may

adhere to the cell wall in the aqueous region of the cell. Stirring

was then stopped and the phases were allowed to settle. When

the cell pressure equilibrated at 50 bar, the CO2 line was moved

to the top port and allowed to continual flow from the

supplier’s gas cylinder regulated at 50 bar. Once a clear phase

boundary was formed, the organic layer was removed by

opening the valve on the dip tube and by bubbling the organic

layer into a pre-weighed flask containing a known amount of

(1,4)-dioxane until the top of the organic layer was just

above the dip tube height. The flask was re-weighed to

determine the amount organic layer collected and the flask

contents were measured by GC-FID and LC to determine the

amount of product and reactant in the collected organic layer.

After removal of the organic layer, the CO2 supply line was

removed from the cell and the CO2 was vented to the

atmosphere to depressurize. The vessel top was removed and

a 0.5 mL sample was taken and measured by GC-FID and LC

to determine the amount of product and reactant in the

remaining in the aqueous layer.

Ternary phase data measurements

For the unbuffered carbon dioxide–(1,4)-dioxane–water

system reported here, a synthetic method of high-pressure

vapor–liquid–liquid-equilibria (VLLE) was used, as previously

reported.20 VLLE for the buffered systems was determined by

a direct sampling technique. We use a T316 windowed Parr

reactor with a Magnadrive impeller for mixing. Pressure in the

cell is monitored with a pressure transducer with digital

readout (Druck, DPI 260, PDCR 910, GE Infrastructure

Sensing, Billerica, MA, USA) calibrated against a hydraulic

piston pressure gauge (Ruska, GE Infrastructure Sensing,

Billerica, MA, USA) to an uncertainty of ¡0.1 bar. Samples

are taken via a sample loop affixed to a 6-way valve, allowing

capture of a fixed sample volume regardless of operating

pressure. These samples are depressurized into a dilution

solvent and analyzed by GC-FID to determine organic solvent

content and Karl Fischer titration to determine water content.

For CO2 content, the 6-way valve on the sample line, instead

of being depressurized into the dilution solvent, is diverted to

an inverted burette placed in a water bath. The volume of

carbon dioxide at STP is determined by the displacement of

water in the burette. The sample should not be bubbled

through the water as there is an appreciable solubility of

carbon dioxide in the water. Without any mixing the rate of

dissolution of carbon dioxide into the water is slow enough to

be negligible so long as the volume is determined rapidly. The

line is flushed with rinse solvent to ensure all the carbon

dioxide is in the burette. The sampling is repeated three times
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for liquid content and three times for CO2 content per phase

for a given pressure and the results averaged to mitigate

error in the sampling procedure. This direct sampling

technique was validated by first applying it to an unbuffered

system and comparing those results with previous data taken

via the synthetic method. The buffer concentration was

kept below the solubility limit of the gas-free solvent mixture

being tested, and we did not observe any salt precipitation

upon depressurization.
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Crosslinked chitosan beads reported in the literature have the disadvantage of high water content

and thus low mechanical strength. In this paper, a chitosan/poly(vinyl alcohol) (PVA) blend

aqueous solution was first suspended in toluene–chlorobenzene to form droplets. Some of the

water was then distilled out as an azeotrope with the aromatic hydrocarbons to reduce the water

content of the suspension droplets. Glutaraldehyde was finally added to the suspension to result in

the crosslinked chitosan/PVA beads with low water content and high mechanical strength. It was

found that glutaraldehyde reacted with PVA to form crosslinkage at acidic conditions (pH 1 and

2). The H+ ions act as both protection agents of amino groups of chitosan by forming salts and

catalyst for the formation of acetal between aldehyde groups and hydroxyl groups of PVA. At

pH 4 and 5, glutaraldehyde reacted with chitosan to form Schiff’s base crosslinkage. Crosslinked

chitosan/PVA beads with micron size were also prepared by the distillation method using very

dilute initial polymer concentration and high stirring speed.

Introduction

Today, there is a growing interest in developing natural,

renewable and low-cost alternatives to synthetic polymers.

These materials are abundant and environmentally friendly.

Chitosan is a derivative from N-deacetylation of chitin, the

major component of the shells of crustacean organisms and the

second most abundant naturally occurring biopolymer next to

cellulose. Chitin and chitosan have biological and chemical

properties such as non-toxicity, biocompatibility, high chemi-

cal reactivity, chirality, chelation and adsorption properties.1–6

The presence of amine groups makes chitosan unique among

biopolymers, for example, its cationic behavior in acidic

solutions and its affinity for heavy metal ions.2–4 Ion

exchangers or adsorbents can be made in large scale and low

cost from chitosan. These chitosan exchangers or adsorbents

have potential applications in enzyme immobilization,7,8 base

catalysis,9 protein separation and purification,10,11 sorption

of precious metal ions for recovery or as catalysts after

reduction,12–15 wastewater treatment to remove heavy metal

ions2,16–20 and acidic dyes.4,21–23

Chitosan beads have been used in sorption columns. The use

of chitosan beads as an adsorbent also provides the potential

for regeneration after adsorption and reuse of the beads in

subsequent adsorption operations. The production of chitosan

hydrogel beads involves dissolution of chitosan in an acetic

acid solution followed by a precipitation process of injecting

the chitosan solution in droplets into a dilute sodium

hydroxide solution.24 However, the hydrogel beads have the

disadvantage of poor chemical resistance and mechanical

strength. This disadvantage significantly reduces the recycle

life of the chitosan beads. To improve these properties,

crosslinking of chitosan beads with glutaraldehyde, epichloro-

hydrin or ethylene glycol glycidyl ether has been commonly

used.5,12,25,26 These crosslinked chitosan beads are still highly

swollen in water. The water content of these wet crosslinked

chitosan beads is usually more than 90%. Thus, the mechanical

strength of the wet beads is still quite poor. The poor

mechanical strength of these chitosan beads has significantly

limited their practical applications. In addition, these cross-

linking processes have been performed by the reaction of the

amino functional groups of chitosan with these crosslinkers.

As a consequence, the chemical property of the amino func-

tional groups has changed upon crosslinking. In this paper

we developed a method to prepare crosslinked chitosan

beads with low water contents, high mechanical strength and

unchanged amino functional groups.

Experimental

Materials

Chitosan (deacetylation degree ¢90%) was purchased from

Jinan Haidebei Marine Bioengineering Co., Ltd (Jinan, China).

