
Green all the way through!
The new Editorial Board for Green Chemistry met for the first
time in March under the chairmanship of Colin Raston. We
believe that the Board provides an excellent diversity of
expertise and interest in keeping with the current scope and
readership of the journal as well as providing a geographical
mix that reflects the international nature of the journal. The
research interests of the Board cover clean synthesis, alternative
reaction media, life cycle assessment, innovative engineering
and catalysis, with expertise covering all the traditional areas of
chemistry, alongside chemical engineering, environmental
strategy, legislation and industrial chemistry.

The first meeting of the new Board was constructive with
numerous good ideas emerging. Most importantly, Colin
expressed the sincere thanks on behalf of the current Boards
and the RSC to all previous Board members for their hard work
in making Green Chemistry the success that it is. The views of
Advisory Board members who were not at the meeting,
especially on matters relating to strategy, were carefully
considered alongside the views of those present. While it was
unanimously agreed that Green Chemistry is an international
research journal, there was also strong support for the front
section which, apart from being an information resource, could
also be used to introduce new emerging subject areas and ones
that are attracting increased attention in government, industry
and education as well as in research. We identified a number of
areas that fall into this category, including new greener
products, genetically modified bacteria, alternative energy
sources (as well as a better consideration of energy usage in
green chemical processes), greener purification and separation
technologies. As well as keeping readers up-to-date with
activities in these areas we would also welcome associated
review articles so that the readership can learn about these
areas and understand their importance in the context of green
chemistry.

Green Chemistry is the international journal on green
chemistry, and as such it should help to show the way forward
as well as reporting on how the scientific, industrial and
educational communities are responding to current needs and
perceptions. I am sensitive to the criticisms that so far green
chemistry research has been too process-focussed and that we
are not very good at evaluating the true 'greenness' of the
improvement we report. We would like to encourage more
articles (for both front and back sections) that consider raw
materials (e.g. the use of renewable resources) and product fate
and design (e.g. designing recyclability into the product).

We would also welcome more articles that consider green
chemistry metrics. We need to build on the highly revealing but
process-focussed E factors and atom economies to include a
consideration of the environmental (as well as economic and
societal) costs of obtaining the starting materials for a process
and those associated with dealing with the product at the end of
its life. We must also allow for the energy consumption
throughout the product life cycle. These are challenging tasks

but I believe that the credibility of the green chemistry
movement is at stake. We cannot afford to take any stage of the
life cycle completely in isolation. A crop-based raw material
might seem an attractive and certainly more sustainable
alternative to one based on a petrochemical but its value is
considerably diminished if we have to consume relatively large
quantities of energy in its processing, for example. Similarly, a
superficially green chemical process based on a reusable
catalyst or a benign solvent may be ‘blackened’ by the use of
an energy intensive reactor. We know all too well of the
mistakes that have been made in the past over product
design—chlorofluorocarbons for example—afford many
excellent properties and advantages over alternatives but their
damage to the environment has proven to be enormous. We are
not infallible and we can only work within the constraints of
our existing knowledge and our ‘scientific good sense’ but we
can do better. I certainly do not want to stifle or unreasonably
delay publications because the work does not consider full life
cycle, but I do hope that an increasing number of our authors
give reasonable consideration to them. We should strive to be
not only green on the surface, but green all the way through!

Award for Green Chemistry Board Member
I am sure that everyone associated with Green Chemistry
would want to join me in congratulating my Editorial Board
colleague Martyn Poliakoff on his election to a Fellowship of
the Royal Society – a fitting tribute to many years of
high-quality scientific research.

Martyn, who is Professor
of Chemistry at the
University of Nottingham,
UK, is distinguished for his
work on application of
infrared spectroscopic
techniques to the detection
and characterisation of
intermediates in
organometallic chemistry;
many of these significantly
illuminate important
catalytic processes. Based
on this work he has
pioneered the use of
supercritical solvents for a
wide range of applications:

the detection and isolation of previously inaccessible
complexes; the study of photochemical and thermal reaction
mechanisms; novel methods for heterogeneous catalysis as part
of his contribution to green chemistry.

James Clark
York
May 2002

This journal is © The Royal Society of Chemistry 2002
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US Presidential Green Chemistry Challenge Award Winners, 2002
Professor Eric J. Beckman (University of Pittsburgh) – for Design of Non-Fluorous, Highly CO2-Soluble Materials 
SC Fluids, Inc. – for SCORR (Supercritical CO2 Resist Remover)
Pfizer, Inc. – for Green Chemistry in the Redesign of the Sertraline Process
Cargill Dow LLC – for the NatureWorksTM PLA Process
Chemical Specialities Inc. (CSI) – for ACQ Preserve®: The Environmentally Advanced Wood Preservative
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Supercritical fluids: a clean
route to polymer synthesis and
polymer processing
Steve Howdle of the School of Chemistry at the University of Nottingham, UK,
describes his pioneering research work on the use of supercritical fluids in
polymer science and his other contributions to the field of green chemistry that
led to his receiving the 2001 Jerwood Salters’ Environment Award 

Introduction
Dispersion polymerisation is an
extremely important process both in the
UK and worldwide for the synthesis of
both commodity and speciality polymers
based upon acrylate and methacrylate
monomers. In 1995, J. M. DeSimone
demonstrated that the conventional

dispersing solvent could be replaced by
scCO2 and materials such as
poly(methylmethacrylate) (PMMA) could
be prepared effectively if the right
stabiliser could be designed. In so doing,
DeSimone demonstrated that a stabiliser
based upon a poly (dihydrofluorooctyl-
acrylate) (PFOA) was highly effective.
This breakthrough triggered a flurry of
activity in both industry and academia
targeted at developing new stabilisers and
expanding the potential uses of scCO2 for
polymerisation. Much of the excitement
arose because, in principle, the use of
scCO2 (or dense phase CO2) could, at a

stroke, eliminate the need for the
potentially toxic conventional solvents
that are currently used in dispersion
polymerisation. However, conventional
dispersion polymerisation studies over
many years have shown that the structure
and quantity of the stabiliser required is
very system dependent and is critical not
only to achieving a successful
polymerisation but also to its potential
commercial viability. Thus the key to
success in this field is the design of
stabilisers that function effectively in
scCO2, lead to pure polymer product and
are commercially viable.

The performance requirements for an
active stabiliser are that it anchors to the
growing particle of polymer, but at the
same time, has sufficient interaction with
the scCO2 solvent for a stable dispersion
to form. This prevents flocculation and
precipitation and allows the
polymerisation process to continue
successfully to completion. Thus, the
stabilisers must contain both
‘CO2-phobic’ and ‘CO2-philic’ moieties.
For example, the PFOA pioneered by
DeSimone contains a CO2-phobic
hydrocarbon backbone that associates
with the growing PMMA chains and a
series of fluorinated tails to provide the
required solubility in scCO2 (Fig. 1).

Several other similar stabilisers have
been developed by US and UK research
teams (DeSimone, Beckman, Johnston,

Holmes) and the common theme is the
presence of a CO2-philic fluorinated or
siloxane based moiety and a hydrocarbon
backbone. In all of these cases, effective
stabilisation is observed at typical
stabiliser loadings of ca. 5 wt% with
respect to monomer. However, the
stabilisers are not commercially available
and they must be custom synthesised in
most cases, by demanding synthetic
methodologies that may not commercially
viable in their own right. Furthermore, all
of these stabilisers contain a hydrocarbon
backbone from which hydrogen atoms
may be abstracted during free radical
polymerisation. The consequence of this
is that a substantial portion of each
stabiliser becomes covalently bonded into
the PMMA product and the final polymer
can seldom be regarded as ‘pure’. Also,
there is a substantial physical entrapment
because the stabilisers are sufficiently
large that entanglements within the
product polymer trap them. Again from
study on conventional dispersion
polymerisation systems, such
contamination has been shown to
drastically effect the resultant polymer
performance by introducing problems
such as blooming, gloss reduction and
interfacial delamination that should be
avoided at all costs. Stabiliser
incorporation is also a major drawback in
the alternative approach of using siloxane
macromonomers. This approach relies
upon incorporation of a reactive stabiliser
(macromonomer) (Fig. 2) into the
backbone of the product PMMA, at levels

Steve Howdle

Fig. 1 Poly(1,1-dihydroperfluorooctyl
acrylate) stabiliser (DeSimone et al., Science,
1994, 265, 356).

Fig. 2 PDMS macromonomer approach to
stabilization of dispersion polymerization.

This journal is © The Royal Society of Chemistry 2002
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that can approach 3–5 wt% of the final
polymer product.

New strategies towards
polymerisation in supercritical
carbon dioxide
My research has been targeted at
developing stabilisers that have the
correct amphiphilic balance to be good
stabilisers, but with none of the
drawbacks described above. In order to
do this we have developed a new
stabiliser architecture based upon a single
point anchoring mechanism. Here, a
single ‘polymer-philic’ end group
provides the method for anchoring the
stabiliser to the growing polymer particle
and a short oligomeric chain provides
solubility and ensures the minimum
chance of physical entrapment in the
polymer product. Additionally the link
was designed not to be a ‘permanent’
covalent bond but rather a ‘reversible’
interaction. This is completely different to
all of the previously published examples
of stabilisers which rely upon large
polymeric molecules with many anchor
groups and substantial potential for
entrapment in the final polymer product.
We chose a carboxylic acid terminated
perfluoropolyether (Fig. 3) where the

interaction is through a hydrogen bond
between the terminal acid functionality of
the stabiliser and the ester grouping of
MMA. Definitive proof of the hydrogen
bonding interaction has been obtained
through FTIR spectra of scCO2 solutions
of MMA and the stabiliser. We believe
that it is this same hydrogen bonding
interaction that anchors the stabiliser to
the growing polymer particles with the
short perfluoropolyether (PFPE) tail (Fig.
3) providing the ‘CO2-philicity’ that is
required to stabilise the dispersion.

This stabiliser is remarkably active.
Only very low levels are required, and we
have demonstrated stabilisation with as
little as 0.001 wt% with respect to MMA
monomer yielding 99+% yield of PMMA
of controlled molecular weight. However,
if control of the polymer morphology is
also required, then the stabiliser levels
need to be raised to 0.1% (Fig. 4); still an
order of magnitude lower than the
previously reported materials. In addition,
the yield of polymer is almost

quantitative and there are little or no
residues of monomer in the final product.
Additionally the structure of the stabiliser
(Fig. 3) has been chosen because there
are no C–H groups in the materials.
Hence hydrogen abstraction and
subsequent covalent bonding, the final
method by which the stabiliser could be
retained by the polymer, has been
completely eliminated. From the resultant
analysis of the polymer we have not yet
been able to find any detectable residues
of the stabilisers in the isolated polymer
and we therefore conclude that:

• The hydrogen bonding mechanism is
clearly reversible.

• The comparatively small molecular size
of the stabilisers and the positioning of
the anchor group ensures that they are
not physically entrapped in the polymer
product 

• Covalent incorporation of the material
has been removed by the elimination of
C–H groups and hydrogen abstraction.

One of the key requirements of higher
performance speciality dispersion
polymerisation products is that the
morphology of the polymer is suitable for
commercial application. We have
demonstrated that the single-point
anchoring stabilisers do indeed provide
excellent steric stabilisation and good
morphology control for polymerisation of
PMMA (Fig. 4).

Our work is now focussed upon
copolymers. These are used in a very
wide range of applications from
adhesives, coatings and structural
materials; through to food wrapping,
cosmetic additives and medical implants.
Some of the co-polymer compositions are
extremely difficult to prepare in
conventional solvent systems, but in
collaboration with Dr D. J. Irvine at
Uniqema, we are having some success in
scCO2 using the single point anchoring
stabilisers and producing materials in
high yield, with good polymer quality. In
all cases, the requirements for controlled,

residue free polymer products are
paramount.

Other green chemistry applications
This work on polymerisation stimulated
my interest to explore the reversible
plasticisation of polymers using scCO2,
and this has led to an entirely new
supercritical mixing process for preparing
novel biomaterials, drug delivery devices
and scaffolds for tissue engineering
developed in collaboration with Prof.
K. M. Shakesheff.

The process relies upon the depression
of glass transition temperature of
polymers in the presence of scCO2 and
then mixing of powdered bioactive
material (e.g. drug, growth hormone) into
the plasticised polymer. It is particularly
applicable to polymers such as poly(lactic
acid) and poly(lactide-co-glycolide) that
are widely used for such biomedical
applications (Fig. 5). Briefly, polymer

and the bioactive are placed inside a
high-pressure autoclave and the polymer
is plasticised by addition of scCO2. The
precise conditions of temperature and
pressure required to achieve this state are
determined by the composition of the
polymer, but for the biodegradable
polymers, PLA and PLGA, are at near
ambient temperature (35 °C) and modest
pressures (200 atm.) A highly efficient
stirrer is then used to disperse the
suspended bioactive particles throughout
the swollen scCO2 / polymer mixture.
The vessel is then depressurised to
produce foamed bioactive composites
with controlled porosity.

The great attraction of this technique is
that no conventional solvents are
required, and we have shown that for a
very wide range of bioactives, there is no
loss of activity. Thus we have prepared
scaffolds for hepatocyte (liver cell)
growth and porous structures targeted at
regenerating bone in vivo. Preliminary
results have shown great promise, and my
first publication in the journal Bone has
appeared very recently.

Fig. 3 Krytox 157 FSL – a commercially
available carboxylic acid terminated
perfluoropolyether (Mn 2500 D, n ~ 14).

Fig. 4 SEM image showing spherical
particles of PMMA produced in scCO2 using
Krytox 157 FSL as the stabilizer.

Fig. 5 SEM image of fracture surface of
novel porous bone material prepared from
PLA and calcium hydroxyapatite.

This journal is © The Royal Society of Chemistry 2002
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Green chemistry in education
In the last few years I have sought to
work to raise the profile of chemistry and
science in schools and colleges, and in
particular to encourage UCAS
applications to scientific subjects. I
present several lectures per year to
schools and sixth-form colleges, and
organise two days of ‘A-level Chemistry’
for 500 Sixth Formers and their teachers
in the School of Chemistry. Along with
other colleagues at Nottingham, ‘Training
days’ for Sixth Formers in
analytical/spectroscopic methods have
also been developed, and National
Science Week (SET WeeK) exhibitions at
Nottingham have been visited by three
hundred 5–11 year old children over three
days for each of the last three years. The
event helps the children to learn through
“hands–on” demonstrations, about
science and to discover what Universities
do! I played a substantial role in
designing and presenting ‘hands-on’
demonstrations of Green Chemistry at the
‘Tomorrow’s World Live’ Event at Earls
Court (June 1999), the Nottinghamshire
County Show (1998), the Royal Society
‘New Frontiers in Science’ Exhibition
and at SET 99 – held in the Houses of
Parliament. The events were attended by
a broad spectrum of society including
schoolchildren, politicians, Royalty and
Nobel Prize winners! Along with my
colleagues M. Poliakoff and M. W.
George, I will again be exhibiting

supercritical fluid research at the 2002
Royal Society Summer Exhibition in
July.