Poly(vinyl alcohol) (PVA, degree of polymerization is 1700,

degree of hydrolysis is 88%) was obtained from Tianjin Hecheng

Science & Technology Co., Ltd (Tianjin, China). Glutaraldehyde

and Span-80 (sorbitane monooleate) were provided by Tianjin

Damao Chemical Reagent Co. (Tianjin, China). Toluene,

chlorobenzene and acetic acid were from Tianjin No. 6

Chemical Reagent Co. (Tianjin, China). All other materials used

were of analytical reagent grade from commercial sources.

Preparation of crosslinked chitosan/PVA blend beads

Chitosan solution (4.0%, w/w) was prepared by dissolving 4.2 g

of chitosan into 100 g of dilute acetic acid (2% w/w). PVA

solution (12.5%, w/w) was prepared by dissolving 14.3 g of

Key Laboratory of Functional Polymer Materials, Ministry of
Education; Institute of Polymer Chemistry, Nankai University, Tianjin,
30071, China
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PVA in 100 ml of water. Crosslinked chitosan/PVA blend

beads were prepared by suspending acidic chitosan/PVA blend

solution in toluene–chlorobenzene containing Span-80. Then

the system’s temperature was raised gradually to distil out a

certain amount of water as an azeotrope with the aromatic

hydrocarbons to reduce the water content of the suspension

droplets, and then glutaraldehyde was added to finish the

crosslinking. The following is an example of the preparation. A

mixture of 17.2 g of chitosan solution (4.0%, w/w) and 2.8 g of

PVA solution (12.5%, w/w) was heated to 70 uC and stirred at

this temperature for 12 h, followed by another 12 h stirring at

room temperature. A homogeneous polymer gel blend solution

with 2/1 (w/w) ratio of chitosan to PVA was obtained. The pH

value of the blend solution was adjusted to pH 2 by adding

concentrated HCl (y0.7 ml). The resulting blended solution

(y18.45 g) was suspended in 100 ml of toluene–chlorobenzene

(1/3, v/v) containing 1.5 g of Span-80 in a 250 ml three-neck

round-bottom flask with stirring speed of 230 rpm. The

temperature of the system was raised to 90 uC and 13.1 ml of

water as an azeotrope with toluene was distilled out slowly

through a Barrett distilling receiver. The system was cooled to

room temperature. A 0.33 g of 50% glutaraldehyde solution

was added to the flask and the stirring continued at room

temperature for 8 h. The resulting beads were filtered off,

washed several times with acetone, suspended in 4% NaOH

aqueous solution for 8 h, and then rinsed thoroughly with

water until neutral pH.

Determination of gelation time caused by crosslinking

In each of five 50 ml beakers, 10 g of chitosan/PVA blend

solution prepared as above was placed. The pH value of the

blend solution was 5. The pH values of beakers 1–4 were

adjusted to 1, 2, 3 and 4, respectively, by adding concentrated

HCl. A certain amount of water was added to each of the

beakers 2–5 to maintain the final solution volume in each of the

beakers equal to that of beaker 1. Each of the solutions was

agitated on a magnetic stirrer with the same stirring speed. Then

0.17 g of 50% glutaraldehyde solution was added and the time

was set as 0. The gelation time was defined as the time needed

for the magnetic bar to stop stirring as the viscosity increased.

Mechanical strength determination

Mechanical strength of the beads was determined by a self-

made instrument. A glass syringe tube was vertically fixed, and

a hard plastic plate was horizontally placed in the bottom of

the tube. A chitosan/PVA bead with diameter of y1 mm was

placed on the center of the plate. The piston of the syringe was

inserted into the tube until the end of the piston touched the

bead. Increasing weights were added gradually on the top

end of the piston until the bead broke. The minimum broken

weight was defined as broken weight.

Water content measurements

Wet chitosan/PVA beads (y0.5 g) were dried in an oven at

105 uC for 2 h. The water content of the beads was defined as:

water content = (Wwet 2 Wdry)/Wwet

where Wwet, Wdry are the weights of the wet and dry beads,

respectively.

Results and discussion

In order to enhance the mechanical strength of crosslinked

chitosan beads, chitosan/PVA solution was first suspended in

an organic phase (toluene–chlorobenzene) to form aqueous

phase droplets. Then part of the water in the droplets was

distilled out as an azeotrope with the aromatic hydrocarbons

to reduce the water content of the droplets. Finally crosslinker

glutaraldehyde was added to the suspension to finish the

crosslinking. The resulting crosslinked chitosan beads

possessed low water content and thus high mechanical

strength. In order to keep the amino groups of chitosan

unchanged after crosslinking, chitosan/PVA solution with the

amino groups protected by HCl as salts was used. The

crosslinking process was tested by determining gelation time

caused by crosslinking, as shown in Table 1. It can be seen that

gelation time increases when pH values increase from 1 to 3.

However, gelation time dramatically decreases when pH values

increase to 4 and 5. The pKa of chitosan amino groups depends

on the degree of deacetylation and its degree of neutralization

as well as the ionic strength.27 With the degree of deacetylation

of chitosan and the crosslinking conditions used in these

experiments, the pKa was estimated to be 5.5. The protonation

degree of the amino groups was calculated based on the pKa

value and listed in Table 1. It can be seen that the amino

groups were almost completely protonated at pH 1 and 2 and

thus shielded from the reaction with glutaraldehyde. In these

cases, glutaraldehyde must mainly react with the hydroxyl

groups of PVA to form crosslinkage, as shown in Fig. 1b. It is

well known that the reaction of aldehyde with hydroxyl groups

is catalyzed by acid. Therefore gelation time decreased

with decreasing pH. At pH 4 and 5, 3.1% and 24% of the

amino groups, respectively, were free from protonation. As

amino groups are much more reactive with aldehyde than

hydroxyl groups and the acidic catalytic activities for acetal

crosslinkage formation are much weaker at pH 4 and 5 than

those at pH 1 and 2, crosslinker glutaraldehyde should mainly

react with amino groups of chitosan to form Schiff’s base

Table 1 Gelation time of chitosan/PVA crosslinked with glutaraldehyde at different pH values

4% Chitosan/g 12.5% PVA/g 50% Glutaraldehyde/g pH Amine protonation (%) Gelation time/min

8.6 1.4 0.17 1.0 100 6.90
8.6 1.4 0.17 2.0 99.97 9.78
8.6 1.4 0.17 3.0 99.7 21.4
8.6 1.4 0.17 4.0 96.9 1.15
8.6 1.4 0.17 5.0 76.0 0.80
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crosslinkage at pH 4 and 5, as shown in Fig. 1a, which is

supported by the much shorter gelation times. At pH 3, the

gelation time was longest because of the much fewer free

amino groups as compared to pH 4 and 5, and weaker acidic

catalytic activity as compared to pH 1 and 2. Thus, both of the

crosslinkages may exist in the beads prepared at pH 3. These

suppositions were also supported by IR spectra of the cross-

linked chitosan/PVA beads (Fig. 2). In the cases of pH 1–3,

a peak at 1150 cm21, which is the characteristic peak of

acetal, appeared and the strength of the peak increased

with decreasing pH value. The broader peak at 3380 cm21 of

crosslinked beads prepared at pH 4 in comparison with those

(y3420 cm21) of the beads prepared at pH 1–3 should be

caused by hydrogen bonding between the adjacent hydroxyl

groups in the PVA chains, indicating most of the crosslinkages

were formed between the amino groups of chitosan but not

hydroxyl groups of PVA and glutaraldehye at pH 4.

Table 2 shows the crosslinking conditions and the properties

of the resulting polymer beads. At pH 2, the broken weight

increased from 9.5 g to 123 g when polymer concentration

increased from 5.2% to 19.6% after distillation. The strength of

the beads increased markedly accompanying the water content

of the beads decreasing after distillation. Similar results were

obtained at pH 1. When the pH value increased from 1 to 4,

the strength decreased and the water content also decreased

slightly when the other conditions were the same (comparing

entries 9, 5, 10 and 11). These results may be caused by the

different ratio of the two crosslinkages. The broken weight was

roughly negatively correlated with the water content of the

beads crosslinked at the same pH.

The beads obtained at pH 1 were opaque while the beads

obtained at pH 2 or over were transparent. The opaque beads

seem to have pores within them. Fig. 3 shows the SEM images of

the beads obtained at pH 1 (the sample of entry 9 in Table 2) and

pH 3 (the sample of entry 10 in Table 2). Fig. 3a and b indicate

that phase separation occurred during the crosslinking at pH 1.

Fig. 4 shows the effect of crosslinking degree on the

mechanical strength of the beads. When the mole ratio of

the hydroxyl groups of PVA to glutaraldehyde is 4/1, the

crosslinking degree is defined as 100%. It can be seen that the

mechanical strength of the beads has a maximum value at a

crosslinking degree of 40%. The beads with a higher cross-

linking degree were hard, rigid and brittle, while the beads with

a lower crosslinking degree were soft and flexible. This may be

caused by the flexibility of the unreacted PVA chains.

Fig. 1 Schematic representation of (a) PVA and (b) chitosan cross-

linked with glutaraldehyde.

Fig. 2 IR spectra of crosslinked chitosan/PVA beads prepared at

pH 1–4.

Table 2 Preparation conditions and properties of crosslinked chitosan/PVA beads

Entry
Chitosan/PVAa

(w/w)
Distilled
water/ml

Polymer conc. after
distillation (wt%) pH Broken weightb/g

H2O content
of beads (wt%)

1 2/1 0 5.2 2 9.5 ¡ 0.8 93.6
2 2/1 7 9.3 2 13.5 ¡ 3.9 74.3
3 2/1 9 11.3 2 14.4 ¡ 3.3 76.2
4 2/1 11 14.3 2 44.3 ¡ 7.4 72.6
5 2/1 13 19.6 2 123 ¡ 13 73.3
6 2/1 0 5.2 1 42.5 ¡ 6.6 83.9
7 2/1 7 9.3 1 58.5 ¡ 7.0 83.6
8 2/1 9 11.3 1 106 ¡ 11 80.5
9 2/1 11 14.3 1 141 ¡ 4 75.1

10 2/1 13 19.6 3 83.6 ¡ 8.5 72.7
11 2/1 13 19.6 4 27.7 ¡ 5.3 71.9
a Weight concentration ratio of chitosan to PVA. The initial volume of the polymer solution was 18.5 ml and the initial total polymer
concentration was 5.2%. The mole ratio of hydroxyl groups of PVA to glutaraldehyde was 5/1 (80% crosslinking degree). b Mean values with
standard deviations of ten trials.
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Fig. 5 shows the effect of chitosan/PVA ratio on the mechani-

cal strength with other conditions being the same. It can be

seen that the mechanical strength increased with chitosan

content decreasing. One of the possible reasons is that PVA

chains are flexible and chitosan chains are rigid. When the ratio

of chitosan/PVA increased, the beads became more brittle.

Thus, PVA in the beads not only acts as the crosslinking matrix

but also enhances the mechanical strength of the beads.

Preparation of micron-sized crosslinked chitosan beads

with high mechanical strength is difficult using the methods

reported in literature.5,12,25,26 This is because the formation of

micron-sized droplets of chitosan solution in the suspension

requires a very dilute chitosan solution, due to the high

viscosity of chitosan aqueous solution. The mechanical

strength of micron beads prepared by crosslinking these

micron-sized droplets with low concentrations of the polymer

would be very poor. Microbeads of crosslinked chitosan/PVA,

as shown in Fig. 6, were prepared by our method using very

dilute initial polymer concentration and high stirring speed. As

the viscosity of this dilute polymer solution was very low, the

small size suspension droplets were obtained. Then most of

the water was removed by distillation, and thus the size of

the droplets further decreased. The polymer concentration

increased dramatically in the droplets after the distillation, and

thus the mechanical strength of the resulting beads after

crosslinking with glutaraldehyde should be good. Although the

mechanical strength of the crosslinked microbeads was not

determined because of their small size, the mechanical strength

should be close to that of bigger beads with the same polymer

concentration of the droplet after distillation.

Conclusions

Due to low saturation concentration of aqueous chitosan

solution, crosslinked chitosan/PVA blend beads with low

Fig. 3 SEM images of the chitosan/PVA beads prepared at pH 1 (a,b)

and pH 3 (c,d).

Fig. 4 The effect of crosslinking degree on mechanical strength (the

conditions were the same as those of entry 5 in Table 2 except for

crosslinking degrees, which were indicated in this figure).

Fig. 5 The effect of chitosan/PVA ratio on the mechanical strength

(pH 2, the crosslinking degree was 80 mol% and the polymer

concentration was 19.6 wt%).