To broaden the appeal of chemistry, I
have led the team that has developed a
new undergraduate course at Nottingham,
Green Chemistry and Process
Engineering. This course is the first of its
kind in the world, and the first intake will
arrive in October 2002. They will learn
not only the application of the Twelve
Principles of Green Chemistry, but also a
unique blend of Chemistry and Chemical
Engineering that will equip them to put
these principles into practice.
(http://www.nottingham.ac.uk/chemistry/
student-opportunities/undergraduate/
greenchem.html)

Conclusion
The polymerisation processes described
represent not only a replacement of
conventional solvents with scCO2, but
introduce a step-change in the approach
to stabilising free radical dispersion
polymerisation processes. Although we
have not conducted a full life cycle
analysis, it is clear that the combination
of zero residues, elimination of
conventional solvent, and a facile route to
high value, structurally complex
copolymers will be beneficial. Moreover,
the tantalising prospect of a single pot
synthetic approach to such polymeric
products will remove the need for the

costly purification stages that currently
are required; providing environmental,
economic and competitive advantages.

Our research is certainly not finished,
and we anticipate new breakthroughs in
the near future. If successful, these
further developments will substantially
enhance the applicability and
environmental impact of our work.
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Highlights
Duncan Macquarrie reviews highlights from the recent literature
Solvents
Alternative solvents are one of the hot
topics in green chemistry. Among the
desired properties sought are a lack of
volatility, and ionic liquids have become
very well researched. An alternative
nonvolatile solvent class are polymers

such as poly(ethylene glycol)s. Adina
Haimov and Ronny Neumann of the
Weizmann Institute in Rehovot, Israel,
have now shown that PEGs are very well
suited to the oxidation of alcohols to
aldehydes with air using
heteropolymetallates as oxidation
catalysts (Chem. Commun, 2002, 876).
Low molecular weight PEGs were found
to give essentially complete oxidation to
aldehyde. Oxidative dehydrogenation and
sulfide oxidation were also shown to be
possible, albeit with lower conversions
and selectivities respectively.

Ionic liquids
The use of enzymes in ionic liquids has
recently been proven to be possible. One

drawback to lipase-based acylation
systems is that the enzyme decreases in
activity with time due to the build up of
acetaldehyde by-products (acetaldehyde is
itself formed from the acyl donor).
Toshiyuki Itoh and colleagues from
Tottori University and Okayama
University, Japan, have provided an
elegant solution to this dilemma (Chem.
Lett., 2002, 154). They have used lipase
in ionic liquids under reduced pressure to
remove unwanted products from the
system. This has meant that the vinyl
acetate commonly used as acyl transfer
agent could not be used, as it was too
volatile. Methyl esters proved to be the
solution, despite the adverse effects of
methanol in conventional lipase systems.

This journal is © The Royal Society of Chemistry 2002
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The use of a high boiling ester allowed
the transfer of the acyl group with
evaporation of methanol being selectively
achieved in the involatile solvent. Yields
were reasonably good, and
enantioselectivity was excellent.

An interesting study on the role of
solvent and co-solvent in lipase-catalysed
reactions in ionic liquids has been
published by Manikrao Salunkhe and
co-workers at the Institute of Science in
Mumbai, India (Tetrahedron Lett., 2002,

43, 2979). Hydrophilicity/phobicity is an
important parameter with hydrophobic
systems giving higher rates of reaction.
They conclude that a good choice of
ionic liquid can provide a very effective
and convenient recyclable system for
lipase-catalysed acylations.

Hydroamination
Hydroamination is an addition reaction of
an amine to a multiple bond. As such it is
an inherently clean method for the
formation of amines and imines. A team
led by Thomas Müller at the Technical
University of Munich, Germany, has

developed a two-phase continuous system
(Fig. 1) to carry out this reaction (Chem.
Commun, 2002, 906). They used a
heptane solution of reactants and an ionic
liquid, 1-ethyl-3-methylimidazolium
trifluoromethane sulfonate, containing
zinc triflate as catalyst. In this system,
continuous conversion could be achieved
using a continuous feed of heptane
solution. Conversions were generally
quantitative and a range of reactions
(monomolecular and bimolecular) were
demonstrated.

Oxidation
Oxidation using oxygen is an important
route to functional molecules, and a
group led by Ken Takaki at Hiroshima

University, Japan, has now shown that a
polymer-supported Cu catalyst can
oxidise phenols under relatively mild
conditions (Bull. Chem. Soc. Jpn., 2002,
75, 311). Two types of oxidation are
possible, depending on the functionality
at the C-4 position. If this is
unsubstituted, then formation of
benzoquinones is favoured, but if a
methyl group is in the 4-position, then
benzylic oxidation takes place to give
high yields of the aldehyde, along with
smaller amounts of some by-products.

Heterogeneous asymmetric
catalysts
Highly efficient heterogeneous
asymmetric catalysts are few and far
between, despite the growing number of
effective homogeneous complexes which

give excellent enantioselectivity. Keith
Smith and Chia-Hui Liu of the University
of Wales Swansea, UK, have published
details of a Merrifield resin functionalised
with an unsymmetrical salen ligand
which functions as an efficient
epoxidation catalyst (Chem. Commun.,
2002, 886). The catalyst, which has Mn
as the active metal centre, has a loading
of ca. 0.24 mmol g–1 and catalyses the
epoxidation of 1,2-dihydronaphthalene
with an ee of 94%, identical to that
obtained by model homogeneous
equivalents. Reuse was also possible,
with a very slight reduction in ee. 

Scandium triflate
Scandium triflate belongs to an intriguing
class of water-tolerant Lewis acids, and
as such is finding application in a range
of reaction types, as a potential
replacement for the water-intolerant,
more conventional Lewis acids such as
AlCl3. An example of its efficacy in the
formation of tetrahydropyranyl ethers of
alcohols has been published by Takeshi

Oriyama and co-workers from Ibaraki
University (Bull. Chem. Soc. Jpn., 2002,
75, 367). They have found that a wide
range of such ethers can be prepared at
room temperature in ethyl acetate in
essentially quantitative yields. Washing
the product-containing solution with
water followed by evaporation of the
water layer allowed complete recovery of
the catalyst, which could thus be reused. 

Scandium triflate has also been shown
to effect the synthesis of indenochromans

This journal is © The Royal Society of Chemistry 2002
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(Tetrahedron Lett., 2002, 43, 2999).
Jhillu Yadav and colleagues from the
Indian Institute of Chemical Technology

in Hyderabad, India, have shown that the
scandium triflate catalyses the addition of
o-hydroxybenzaldehydes to indene under
mild conditions. The intermediate
hydroxy compound is then trapped by
methylation with (MeO)3CH to give the
tetracyclic product in high yields. Simple
alkenes also react smoothly to give
benzopyrans.

Catalytic microreactors
Catalytic microreactors have the potential
for intensive and flexible processing. A
team led by Asterios Gavriilidis at
University College, London, UK, have
published details of a microreactor coated
with a thin film of TS-1 (Chem.

Commun., 2002, 878). The zeolitic
catalyst formed a film a few microns
thick on the channels of the microreactor.
The catalyst was shown to be effective
for the epoxidation of 1-pentene. Using
hydrogen peroxide, good yields were
obtained, which were dependent on
residence time, and reactor configuration.

Polymer systems
Interpenetrating polymer networks are an
interesting class of polymers, where two
polymers are physically enmeshed in one
another, leading to a hybrid material with
unique properties. One such system has
been described by Vilas Athawale and
Priti Pillay of the University of Mumbai,
India (Bull. Chem. Soc. Jpn., 2002, 75,

369). What is particularly interesting
about this polymer system is that it
utilises as one of the two components, a
polyurethane which is made from
renewable resources. The polyurethane is
produced from hydrogenated castor oil as
the diol and isophorone diisocyanate.
Mechanical and chemical properties are
discussed, and the material shows some
promising behaviour.

Mesoporous silicas
Aluminium-containing mesoporous silicas
have been known for about a decade, and
have medium acidity. A group led by
Makoto Onaka of the University of
Tokyo has now shown that these
materials are excellent catalysts for the

Diels–Alder reaction (Chem. Lett., 2002,
166). Excellent yields were obtained for a
range of substrate combinations, and in
general the catalysts outperformed a
series of alternative solid catalysts. Reuse
of the catalyst was possible, although a
slight decrease of activity was noted due
to polymeric by-products on the catalyst
surface, but such byproducts should be
relatively easily removed by calcination.