Fig. 6 Optical microscopy image of the crosslinked chitosan/PVA

beads (initial concentrations of chitosan and PVA were 0.48% and

0.24%, respectively. Final polymer concentration of the droplets after

distillation was y19%, pH 2, crosslinking degree was 80%, stirring

speed was 450 rpm).
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water content, and thus high mechanical strength, were

prepared by suspension of aqueous chitosan/PVA blend

solution in an organic medium (toluene–chlorobenzene),

distillation of some of the water in the suspension droplets

as an azeotrope with the aromatic hydrocarbons to increase

the polymer concentration of the droplets and finally cross-

linking PVA within the droplets in acidic condition (pH 1

and 2) by glutaraldehyde. The crosslinking of PVA with

glutaraldehyde was catalyzed by acid. As the amino groups of

chitosan should be much more reactive with aldehyde than the

hydroxyl groups of PVA, the acidic condition also prevents the

reaction of the amino groups of chitosan with glutaraldehyde

by protonating them, and thus the amino groups remain

unchanged upon crosslinking. If very dilute initial polymer

concentration was used, very small size suspension droplets

were obtained at high stirring speed because of the low

viscosity of the dilute polymer solution. After distillation, most

of the water in the droplets was removed, and thus the size

of the droplets became smaller. Crosslinked chitosan/PVA

microbeads were obtained upon crosslinking the droplets with

glutaraldehyde. At pH 4 and 5, glutaraldehyde reacted with

amino groups of chitosan rather than hydroxyl groups of PVA

to form Schiff’s base crosslinkage in the beads.
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Chemicals are a part of modern life. Products are the main emissions of the chemical and

pharmaceutical industries. This makes it difficult to hold them back efficiently. Very often they do

not become degraded or fully broken down to water, carbon dioxide and inorganic salts. Often,

unknown transformation products are formed in the environment. Therefore, according to the

principles of green chemistry, the functionality of a chemical should not only include the

properties of a chemical necessary for its application, but also easy and fast degradability after its

use. Taking into account the full life cycle of chemicals will lead to a different understanding of

the functionality necessary for a chemical. In the present discussion, improvement of synthesis

and renewable feedstock are very prominent, whereas the environmental properties of the

molecules are somewhat underestimated. To stimulate the discussion about the future role of

degradable chemicals several examples are presented to underline the feasibility and the economic

potential of this approach, called benign by design.

The problem—persistent chemicals

Chemicals are a part of modern life and are present in all

spheres of human life. They are used as pharmaceuticals,

pesticides, detergents, fertilizers, dyes, paints, finish, preserva-

tives, food additives among others. They contribute to our well

being, high life expectancy and economic prosperity. If they

are constituents and ingredients of consumer or household

products and other open applications they are often emitted

into the environment by non-point sources. Very often they do

not become degraded, i.e. they are not, or are only incom-

pletely, broken down to water, carbon dioxide and inorganic

salts. Unknown transformation products can result from such

biological and chemical processes such as hydrolysis, redox-

reactions or photolysis. These unknown chemical entities can

remain in the environment and can also be toxic for humans

and environmental organisms. In this case, the situation may

be worse as we usually have much less knowledge about the

dead end transformation products with regards to their fate,

and their effects on the environment than on the parent

compounds. Even if there is some degree of degradation, the

parent compounds will nevertheless be present at constant

levels in the environment if the input rate is higher than their

rate of degradation or mineralization. This can be called

second order persistency or pseudo persistency. Persistency is

one of the most important criteria in the environmental

assessment of chemicals.1–4 A long half life of chemicals in the

environment results in a wide range for the chemicals. That is,

they will be present in big compartments for a long time.2 For

chemicals and transformation products with such properties,

it is not possible to carry out a risk assessment. The bigger the

scales involved, the more uncertainty increases and the more

possible effects cannot be tested in lab trials. Polychlorinated

biphenyls (PCBs) is a classical example of persistent pollutants.

PCBs were synthesized for the first time in 1877, and already in

1899 severe health problems (chloracne) associated with the

handling of PCBs were reported. Throughout the years the

poisoning of rice oil by these compounds and their neurotoxic

effects as well as carcinogenicity has been described in detail.

Despite this knowledge, it took until 1999 to ban PCBs fully

within the EU—100 years after the first reports of its severe

toxicity.3 This example demonstrates that it is not only the

time scales of the chemicals themselves and the environmental

processes impacted by them but also the time scales of

economical and political systems which have important effects.

In addition, the use of persistent chemicals is often associated

with high costs in the long run—at least for the general public.

In the Stockholm convention, a half life of more than 50 days

in water is set as a criterion for POPs. Recent research showed

chemicals that are less persistent and have higher polarity than

PCBs are distributed globally too, and can also accumulate in

humans.4 A statistical correlation between the persistency of

chemicals and the prevalence of chemicals present in the

environment which can initiate cancer has been only recently

reported.5 It should be mentioned that chemicals which are of

high interest for green chemistry are not necessarily themselves

in line with the principles of green chemistry. An example is

ionic liquids. Ionic liquids help chemists to contribute to

sustainable chemistry because they offer an opportunity to

reduce waste which is formed during the synthesis of

chemicals. However, they are not biodegradable and they

can be toxic for environmental organisms.6
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In general, three different approaches for preventing the

input of chemicals into the environment are possible. These are

depicted in Fig. 1. In the meantime, we have learned that the

main emission of chemical and pharmaceutical industries is

their products. If the chemicals themselves are the products,

e.g. detergents, pesticides, dyes, paints, flame retardants, phar-

maceuticals, personal care products, and others, these very

often end up in the environment in the long term. Therefore,

an important task is to focus not only on the optimization of

the chemical synthesis of a molecule and its use but also to

include the molecules themselves. Therefore, ‘‘chemical pro-

ducts should be designed so that at the end of their function

they do not persist in the environment and break down into

innocuous products’’. 1 Product design as an important part of

green chemistry was addressed more detailed in 2002.7

The conventional wisdom assumes that a chemical needs to

be stable to be successful in the market and the idea described

above is in itself a contradiction. The approach of designing

chemicals according to both the requirements of application

and the environment, i.e. along their whole life cycle, is quite

ambitious. It is at the core of chemistry and pharmacy. In this

article, examples of chemicals satisfying the benign-by-design

approach are given to move forward the discussion about the

feasibility and the range of this approach. For this purpose,

historical examples are outlined. A focus is on pharmaceu-

ticals. For them the barriers are much higher than for other

chemicals. Beside the requirements to be fulfilled by other

chemicals, they have to be of low or even no human toxicity. If

it is possible to design benign pharmaceuticals it should be

possible for other chemicals too.

General approaches for the prevention and reduction
of the input of chemicals into the environment

The traditional short-to-medium term approach for the

prevention and reduction of the input of chemicals into the

environment within and after their use is containment. This is

not possible for chemicals used in every day life. In such cases,

treatment of emissions e.g. effluent treatment, air treatment, or

waste treatment is applied (‘‘end of the pipe technology’’,

strategy 1 in Fig. 1). The shortcomings of this approach are

clear: it is difficult, if not impossible, to apply such an

approach if the entry of the chemicals into the environment is

by non-point sources. Furthermore, very often not all trace

compounds are fully removed by such treatment.

More than a decade ago, it was learned that treatment of

emissions is often not satisfying and is itself creating new

problems. For example, stable transformation products are

often formed by end of the pipe treatment. Sometimes, e.g. if

oxidation techniques are applied, mutagenic transformation

products result. Sorption onto powdered charcoal and other so

called ‘‘advanced’’ treatment removes some additional com-

pounds, but not all. In any case, such an advanced treatment

results in further energy demand and may create new waste to

be treated. Furthermore, end of the pipe treatment creates

additional costs. End of the pipe treatment can be seen as an

opportunity to gain time in order to develop more sustainable

approaches, but again this approach creates its own problems.

It is a non-sustainable approach. Furthermore, a certain type

of technology tends to persist once installed on a large scale.

That is, if a big investment has been directed to one type of

problem solution (e.g. advanced waste water treatment) this

technology has a tendency to persist for a long time even if the

problems have changed, the technology has advanced or they

are no longer adequate for a certain problem.

Containment at the source and responsible care as well as

product stewardship (medium-term strategy 2 in Fig. 1) have

been created and implemented within a number of industries.

This approach contributes to the reduction of emissions there.

In the case of chemicals used in open systems, this approach

also has its limitations and is not always very efficient.

Therefore, other approaches should be considered too. In the

following section, the third approach depicted in Fig. 1 will be

discussed in more detailed because it is the one which must

become a part of green chemistry, not only by enabling

chemistry to contribute to sustainability but to make chemistry

itself more sustainable.

Structure and properties—at the core of chemistry

One of the principles of green chemistry is the design of

environmentally friendly products. This includes the design of

environmentally friendly chemicals and pharmaceuticals (long-

term strategy 3 in Fig. 1). One possibility to implement such

an approach is to design chemicals in such a way that they

are readily degradable after their use. This means that the

functionality of a chemical consists of more than simply the

properties required for successful applications. Functionality

in a broader and sustainable sense would also include the

ready and complete degradability of a molecule after its use,

for example in traditional sewage treatment. Starting from this

assumption, it is necessary to include properties necessary for

both successful applications on the one hand, as well as after

application on the other hand, at the time when new chemical

entities are created. A life cycle engineering of chemicals is

needed. The conventional wisdom assumes that a chemical

needs to be stable to be successful in the market and the idea

described above is by itself a contradiction. A closer look

reveals that this is not necessarily the case.

The approach of designing chemicals according to both the

requirements of application and the environment, i.e. along

their whole life cycle, looks like a totally new approach.

Instead, it is at the core of chemistry and pharmacy. Chemistry

and the chemist’s language are about the relation of the

Fig. 1 Strategies to reduce the input of chemicals into the environ-

ment (www.start-project.de).
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structure of a chemical and its properties, e.g. its reactivity.

Even a small change in the structure of a chemical may have

tremendous effects on its properties. Benzene is (after

metabolic activation) a carcinogen. It is only slowly bio-

degradable. Simply the insertion of an oxygen atom into a

carbon hydrogen bond results in a new compound, phenol

with very different properties which are significant for its use

and its fate in the environment. In contrast to benzene, phenol

is readily aerobically biodegradable, not carcinogenic and

active against bacteria. Therefore, it has long been used as a

disinfectant. This fundamental connection between structure

and properties can be used for the approach of benign by

design. It allows the theoretical design of molecules and the

assessment of their properties before they are even synthesised.

In the case of molecules of a more complex structure than

benzene and phenol, human expertise is limited. Therefore,

within the last decades computer based systems have been

developed. These so called expert systems assist human experts

with the handling and application of this complex type of

knowledge.8–10

This approach is currently widely in use within pharmaceu-

tical industries and to some extent also in chemical indus-

tries.8,10 It will be of increasing importance within REACH for

the assessment of chemicals and is already applied broadly for

this latter purpose by the U.S. EPA.9 Modern pharmaceutical

synthesis and drug discovery uses this understanding by

applying general rules, such as Lipinsky’s rule of five (log P

from 1 to 5, molecular weight from 100 to 500, number of

H-donors from 0 to 5, number of H-acceptors from 0 to 9,

number of rotatable bonds less than 10) and computer-based

structure activity relationships.10 Starting from a lead struc-

ture, the desirable activity of a molecule is improved by

systematic variation of its chemical structure. At the same

time, unwanted properties such as mutagenicity are reduced.

The successful candidates are more active and at the same time

exhibit less side effects than the original chemical. To have as

little side effects as possible means that the inherent safety of

the chemicals has been improved and the total functionality of

the molecule has been improved as well. A new understanding

would be to regard low biodegradability after use as an

unwanted side effect also.

In the meantime, there is broad knowledge available as to

how certain functionalities govern the properties of a given

pharmaceutical lead structure.10 This is demonstrated in Fig. 2

for the lead structure of the quinolones which are used as

antibiotics. The carboxyl function is indispensable for the

binding to the target (gyrase) and can therefore not be

modified. R1 controls pharmacokinetics and efficacy. Whether

‘‘X’’ is nitrogen or oxygen impacts the activity, R7 controls the

activity spectrum and is also related to pharmacokinetics. The

given example for R7 enables activity against gram-negative

bacteria. Introduction of the fluorine atom resulting in the

modern group of fluoroquinolones increases activity. This also

seems to be responsible for the increased photosensitivity of

patients treated with fluoroquinolones.

This is understandable in terms of the change of the

electronic properties of the benzene ring due to the high

electronegativity of fluorine. The resulting increase in the

energy gap between the highest occupied molecular orbital

(HOMO) and the lowest unoccupied molecular orbital

(LUMO) leads to absorption of radiation with higher energy.

A higher energy transfer into the skin of a treated patient is the

consequence. At the same time the C–F-bond contributes to

the low biodegradability of the fluoroquinolones for the same

reason. The C–F-bond is very stable.11 Due to the fluorine

atom attached to the aromatic ring system it is poor in

electrons and therefore can also not easily be oxidized by

aerobic bacteria and/or radiation of lower energy.

Furthermore, by the introduction of the fluorine atom, an

important position for hydroxylation as a first step of the

biodegradation of aromatics is blocked. As both vicinal

positions are not aromatic hydrogen atoms, the formation of

a dihydrol is not possible. Both electronic and steric factors

contribute to the low biodegradability of fluoroquinolones

such as ciprofloxacin.