Terephthalic acid production
Milder conditions and less corrosive
catalyst systems are very desirable goals
in the production of terephthalic acid.

The current Co/Mn/Br catalyst system is
the subject of many efforts aimed at
replacing Br in particular, with a further
important goal being the elimination of
acetic acid solvent. A group led by
Ki-Won Jun and Sang-Eon Park of the

Korea Institute of Chemical Technology
have developed a promising Br-free
system based on the mesoporous silica
SBA-15, functionalised with Co(iii)
species (Chem. Lett., 2002, 212). This
catalyst is bound to the support via
carboxylate ligands, and the Co(iii) state
is stabilised by additional pyridine
ligands. Under conditions of relatively
low pressure, no solvent and at 130 oC
this catalyst system was comparable to
the existing commercial system, which
also runs in acetic acid solvent.

Hydration of alcohols
Hydration of alcohols is carried out using
aqueous sulfuric acid. A cleaner
alternative would be to use a solid acid to
carry out this very useful conversion.
Duangamol Nuntasri, Peng Wu and
Takashi Tatsumi of Yokohama National
University have now provided a highly
active and selective catalyst which can
hydrate cyclopentene effectively (Chem.

Lett., 2002, 2, 224). Their catalyst,
MCM-22, was compared to various other
potential catalysts, and was found to have
better selectivity than the others.
HZSM-5, a well-established zeolite,
performed well, but MCM-22 maintains

This journal is © The Royal Society of Chemistry 2002
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high selectivity at higher conversion than
HZSM-5.

Avoiding separation steps
The development of consecutive reaction
sequences without separations is one
approach to minimising the waste
generated during separation steps. The
mild and selective oxidation of alcohols
to acids using a combination of
polymer-supported reagents has now been

demonstrated by Kusoke Yasuda and
Steven Ley of the University of
Cambridge, UK, (J. Chem. Soc., Perkin 1,

2002, 1024). The use of
polymer-supported TEMPO,
polymer-supported chlorite (from
amberlyst IRA900 by ion exchange with
NaClO2) and an immobilised
dihydrogenphosphate buffer effected the
oxidation of a range of alcohols under
very mild conditions. The method is
tolerant to a wide range of groups,
including BOC, acetals, epoxides, and
nitro groups, making it suitable for
library generation.

CRYSTAL Faraday Partnership
on Green Chemical Technology
The Faraday Partnership initiative in the UK is aimed at promoting improved
interactions between industry and the science, engineering and technology base.
Malcolm Wilkinson describes the ‘CRYSTAL’ Faraday partnership for Green
Chemical Technology.
Mission and objectives

The CRYSTAL Faraday Partnership was
established in May 2001 and officially
launched by Lord Sainsbury, the Minister
for Science and Technology in the UK
Government on 23 October 2001.
Chaired by Dr Robin Paul the
Partnership’s mission is: To be the lead
organisation for the research,
development and implementation of green
technologies and practices in the UK
chemical and allied industries.

CRYSTAL’s brief is to identify and
match industry’s technology needs with
opportunities presented by academia’s
research output and thereby enhance
business and environmental performance.
In addition to promoting new and
innovative research CRYSTAL will
integrate and build on the activities of the
existing consortia and network
technology organisations (CANTO)
significantly leveraging their impact.

CRYSTAL has six key objectives:

• Single point of contact for green
chemical technology in the UK

• Transfer new, green technology and
best practice into real application

• Identify core research priorities
matching industry’s needs with
innovation in universities

• Stimulate new research or practical
applications where they are needed

• Increase awareness of best practice for
sustainable products and processes

• Train those involved for the culture
change required

Structure and operation
The Hub Partners are the Institution of
Chemical Engineers, the Royal Society of
Chemistry and the UK Chemical
Industries Association. They are joined
by 10 CANTO, 12 companies from all
sectors of the industry and 18 university
departments of chemistry and chemical
engineering to form the network. These
organisations direct CRYSTAL’s
activities through a Board of
Management supported by the Research,
Development and Technology Transfer
(RD&TT) Steering Group and the
Training, Education and Networking
(TEN) Steering Group. 

CRYSTAL operates from Rugby in the
UK through a programme director and a
network of technology translators whose
job is to tackle the technical challenges
on the ground. They have been active
since January and have already held
discussions with the majority of
organisations in the network. These have
resulted in an outline proposal to
STI/MMI for development funding of a
novel piece of equipment for VOC
removal, a confidential workshop on
ionic liquids and identification of a
supply chain consortium for research into
biodegradable packaging material.

CRYSTAL has also defined three
priority areas of research focus for £1
million (ca. 1.5 million Euro) of
earmarked EPSRC funding and has
solicited 35 outline proposals which are
currently being evaluated. In addition 7
Industrial CASE Awards have been
allocated and one graduate student has
commenced her research project.

CRYSTAL and industry
CRYSTAL, like other Faraday
Partnerships running in the UK, has the
objective of transferring technology from
the SET base to industry. We are trying
to generate a pipeline of technologies
coming to application, initially promoting
the transfer of existing green chemical
technologies (GCT) into industrial
application; developing these where

This journal is © The Royal Society of Chemistry 2002
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Interuniversity Consortium
“Chemistry for the Environment”

Announcing the fifth edition of the:

SUMMER SCHOOL ON GREEN CHEMISTRY
Venezia, Italy

September 08th – 14th, 2002

Admitted young scientists will receive full scholarships.

Deadline for applications is June 15th, 2002

Contacts: Prof. Pietro Tundo (Director): tundop@unive.it
Dr. Alvise Perosa: alvise@unive.it, ssgc@unive.it

Information and application: http://www.unive.it/inca

necessary using targeted funding sources;
and supporting longer term research
which will under-pin the next generation
of GCT.

All this of course requires an engaged
and responsive industry but many see no
benefit in applying GCT. As ICI’s David
Bott, Chair of the RD&TT, points out in
his recent article in CRYSTAL Window,
industry sees threats in the area rather
than opportunities – upcoming legislation
that changes the ground rules, large
capital expenditure and public
humiliation if we talk about our advances
and get it wrong. 

Because of this view, industry tends to
approach GCT at two levels. At one
level, the ‘pragmatic’ there are many
simple changes to practices and processes
that can yield small but important

improvements in environmental impact
whilst improving business profitability.
The challenge is finding out what is
available and how to get the expertise to
implement it. The other end of the scale
is the approach of making large capital
investment in disruptive technologies
which change the normal means of doing
things.

Challenge for CRYSTAL
CRYSTAL is encouraging activity at
both these levels through its technology
translators visiting companies and
universities to put the right people in
touch with one another, and at the second
level trying to identify potential future
areas of advance and investing in these.
These are not just one-on-one
relationships but will involve larger, often

supply chain linked, collaborations.
Starting in May and continuing in the
Autumn CRYSTAL will be holding
Research Workshops open to a wider
community to identify these potential
collaborative areas of activity.

In some ways CRYSTAL is a test for
green chemistry; good science in itself is
not sufficient, to have value in societal
terms it has to be transformed into
applied technology which additionally
requires positive economic and social
returns; the triple bottom line. It is both a
daunting and exciting challenge in which
with the help of its network partners
CRYSTAL is determined to play its part.

For more details about CRYSTAL
Faraday, please contact Malcolm P
Wilkinson on + 44 (0) 1788 434402 or by
email: mwilkinson@icheme.org.uk

This journal is © The Royal Society of Chemistry 2002
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The CHEMRAWN Action Plan
One of the key features of the IUPAC
CHEMRAWN (Chemistry Research
Applied to World Needs) meeting, is the
development of a set of implementation
recommendations. These are distributed
widely within government, industry and
academia to focus attention and funding
on the specific issues raised. A significant

portion of the budget for the conference
is reserved for the use of the Future
Actions Committee. It is the job of the
committee to work after the conference to
facilitate the implementation of the ideas.
Many of the recommendations from
CHEMRAWN XIV (which took place at
the University of Colorado Campus,

Boulder, CO, USA, from 9-13 June 2001)
deal with education, R&D, industrial
implementation and other issues
associated with green chemistry and are
already being worked on by GCI (USA),
OECD, GCN(UK), JCII (Japan), Monash
(Australia) and others.