To put such an approach into the context of green and

sustainable chemistry, it is necessary to challenge the paradigm

of the stability of chemicals as an indispensable property for

their application. Normally, we speak of the stability of a

chemical without mentioning the context of a certain environ-

ment. We assume that the stability of a chemical is an intrinsic

property of a chemical. However, it is the result of the inter-

action of a molecule with its environment. Stereochemistry and

electronic properties of a molecule on the one hand and the

constraints set by its environment on the other hand govern

the interaction. Therefore, the reactivity of a molecule, i.e. the

kinetics and thermodynamics, depend on both the properties

of the molecule and its environment. This is one of the basic

principles of chemistry: change the conditions, e.g. tempera-

ture or moisture, and a molecule may then react in a different

way or with a different velocity.

Within the life cycle of a chemical the conditions offered by

its environment can often vary. Access of light, pH-value or

redox-potential varies with the environment. Additionally,

bacterial diversity and differing bacterial density are found in

different compartments. Therefore, the metabolic diversity of

Fig. 2 Structure activity relationships of quinolones
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bacteria and the potential and pathways for the breakdown of

molecules are different. For example, the conditions of a

pharmaceutical on the shelf (e.g. pure and dry, exclusion of

light, room temperature) are different from the ones in the

human body (moisture, higher temperature, certain more or

less specific enzymes, low pH in the stomach, anaerobic

conditions and bacteria in the gut and the intestine) from those

in sewage (often high pH, aerobic conditions and bacteria at a

different density with enzymes of different type, substrate and

activity) and again from those in surface water (neutral pH,

low bacterial density, access of light) and sediments (oxygen

rich and anoxic conditions, different pH, different matrix

for sorption). If we are aware of those facets that are of

significance for the ‘‘stability’’ of a chemical, this knowledge

can then be used to design chemicals not only for optimised

performance during their application but also within the

further stages of their life cycle. The same holds for the

degradation of molecules as a special type of reaction. From

another point of view, stability and degradability are a

question of velocity, i.e. the relation of the time scales of the

different reaction pathways. The challenge is to design a

molecule in such a way that its lifetime is sufficient for its use

but short enough under environmental conditions.

It also has to be noted that some chemicals are used because

of their low stability, such as monomers or pro-drugs such as

the anti-neoplastic compounds ifosfamide or cyclophos-

phamide, which are activated in the human body in order to

exert their desired effects.12 A fully stable chemical would

often not be of any use in most cases, because it would not

undergo any interaction or reaction with its environment, which

is often the prerequisite of its application. At the least, bioactive

chemicals such as pesticides, disinfectants and pharmaceuticals

have to have a certain amount of reactivity within their range of

application. If they do not they would not be bioactive and

therefore would be worthless for their intended use. They exert

their reactivity within a special environment, e.g. within the

human body, where they are activated in a specific manner.

Other examples of reactive chemicals are coatings.

From the past to the future

The future basis of our designing and handling of chemicals

has to abandon the control-oriented end of the pipe approach

of the past. This attitude assumes complete knowledge and

controllability. Because of the success of emission reduction,

the products themselves are now the main emissions of the

chemical and pharmaceutical industries. Therefore, an addi-

tional focus on the improvement of the chemicals themselves is

necessary. Not only for environmental reasons, but also

because of economical considerations, it will be necessary in

the future to take sustainability into account when a chemical

is first developed and designed. That means that, as a very first

step, easy degradability after use or application is taken into

account even before a chemical’s synthesis. Such an approach

is not completely new. For example, it is quite common during

the development of pharmaceuticals with respect to unwanted

side effects.

Compounds with few or no side effects or low toxicity can

be called inherently safe.10 Such chemicals need only little or

no special safety measures or special knowledge by a user or

applicant. A more holistic understanding of this concept

means that chemicals should not only have the lowest possible

impact on humans handling and ingesting such compounds

but also on the environment. If there is no exposure of the

environment to such compounds, no effects have to be

considered. This means a different understanding of the

functionality of a chemical. It includes its manufacturing and

use, as well as its fate after use. Such chemicals are benign by

design. For such chemicals a life cycle assessment and

optimization is performed according to the specific conditions

present at the different life stages before its synthesis and

introduction into the market. These include:

Nraw materials

Nsynthesis

Nproduction

Nuse

Nfate after use

Such an approach requires the chemist doing synthesis to

have a different understanding. This is because the chemist has

to think interdisciplinarily and take into consideration the

world outside his laboratory. He is not only a craftsman who

assembles molecules, but is also an architect who designs them.

This includes accounting for not only the functionalities of a

molecule that are necessary for its application but also those

which are important throughout its entire life cycle. This is the

part of sustainability which is specific for chemistry and is at

the core of this new understanding of chemistry. It includes the

sustainable use of resources as well as improved efficiency and

efficacy. However, it is more than that. Through this approach

the criteria of sustainability are applied to chemistry itself, and

this requires interdisciplinary thinking.

At first glance, it does not seem very likely that the outlined

approach (strategy 3 in Fig. 1) is feasible, nor that it can

contribute much to the goals of green and sustainable

chemistry. However, looking into chemical literature under

the special focus of stability as described above shows that

there are quite a lot of examples that demonstrate the

feasibility of the approach. Pharmaceuticals are the molecules

which present the biggest challenge because they should be

very bioactive in terms of desired activity and at the same time

inactive in terms of unwanted side effects. Therefore, examples

from this area have been chosen to demonstrate the feasibility

of the approach.

5-Fluorouracil is one of the important cytostatic agents

which has been in medical use for long time. It acts as an anti-

metabolite by replacing the natural compound uracil which is a

basic constituent of RNA and DNA. A small change in the

chemicals’ structure, replacement of one hydrogen atom in

uracil by a fluorine atom, makes it highly active as an anti-

metabolite. The carbon–fluorine bond is well known for its

chemical stability.11 Therefore, 5-flurouracil (Fig. 3) is not

readily biodegradable.13 The negative effect of fluorine on the

biodegradability of organic compounds is also found for the

structurally similar compounds gemcitabine and cytarabine

(Fig. 3), which also act as anti-metabolites and are used as

cytostatic agents. Gemcitabine and cytarabine have been

developed in order to improve pharmaceutical properties.

They illustrate that improved pharmaceutical properties can
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also result in improved environmental performance. A more

detailed analysis of their biodegradability shows that the

improved biodegradability of cytarabine as compared to

gemcitabine is not only due to the sugar moiety without

fluorine atoms but that the cytosine moiety has also been

degraded.13

Another example is the cytostatic agent gluphosphamide

(ß-D-glucosylisophosphoramidmustard: ß-D-Glc-IPM; Fig. 4).

In this case the stereochemistry is of importance, not only

for the molecule’s activity but also for its biodegradability.

Gluphosphamide was developed from ifosfamide, which is one

of the classical alkylating cytostatic agents.

The goal of the structural change was to improve its

pharmacological properties, such as uptake in the bowel, in

order to reduce undesired side-effects. For this purpose, the

active moiety (Fig. 5) was kept while the other part of the

molecule was modified. ß-D-Glc-IPM is now under clinical

trial phase III. However, it has been found that the ß-D-Glc-

IPM not only has the desired pharmacological properties,14

but it is also much more biodegradable than ifosfamide, which

is not biodegradable, as are most other cytostatic agents

studied to date.

In contrast to ß-D-Glc-IPM the ß-L isomer is neither

pharmacologically active nor biodegradable.14,15 The lack of

biodegradability of the ß-L isomer is quite understandable. In

the human body, as in nature, the vast amount of enzymes

catalyzing reactions of sugars is for ß-D isomers, as most

naturally occurring sugars and derivatives are based on ß-D

isomers. It should be emphasised that chemicals of natural

origin are often better biodegradable than synthetic ones,

but not in general. The uniqueness of a structure and its

synthesis and metabolic pathways it fits in may also be of

importance.

The different conditions along the life cycle of a
chemical

ß-D-Glc-IPM can serve as an illustrative example of which

benefits can be gained if the whole life-cycle of a molecule is

taken into account. One may ask why ß-D-Glc-IPM is a

promising pharmaceutical that is now under clinical trial phase

III despite its good biodegradability, i.e. ‘‘instability’’ under

environmental conditions. Enzymes modifying and degrading

sugars are present in the human body too. A closer look shows

that there are significant differences within the human body

and the environment.

NCompound related:

+The concentration of the compound is much lower in the

environment than in the human body. This affects

biodegradation and photodegradation.

NEnvironment/application related:

+The presence of other organic material is higher in the gut

than in most environmental compartments. This can affect

the (bio)availability and solubility of the compound.

+Parameters such as pH and redox conditions are of

importance for non-biotic degradation by hydrolysis,

oxidation and reduction.

+Access of light is not possible in the human body and can be

prevented by storage in brown glass on the shelf. In surface

water and top soil the access of light (including high energy

radiation such as UV light, which is of the utmost

importance for photodegradation of organic compounds)

is much more extensive than in rooms or in sewage

treatment, in soil or sediments. Other organic material such

as humic acids is present in environmental waters and may

Fig. 3 Different biodegradability and elimination of structurally

related anti-metabolites in the closed bottle test (CBT) and in the

Zahn-Wellens test (ZWT)13

Fig. 4 Left: glucosylisophosphoramidmustard (ß-D-Glc-IPM;

INN = Glufosfamid). Right: ß-L-glucosylisophosphoramidmustard

(ß-L-Glc-IPM).

Fig. 5 Modification of the chemical structure of ifosfamide to

improve sorption in the bowel by keeping the active principle (bold

bonds) to ß-D-Glc-IPM (INN = glufosfamid) also resulted in improved

biodegradability under environmental conditions.14,15
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serve as transmitters of light energy for indirect photolysis

(type II photolysis).

+Moisture is low when stored as a powder on the shelf.

Therefore, hydrolysis is very slow.

NMicrobiology related:

+The diversity and prevalence of bacteria and enzymes is

quite different between the bowel and the environment

because of differing conditions. Furthermore, fungi are

present the environment and normally not in the human

body.

+In the bowel the ambient temperature is body temperature,

which is preferred by thermophilic bacteria. The tempera-

ture is lower in sewage treatment and the aquatic environ-

ment where mesophilic bacteria are present.

+In the bowel nutrient rich conditions are found by bacteria,

whereas in the environment we have some food rich

compartments such as sewage treatment and compartments

with a shortage of nutrients (e.g. surface water).

+In the bowels the conditions are anaerobic. In most

environmental compartments aerobic conditions are found.

This again selects different bacteria in differing densities

with different metabolic capacities and activities.

+Moisture is low when stored as a powder on the shelf

preventing bacterial growth.

+Redox conditions and pH are additional parameters that

are different in the human body and the environment. pH is

far below 7 in the stomach, whereas it is mostly above 7 in

sewage.

Because of these different conditions, the potential for

degradation of chemicals is different at different life stages of a

chemical. If the different conditions and dependencies along

the life cycle of a molecule are taken into account, stability

during the application phase and degradability thereafter are

not necessarily in opposition. This knowledge can be used to

design chemicals according to the properties of a molecule

within the different phases of its life cycle. That means a

chemical’s structure and its expected environment at each

stage need to be looked at as a unit. In other words, the full

functionality of a molecule includes the properties necessary

for good performance within all life stages of a molecule—not

only during the application. This holds not only for its fate

after application but also all the other principles of green

chemistry such as the preference for renewable resources, as

well as aspects of synthesis such as waste minimization and

atomic economy.

Examples demonstrating the feasibility

Linear alkylbenzenesulfonates (LAS) are among the most

widely used chemicals. Several million metric tons are used as

laundry detergents per year worldwide. Its predecessor was

tetrapropylene sulfonate (TPS) which was introduced into the

market in the 1950s. Its biodegradability was low and resulted

in strong foaming during sewage treatment and in rivers

(Fig. 6).

As this effect was clearly visible for everyone the authorities

took action and announced a special regulation which would

soon come into effect. After this announcement the detergent

industries started to work on a more biodegradable detergent.

LAS were introduced into the market as a substitute for TPS

before the new regulation came into force (Fig. 7). In Germany

the so called Detergentiengesetz came into force in 1961 and

was the first environmental regulation in this country. The

alkyl chain of LAS is not branched. It is derived from naturally

occurring lipids. This is the reason for its biodegradability: the

biodegradation pathway starts with a ß-oxidation at its end.

Then C2-units are removed stepwise. This is just the reversal

of the natural pathway of its synthesis, the acetyl-CoA-

mechanism. Because of the branching and C3-units this

pathway is blocked in TPS. Another interesting detail is that

LAS is more toxic to aquatic organisms than TPS but because

of the good biodegradability of the latter during sewage

treatment this has not prohibited its broad introduction into

the market.16

EDDS (Fig. 8) is another example of a chemical that has

been introduced into the market because of its good

biodegradability compared with that of its predecessor

ethylenediamine tetra acetate (EDTA).7,17 EDTA has long

Fig. 6 Foaming in sewage treatment and on rivers in the 1950s

caused by non-biodegradable TPS (with permission from the Archives

of the Henkel Company, Düsseldorf).