The CHEMRAWN Action Plan is shown below:

CHEMRAWN XIV Recommended
Actions Ongoing Activities Potential CHEMRAWN XIV Targets

National centers for green chemistry should
be established or expanded and these centers
should be linked to create an effective world-
wide network. 

• National centers in US, UK, Australia,
Italy, Japan

• OECD recommendations and guidelines on
establishing national programs (education
and R&D elements)

• Support for international hub linking na-
tional centers into broader network.

• Support for local programs to make links to
international hub

Basic research funding in green chemistry
needs to be significantly increased.

• EPA/GCI Industry R&D program

Educational initiative funding in green chem-
istry focused on curriculum materials devel-
opment, faculty training centers, fellowships,
and recruitment and retention activities

• EPA, ACS, GCI, GCN doing educational
materials development

• New Training Center at UO joins UMass-
Boston 5/02

• Support for additional training centers
( ~ $400 K each)

• Fund international distribution of ACS de-
veloped training and teaching labs

• CRYSTAL Faraday type fellowship sup-
port

Increased incentives for the initial imple-
mentation of green chemistry technologies by
industry to offset investment, policy and reg-
ulatory barriers that may exist.

• White House meeting between industry and
Gov’t. to discuss (2002).

• ACS support of tax break for dry-cleaning
countered by DuPont opposition

• OECD, EU, Japanese discussion on green
chemistry, especially with industry

• Project to develop test case for tax in-
centive either in OECD country or develop-
ing country

Green chemistry and next generation environ-
mental technology market development pro-
ject to build market position for commercial
opportunities in international trade.

• GCI sponsored project w/ Zero Waste Alli-
ance and US Dept. Commerce to educate
Chinese business leaders

• US DOC project funding available – match
possible

International scientist exchange and research
collaboration funding should be established

• Some GCI support for international atten-
dance at Gordon Conf. (Oxford)

• Funding of SE Asia training workshop in
Thailand (May 02) DONE

• Additional regional Green Chemistry train-
ing programs (India, South America, Mid-
dle East)

• Co-sponsorship of green chemistry summer
school attendance (EU or Pan-American)

Informational outreach to educate industry,
public, and environmental groups of the bene-
fits of green chemistry adoption.

• OECD Sustainable Chemistry program
• EU Sixth Framework
• Numerous publications under development

(texts, articles, case studies)
• GCI funding evaluation of metrics of green

chemistry performance
• GCN, JCII, GCI planning major interna-

tional (bi-annual) conferences on GC with
initial focus on industry implementation

Fund distribution of metrics study to inter-
national business and government organiza-
tions

• Fund industry survey of impediments and
incentives for green chemistry implementa-
tion

• Fund distribution of OECD recommenda-
tions on establishing national programs to
developing country governments

• Fund specific attendees or sessions at inter-
national conferences

OTHER • CHEMRAWN XIV funded position to
work on developments full or half-time
time (Clovis?)

Further information can be obtained from Denny Hjeresen (Email: dlh@lanl.gov)

This journal is © The Royal Society of Chemistry 2002
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Perspective
An undergraduate teaching initiative to demonstrate the
complexity and range of issues typically encountered in
modern industrial chemistry
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In 1997 the Chemistry Department at the University of Glasgow introduced a new initiative into its undergraduate
teaching programme. Two exercises were developed that require the students to operate in small groups and to
work through exercises that are representative of issues in contemporary industrial chemistry using a
problem-based learning format. These modules, termed interactive teaching units, aim to demonstrate the number
of factors, often disparate, that contribute to the implementation of successful and sustainable industrial chemical
processes. The units are a vehicle for presenting applied chemistry, and also introduce the economic and
environmental issues affecting an overall business area. Although these units do not specifically target the
concepts of green chemistry, they do enhance student awareness of the principles that underpin the discipline. This
report provides an overview of this initiative and briefly outlines the methodology adopted.

1. Introduction

In 1996 a review of the undergraduate teaching programme in
chemistry at the University of Glasgow indicated a poor
understanding amongst our first and second year undergraduate
classes of the role of chemistry in society and how chemistry
provides the materials required by a modern competitive
economy. In particular, the students appeared to have little
awareness of the role of the chemical industry. We wished to
focus their attention with the following type of questions. Why
is it there? Whom does it serve? Who drives the demand for its
products? Worryingly, few of our students could produce
reasonable and justified answers to these questions. In addition,
it was recognised that chemistry was poorly represented in the
media, with the majority of articles which featured chemistry
tending to concentrate on negative environmental or hazardous
issues. Against this background, we decided to consider ways of
informing and stimulating our students to question certain
aspects of this biased representation of the chemical industry.
This report outlines how the Department of Chemistry decided
to tackle this discrepancy and describes some of the material
developed and introduced into our undergraduate teaching
programme to communicate the ‘chemical message’.

About this time, the Faculty of Medicine and the Institute of
Biological and Life Sciences at the University of Glasgow had
instigated a number of new courses based around Problem
Based Learning.1 Student evaluation showed these courses to be
popular so it was decided to investigate the effectiveness and
viability of this method for our initiative. Simultaneously, the
Green Chemistry movement was emerging as a serious force in
global chemistry.2–5 Since green chemistry relates to sustain-
able processes, we intended this theme, along with the
accompanying chemical, economic, legislative and environ-
mental facts, to be the major issue in any material that we
produced.

2. Aims

The following aims were identified: (1) To increase student
awareness of the range of issues chemists typically encounter
outside a university environment. (2) To emphasise the
vocational nature of chemistry. (3) To develop new teaching
units that will enhance student awareness of large-scale
sustainable chemical processes. This aim is particularly relevant
to the need for teaching material that illustrates the concepts of
green chemistry. (4) To encourage student communication
skills (small group interactions, oral presentations, written
reports, etc.). (5) To introduce a new mode of teaching that
offers diversification in the student learning experience.

Green Context
Chemistry undergraduate students are often thought to lack
an appreciation of the role of chemistry in society and an
awareness of the role of chemical industry. The increasing
importance of explaining the value of chemistry in modern
society and demonstrating how it can fit into a sustainable
future makes it essential that we make our students more
aware of these issues. This paper describes how one major
Chemistry Department tackled this by developing new
problem-solving, group-based exercises to communicate the
Achemical message.A The material is based on the topical and
environmentally important issues of CFC replacement for
refrigeration and the industrial scale manufacture of
chlorine. JHC

This journal is © The Royal Society of Chemistry 2002
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3. Methodology and selection of material

We elected to adopt the problem based learning (PBL) approach
successively implemented in other departments within the
University of Glasgow.1 We approached the University Teach-
ing and Learning Service (TLS), who provided valuable advice
on how to set about structuring such courses. Adopting the TLS
format, which emphasises the importance of small groups, we
chose to name our exercise Interactive Teaching Units
(ITUs).

Several factors influenced the way the new materials were
designed. For the kinds of aims in mind, educational research
had indicated the nature of approach which was important.6–10

There were many interactive teaching units already available for
school chemistry,11–13 as well as in biology at university level.1
All used the process of interaction which has been described as
internal mental interaction with new materials, ideas and
concepts14 and many involved high levels of interaction
between students as they discussed and argued their way
forward in solving a problem. Indeed, the solving of problems
was a common feature of the units. In this, students usually
worked in small groups to use their knowledge of chemistry (or
whatever discipline was involved) to reach answers to problems
which often had major social, environmental or economic
implications.

The Interactive Teaching Unit has been described as a
‘syllabus based, free-standing teaching resource which allows
students to be involved in active learning by means of role play,
decision taking and problem solving and seeks to simulate the
kinds of experiences that they might face in the workplace or the
wider world’.15

Overall, much of the material available was designed for
schools, was dated or was too specific for our purposes. We
required materials for the 1997–98 programme and the decision
was taken to develop new materials rather than attempt to adapt
other materials. Since then, some new materials have been
developed elsewhere.16,17 Our aim was that our materials
should have an industrial dimension and demonstrate the
importance of the chemical industry and chemists in contempo-
rary society.

Although our intention was to feature large-scale industrial
processes, initially we had no particular process in mind. After
discussions within the Department of Chemistry’s Industrial
Liaison Committee, ICI Chemicals & Polymers Limited18

supported our plans and Dr Neil Winterton (ICI Senior
Research Associate, now at the University of Liverpool) agreed
to help with validating any material we might produce. A major
part of ICI Chemicals & Polymer Limited’s business at that time
was halogen-based and so we decided to concentrate on this
area of industrial chemistry. Chlorine chemistry was ultimately
selected as it involves high volumes of potentially hazardous
materials that are used in a wide variety of products. Safe and
economic processes for handling chlorine are at the heart of
green chemistry.

The last major parameter that needed defining was which
undergraduate class should we target? We decided to concen-
trate on our 2nd year class (approximately equivalent to a 1st
year class in the English university system), as it is this year
where the students formally elect which honours degree course
they will follow. Our 2nd year class size comprises approx-
imately 200 students, which would mean committing sub-
stantial staff resource to run any units and maintain small class
sizes. Nevertheless, the initiative was endorsed by the Chem-
istry Department and the commitment acknowledged. Each ITU
operates over 4 days allowing the class to be split up into groups
of approximately 48. This is then further divided into 4 tutorial
groups of 12 students. Each group is led by a tutor, who is a
member of the academic staff. This arrangement is staff
intensive but evaluation reveals the students benefit and
appreciate the opportunity to interact in a relatively informal

manner, i.e. compared with lectures and practical classes, with
faculty members.

After substantial investment in time and energy, two ITUs
were produced. The first (ITU1), entitled ‘The Age of
Refrigeration’, examines the issues associated with the replace-
ment of chlorofluorocarbon (CFC) refrigerants. This unit aims
to expose the students to relevant issues in chemistry,
economics, environmental issues, politics and legislation that
surround the topic. In order to illustrate the dynamic nature of
the chemical industry, the issues are considered over a period of
time, viz. 1970, 1987 and 1999. The second module (ITU2) is
entitled ‘Mercury, Membrane or Diaphragm’ and examines the
concept of producing chlorine, sodium hydroxide and hydrogen
on an industrial scale. As such, it represents an exercise in
applied electrochemistry. Comparable issues to those con-
sidered in ITU1 are examined but, in addition, emphasis is given
to issues of safety, chemical engineering and concepts of scale.
The specifics of both units are described individually in Section
4. The units were successfully trialed in 1997 and, after some
tweaking, were formally introduced in to our undergraduate
teaching programme in 1998.

Finally, it is worthwhile to comment on the expertise
necessary to bring these units to a satisfactory standard. Firstly,
the structuring, timing and composition of the units is crucial.
TLS’s experience in class dynamics was vital to maintain
student interest and activity levels over the 3 h duration of which
both exercises run. Secondly, in 1997 a large quantity of
literature on the topics selected was not readily accessible in the
public domain, with much of the wisdom retained within
industry. This was particularly true in the case of the refrigerant
unit (ITU1), although comprehensive review papers on this
topic have just recently been published.19,20 Acquisition of up to
date data and validation of the whole exercise by experts in two
very specific areas of chemistry were essential to produce units
that were genuinely representative of the industrial scenario.
Without the assistance of Dr Neil Winterton and his colleagues
at ICI Chemicals & Polymers Ltd., the range of issues covered
within the units would have been substantially restricted and,
consequently, less relevant. Finally, it is noted that both the
story about CFC replacements and chlorine production by
electrolysis have their own dynamics and information current
when the units were produced (1996–1998) can become
obsolete very quickly. Nevertheless, the general principles
remain valid and our students can learn and benefit from
participation in such an exercise. The following section
describes the Units as they currently stand. Future up-grades of
the facts and figures will always be required.

4. Course content

4.1 ITU1. The age of refrigeration

This unit examines issues in the replacement of CFC re-
frigerants as viewed from different periods of time: 1970, 1987
and 1997. The unit starts by introducing the general concepts of
refrigeration. Post-war, the market for refrigeration, and thereby
refrigerants, has grown dramatically. Refrigeration is now a part
of everyday modern life and represents a diverse market;
ranging from relatively small scale domestic refrigerators and
air conditioners to large scale industrial units.

Refrigeration is described using the classical thermodynamic
approach,21 which accounts for the transfer of heat from a cold
compartment to hotter surroundings utilising the latent heat of
vapourisation of a refrigerant. The refrigerant is moved about
the system by means of a compressor. Fig. 1 schematically
represents the general process. The refrigeration process can be
described by eqn. (1):

182 Green Chemistry, 2002, 4, 181–187
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(1)

where w represents the work expended, m is the mass of
refrigerant, DHvap is the enthalpy of vapourisation of the
refrigerant, Th is the temperature of the hot surroundings of the
refrigerator and Tc is the temperature of the refrigerator cold
compartment. The cyclic nature of the process is described and
the pivotal requirement for condensation of the refrigerant from
the vapour phase is emphasised.

1970. The students are then introduced to Table 1, which
outlines some physical values of a range of potential re-
frigerants. The refrigerants selected are representative of the
following subsets: chlorofluorocarbons, hydrochlorofluoro-
carbons, hydrofluorocarbons, inorganics and hydrocarbons.
The students operating in groups of 12 are encouraged by their
tutor to define and explain the importance of the enthalpy of
vapourisation and to discuss the effects of hydrogen bonding on
boiling points. This dataset also provides the opportunity to
describe Trouton’s Rule,22 which rationalises comparable
enthalpies of vapourisation as verification that the liquid ? gas
transition is dominated by a large entropy factor.

Table 2 provides further information on the flammability,
toxicity and relative cost of these possible refrigerants. In small
working groups of four students, the concept of critical
temperature (Tc) and likely operational temperature ranges are
considered. The critical temperature is the temperature above
which a gas cannot be liquified by pressure alone. For
temperatures in excess of Tc, there is no longer any distinction
between liquid and vapour phases, i.e. only a (dense) gas phase
exists. This parameter, specified for all candidate refrigerants in
Table 1, excludes the use of CO2 as a potential refrigerant under
conventional operating conditions because of its inability to be
converted back to a liquid from a vapour as part of the
refrigeration cycle. The students also need to realise that
complete toxicological information for some compounds (e.g.
CF3CH2F) was not available in 1970.

Each student is then asked to decide which compounds
should be selected as suitable refrigerants. Without exception,
they select CCl2F2 (a chlorofluorocarbon) as their first choice

and CHClF2 (a hydrochloroflurocarbon) as their second choice.
This outcome is totally consistent with the refrigerants selected
by industry from ca. 1944–1980.20

1987. The students are made aware of the pioneering paper by
Rowland and Molina published in 197423 that suggested that
chlorofluorocarbons (CFCs) are broken down by UV light in the
stratosphere. In the upper atmosphere, ozone is normally in
equilibrium with oxygen and oxygen radicals (eqn. (2)):

O3 + hn? O2 + O· (2)

However CFCs can interact with stratospheric ozone by the
following mechanism (eqns. (3)–(6)):24a,25

CCl2F2? CClF2· + Cl· (3)

Cl· + O3? ClO· + O2 (4)

ClO· + O·? Cl· + O2 (5)

Overall reaction O3 + O·? 2O2 (6)

Hence, ozone is catalytically destroyed by chlorine atoms
formed in the photolytic decomposition of CFCs. We acknowl-
edge that this homogeneous mechanism is an oversimplification
and a heterogeneous reaction is now the preferred mecha-
nism,19,26 but our 2nd year class have no experience of
heterogeneous kinetics and the simpler scheme seems more
appropriate for this level of study. The importance of UV
absorption by ozone and the consequences for life processes are
stressed.