Fig. 7 Change of chemical structure of TPS aimed at improved

biodegradability: LAS
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been in use as a complexing agent. Due to its heavy use and its

low biodegradability it has been and still is frequently found in

the environment, especially in sediments, where it remobilizes

heavy metals. EDTA contains two tertiary nitrogen atoms.

These are known to impede biodegradability. Moving the

acetyl groups attached directly to the nitrogen atoms to carbon

atoms results in secondary nitrogen atoms which are less

constraining. The resulting new compound N,N9-ethylenedi-

amine disuccinic acid (EDDS, IUPAC name: 2-[2-(1,2-

dicarboxyethylamino)ethylamino]butanedioic acid)) differs by

the type of the amino groups and the [S,S] isomer is much

more biodegradable. [S,S]-EDDS is a derivative of aspartic

acid, a naturally occurring amino acid. [S,S]-EDDS also works

well as a complexing agent and for some applications is even

an improved complexing agent. The secondary nitrogen

atoms can function as additional binding sites. Interestingly,

the stereo-isomeric [R,R]-EDDS is not biodegradable.

The targeted introduction of photochemical deactivation

after use of an antibiotically active compound has been only

recently described.18 An impressive example of the improve-

ment of specificity, efficacy and environmental properties

combined with economical success is the history of the

pesticides. Dichlordiphenyl trichlorethan (DDT) and other

chlororganic chemicals such as c-hexachlorocyclohexane and

the bicyclical chlordiens such as aldrin and dieldrin are very

persistent and are part of the dirty dozen mentioned in the

Stockholm convention. After some time the more easily

biodegradable organic phosphorous esters were developed

(e.g. parathion). The more specific pyrethroids belong to the

following generation of pesticides. Their lead structure is

photo-sensitive and they are by far less toxic against humans.

Carbamates are accessible to hydrolysis. The latest examples

are the spinosoides (e.g. Spinosad
TM

) and the acyl ureas (e.g.

Hexoflumuron
TM

). Spinosad for example has been awarded

with the Green Chemistry Award because of the combination

of its activity to targeted pests and a better environmental

and toxicological profile than most synthetic insect control

agents.19

Rational design: life cycle engineering by molecular
design

The correlation of structure and properties is at the core of

chemistry and chemical language. This allows for a better

design of chemicals. For photochemical degradation, impor-

tant substructures are already known (chromophores), as well

as for hydrolysis (e.g. ester groups) and biodegradation.7

Biodegradation of organic chemicals is impeded by fluorine

atoms.11 This is demonstrated by the examples of chloro-

fluorohydrocarbons (CFCs), fluorinated hydrocarbons (FCs),

and only recently the ubiquitous presence of perfluorinated

octanesulfonates (PFOS) in the environment.4 For molecules

that contain different functional groups, empirical knowledge

about desired properties and degradability is necessary but

often not sufficient to assess their properties. Chemical

structure is not the only important criteria for a chemical’s

biodegradability. Size matters too. The bigger a molecule, the

lower its biodegradability. If a molecule is too big it cannot be

transported into the cell of a degrading bacterium and/or is not

accessible for enzymes. In this respect, it will be of interest to

have more biodegradability data of ionic liquids with long

alkyl chains and the biodegradability of nano-particles. They

offer advantageous new properties. However, their size may

prevent their biodegradation in the environment.

For a more systematic approach (quantitative) structure

activity relationships ((Q)SARs, here used in a broader sense:

also including structure property relationships (SPRs) and

other relationships) are an invaluable help for the directed

design of new chemical entities.6–10,20 Recently, expert systems

have become available to predict the properties of molecules

using (Q)SARs. With some of these computer based systems

it is even possible to enlarge the knowledge space. Their

application allows at least an orientation in the right direction.

For example, when a lead structure for a pharmaceutical has

been found, variations of this structure are screened by such

in silico systems in order to find the most promising candidates

in terms of activity with the lowest amount of unwanted side

effects. This results in the saving of costs, time and animal

trials. In environmental science, such approaches have been

used to date exclusively in a retrospective manner for the

assessment of already existing chemicals. The design of

pharmaceuticals by application of such computer methods

has been only recently reported.10 These systems also allow

including good biodegradability as a property of possibly

successful candidates. Considering the functionalities of

molecules over their entire life cycle brings into the foreground

the application of such methods for the design of new

chemicals and to include good degradability such as hydro-

lysis, photolysis, biodegradation and other elimination

pathways such as sorption onto particulate matter and

bioaccumulation in organisms under environmental condi-

tions. They can be combined with systems that allow the

prediction of metabolites. By doing this, the metabolites of

biotransformation in the human body or the transformation

products in the environment can be included before a molecule

is even synthesized, i.e. a pre-production risk assessment and

ranking would be possible.

The potential—politics and economics

The approach described here is not a new one. The examples

presented, however, show that the approach is feasible. It is a

sustainable one whose application is not limited to the so-

called developed countries but can be used everywhere—in

contrast to technique based treatment, i.e. end of the pipe

technologies such as waste water treatment which in the long

Fig. 8 Improvement of biodegradability and application range by

structural change of complexing agents: [S,S]-EDDS is readily

biodegradable whereas EDTA is not17
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run are not sustainable and which have their own limitations.

In the declaration of Rio within agenda 21 adopted in Rio de

Janeiro in 1992, it was stated that it is important to intensify

the research for the development of safe substitutes for long

living chemicals (Agenda 21, # 19.21).21

By 1994, a commission of the German parliament developed

perspectives for the sustainable handling of chemicals.22 The

principle of the environmentally benign design of chemicals

for sustainable development was emphasized. The European

Parliament and the European Commission expressed within

the 6th Environmental Program that chemicals should be

produced and used within one generation only in such a way

that results in no negative impact on the environment.23 This is

underlined with the introduction of the new European

legislation for chemicals. One of the main ideas of REACH8

is to minimize the impact of chemicals on humans and the

environment along their whole life cycle. Chemicals and

pharmaceuticals that are benign by design contribute to this

goal. The German expert panel that advises the federal

government on environmental issues expects that in the

medium and long term the market for environmental friendly

substitutes and new products will increase.24 The activities of

the U.S. EPA in green chemistry which have a focus on the

synthesis processes are well known. The biggest potential

within sustainable chemistry is expected to come from

computer supported methods.25

The ways in which how chemistry itself can be made more

sustainable and how it can contribute to sustainable develop-

ment in general are clear, we only have to apply them.

Appropriate assessment methods are necessary and have been

described already elsewhere in detail.
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P. Stepnowski, F. Stock, R. Störmann, S. Stolte, U. Welz-
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Company, personal communication, 2006; P. Schöberl, Tenside
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