Students are next informed about the Montreal Proto-
col19,20,27,28 which aims to reduce ozone depleting chemicals
(e.g. CFCs) in developing countries by 50% by the year 2000.
Annual global CFC production figures are estimated at ca. 1.11
3 106 tonnes, with sales of approximately £300 million per
year. Thus CFC production represents a large and expanding
market, for which replacement refrigerants or alternative
refrigeration methodologies need to be found, quickly.

The gravity of the position is further heightened by informing
the students about greenhouse gases and the topic of global
warming.24b,29 Table 3 quantifies the ozone depletion potential
and the global warming potential of some candidate re-
frigerants.19,20

The alternatives to CFCs can be divided into four groups: (a)
hydrofluorocarbons (HFCs), (b) hydrochlorofluorocarbons
(HCFCs), (c) inorganic substances and (d) hydrocarbons. The
tutor then divides up his group of 12 students into three sub-
groups of four students who are asked to role play the positions
of three distinct parties: (i) existing CFC manufacturers, (ii)
manufacturers of refrigeration equipment and (iii) environ-
mental monitoring and protection agencies. The tutor adopts the
role of Government. The three sub-groups are supplied with a
two page briefing document that represents the stance/per-
spective of that particular interest group. The groups are then
asked to decide which replacement refrigerants should be
adopted, for what reasons and to propose an implementation
strategy. They make short oral presentations. An example of the

Fig. 1 Schematic diagram of a refrigeration unit: Tc and Th, respectively,
represent the temperatures of the cold compartment and the surroundings; qh

is the heat passed to the surroundings, which is the sum of qc, the heat taken
from the cold compartment, and w, the amount of work involved. The figure
is adapted from ref. 21.

Table 1 Physical properties of a range of potential refrigerants

Refrigerant
Molecular
weight

Enthalpy of
vapourization,
DHvap/kJ mol21 Bp/°C Mp/°C

Critical
temp./°C

CCl2F2 121 20.0 229.8 2155.0 112
CHClF2 86.5 20.2 240.8 2160.0 96
CF3CH2F 102 22.1 222.2 2108.0 101
NH3 17 23.2 233.4 277.7 132
H2O 18 40.4 100.0 0.0 374
C4H10 (isobutane) 58 21.0 211.7 2159.7 135
CO2 44 25.1 278.5 256.6 31
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questions to be addressed by one of the groups, the CFC
manufacturers, is presented below.

What would be the best replacement refrigerant? Who should
pay for the changes? How much is your sub-group prepared to
pay/contribute to the proposed changes? What assistance do you
require from Governmental organisations to manage/support
the proposed changes? Broadly identify the customers that you
service and your financial base. Are there any alliances that you
could consider forming?

The tutor, representing Government, then guides the tutorial
group in a discussion where they try to agree an overall solution.
A spokesperson is elected and their conclusions documented.
The whole class of 48 students is then reunited and the outcomes
from the four tutorial groups compared.

1999. The ITU terminates with a plenary session in which a
lecturer summarizes the position from a contemporary per-
spective. The scientific significance of the topic is brought
home to the students by the award of the 1995 Nobel prize in
Chemistry to Rowland and Molina. They are up-dated on the
levels of CFC production in Europe and America and the
different political influences in these regions. Recent trends
towards hydrocarbon refrigerants30 are discussed but the
hydrofluorocarbon CF3CH2F (HFC-134a) is identified as the
major replacement for CFCs.19,20 Industrial based organizations
such as the Program for Alternative Fluorocarbon Toxicity
Testing (PAFT) have published reliable data establishing the
low toxicity of HFC-134a,20,31,32 thereby giving it the green
light for general usage.

Methods for the production of HFC-134a are considered, but
the ICI route (eqn. (7)) is highlighted:20

(7)

The importance for a suitable catalyst in the final step, so that
the process can operate at an acceptable rate, is emphasized.
Viability of the process is ensured by extensive recycling of

organics and HF. ICI were awarded the MacRobert Engineering
Award in 1993 in recognition of developing and commissioning
an industrial process to manufacture HFC-134a. The class are
made aware that successful achievement of such a substantial
development project in only five years is exceptional and
further emphasizes the highly competitive nature of the
refrigerant manufacturing business.

The final topic to be considered is the concept of Total
Equivalent Warming Impact (TEWI) applied to refrigeration
and, in particular, the relative contribution of the actual
refrigerant to global warming.33 A domestic refrigerator is
chosen as an example and the TEWI estimated. A direct
contribution comes from the potential emission of (i) the
refrigerant and (ii) the blowing agent for the foam insulation
used in the construction of the refrigerator. Both of these
materials can operate as greenhouse gases. However, more
relevantly, there is a substantial indirect contribution to the
TEWI that relates to the energy expenditure on operating a
refrigerator continuously for approximately 10 years. Combus-
tion of fossil fuels is still a major route for the generation of
electricity. This process produces CO2, which is itself a potent
greenhouse gas. The atmospheric half-life of CO2 is approx-
imately 500 years, so it is necessary to consider at least a 500
year time span to calculate a TEWI.33 (We acknowledge that
100 year timespans are the accepted timescale under the Kyoto
Protocol and are the standard used to calculate TEWI but we
wished to illustrate the point that materials with long atmos-
pheric lifetimes can have an effect over substantial timescales.)
Fig. 2 illustrates the different contributions to the overall TEWI
over this period.33 The term radiative forcing is used as a
measure of the extent of global warming.34 Clearly, the indirect
production of CO2 is the major contributor to global warming.
The use of HCFC-141b as a blowing agent for the refrigerator
foam insulation makes the second largest contribution and, if
HFC-134a is selected as the refrigerant, then this compound
makes a negligible impact on the TEWI. Furthermore, in
addition to the minimal magnitude of the effect of the actual
refrigerant, it is noted that whereas the blowing agent and
refrigerant are completely accounted for within 100 years, the
CO2 produced will continue to contribute to global warming for
a further 400 years and beyond. Unfortunately, we cannot use

Table 2 Assessment of the flammability, toxicity and relative cost of a
range of potential refrigerants using information available in 1970

Refrigerant Flammable? Toxic?a
Relative cost
(1970 values)

CCl2F2 No +++++ Fairly cheap
CHClF2 No +++++ Moderate
CF3CH2F No Unknown Unknown
NH3 Yesc +d Fairly cheap
H2O No +++++ Negligible
C4H10 (isobutane) Yes +++e Expensiveb

CO2 No +++++ Negligible
a The greater the number of crosses, the lower the toxicity. b At the purity
levels required. c Burns only in the presence of a supply of oxygen. d The
powerful smell of ammonia makes poisoning unlikely. e Slight anaesthetic
properties.

Table 3 Ozone Depletion Potential (ODP) and Global Warming Potential
(GWP) for a range of candidate refrigerants.19,20 The ODP values are
related to CCl3F (CFC-11), which is assigned a value of 1.0. The GWP
values are relative to CO2 over 100 years

Refrigerant
Ozone Depletion
Potential (ODP)

Global Warm-
ing
Potential (GWP)

CCl2F2 (CFC-12) 1.0 8500
CHClF2 (HCFC-22) 0.06 1700
CF3CH2 (HFC-134a) 0.0 1300
NH3 0.0 Insignificant
C4H10 (isobutane) 0.0 Insignificant

Fig. 2 Radiative forcing of greenhouse gases (in kg of CO2 equivalents)
from a domestic refrigerator/freezer. The lower lightly shaded area
represents the CO2 contribution. The contribution from the foam blowing
agent (HCFC-141b) is designated by the hatched lines. The negligible
contribution from the refrigerant (HFC-134a) is signified by the thickness of
the line that resides on top of the hatched and shaded areas. The figure is
adapted from ref. 34.
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all the amenities available to us at no cost to the environment.
However, we can do our best to minimize their impact with an
innovative chemical industry playing a vital role.

Collectively, this exercise aims to demonstrate the complex-
ity that is common in modern industrial chemistry. Moreover,
through example, it attempts to illustrate the fact that the
successful implementation of new manufacturing procedures
for an ever changing market place is a demanding task, in which
chemists play an important and critical role.

In order to encourage active participation, the exercise is
formally assessed and the students are asked to write a short
essay on a topic related to the exercise. An example of a recent
assignment is: ‘The Minister for the Environment has been
asked in the House of Commons to supply the Government’s
recommendation for which refrigerants should be used in the
next decade. You are a scientific civil servant. Prepare a 1 page
(ca. 500 word) briefing document for your Minister.’ The
essays are marked by the tutors and the ITU assessment
comprises 5% of the overall course mark. Awarding a relatively
high mark ensures that the students take the exercise seri-
ously.

4.2 ITU2. Mercury, membrane or diaphragm

This ITU examines issues relevant to the chlor-alkali industry
and concentrates on the industrial scale manufacture of
chlorine, sodium chloride and hydrogen. An information pack
on ‘Green Chlorine’, prepared by the Chemical Industry
Education Centre at the University of York,35 was available but
this was targeted at 13–16 year olds and was deemed not to be
suitable for our undergraduate classes.

The industrial process is carried out by electrolysis of rock
salt and is governed by eqn (8).

2NaCl + 2H2O ? Cl2(g) + 2NaOH(aq) + H2(g) (8)

Chlorine demand is traditionally the factor which governs the
chlor-alkali industry.36,37 However, sodium hydroxide also
plays an important part. Demand dictates that the price of these
commodities are rarely constant, causing substantial variations
in the profitability of the overall process. For example, during
the 1980s the lowest price for sodium hydroxide was $40 per
tonne and the highest price $500 per tonne. And over a
comparable period, wide variations in the chlorine price were
also observed.38 Given that chlorine and sodium hydroxide
prices are rarely in phase,39 it is a difficult task to manage the
process in such a way that the overall business is economic.

Within tutorial groups comprising a maximum of 12 persons,
the students participate in exercises that demonstrate the size of
the markets and the market outlets for these products.36,37,39 The
students are generally unaware that, for example, the manu-
facture of PVC that is used in the guttering on their house/flat
requires a source of chlorine, or that paper processing requires
substantial quantities of sodium hydroxide. The class are
reminded of the general concepts of electrolysis, then they are
made aware of the problem with electrolysis applied to this
particular chemical system. Specifically, because of the follow-
ing reactions [eqns. (9–12)], the products must not be allowed to
mix.36

Cl2 + OH2 ? Cl2 + HOCl (9)

HOCl ? H+ + OCl2 (10)

2HOCl + OCl2 ? ClO3
2 + 2Cl2 + 2H+ (11)

4OH2 ? O2 + 2H2O + 4e2 (12)

Electrolysis in a simple one-pot vessel will lead to reaction of
chlorine with sodium hydroxide to give unwanted sodium

hypochlorite (NaClO), sodium chlorate (NaClO3) and oxygen
as bi-products. In addition, the function of the cell design is also
to keep hydrogen and chlorine gases separate because they can
combine explosively.

The tutorial group is then split into three sub-groups which
are asked to adopt the role of a process design team that
considers the effectiveness of one of three types of electro-
chemical cell: a mercury cell, a membrane cell, or a diaphragm
cell.36,37,39,40 Each sub-group comprises four students. The sub-
groups are provided with information on the respective cells in
three stages. The introductory information is just sufficient for
them to be able to work out how the cell might actually operate.
The last batch of information effectively explains the complete
operational characteristics of their particular cell. This format
gives the participants experience of attempting to effect designs
with limited information, a not untypical situation. Using the
adage—‘you don’t fully understand something until you can
explain it to others’ the students interact in their sub-groups to
give a presentation to the tutorial group as to how their cell
operates. Fig. 3 shows an example of some of the introductory
information pertaining to the mercury cell and Fig. 4 shows the
completed diagram given to the sub-groups towards the end of
the design session. The students are provided with Fig. 3 as an
overhead projector acetate to assist them in their initial
presentation.

Guided by the tutor, the three sub-groups discuss which
electrochemical cell should be selected. They are provided with
information on energy costs and typical purity levels associated
with the three types of cell. The three sub-groups then debate
amongst themselves the advantages/disadvantages of ‘their’
design and present the answers in another oral presentation.
This unit therefore asks the students to consider issues in
applied electrochemistry, with a process engineering per-
spective. The tutorial group elect a spokesperson who docu-
ments their conclusions.

In the plenary session the whole class of ca. 48 students is
reunited. The tutorial group representatives summarize the
conclusions from the four tutorial groups. The lead lecturer then
uses slides and a video to show the students the mercury,
diaphragm and membrane cells that operate at INEOS Chlor’s
plants at Runcorn and Lostock. The students get to appreciate
the full scale of the operation and its associated power

Fig. 3 Initial schematic diagram of a mercury electrochemical cell given
to assist the design team to understand how the equipment functions. They
are also presented with the accompanying series of chemical equations,
which they need to assign to the relevant parts of the apparatus.
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requirements at this stage. The significance of environmental
issues are shown to be increasingly important, by reference to
incidents such as that which occurred in Minamata Bay, Japan
in 1965 where mercury contamination led to severe health
problems in the local population.36 Geo-political and economic
implications of such events are considered and discussed. The
introduction of the coated titanium anode (aka dimensionally
stable anode) in the 1970s is described and recognized as a
major milestone in the chlor-alkali industry.36,37,41 As with
ITU1, coursework is assigned. Generally, this requires the
students to explain how their specified cell operates and to
compare their cell against the alternatives.

5. Student evaluation

At the end of each ITU session the students are asked to evaluate
the course. Representative results from evaluation of ITU1 run

over the years 1998, 1999 and 2000 are shown in Table 4.
Consistently high evaluations are received every year, which is
felt justifies the considerable staff resource allocated to the
running of these units. The ITU topics have a modest overlap to
material the students are exposed to in lectures, which means
that they have some connectivity to the topics being examined.
They also seem to enjoy the applied aspect of the exercise that
examines practical and associated elements of a complex
dynamic. The significant ‘no’ response to the question, ‘would
you like to see more ITUs as part of your degree programme?’
(Table 4) was unexpected and contrasted with the overall
positive student response. However, further questioning re-
vealed the origin of this negative response was the inherent
reluctance of some of our students to make oral presentations to
even quite small audiences. This is understandable but it is
important that we continue to provide our students with the
opportunity to develop their presentational skills. To further this
aim, more opportunities for group presentations have recently

Fig. 4 Completed schematic diagram of a mercury electrochemical cell presented to students at the end of the session when the design teams are asked to
understand how their particular cells operate. They are also provided with the electrochemical equations.

Table 4 Examples of student evaluation results for ITU1 (The Age of Refrigeration). The sample relates to the response received from a total of 552 students
spread over 12 sessions run in 1998 (4), 1999 (4) and 2000 (4). The specific response as a percentage of the full sample for each question is presented in
parentheses

Very poor Poor Average Good Very good

1. Grade the overall effectiveness of the ITU to present the
issues perti nent to the use of refrigerants.

1 2 42 354 155

(0.2%) (0.4%) (7.5%) (63.9%) (28.0%)
2. Did you enjoy taking part in the exercise Yes No

521 31
(94.4%) (5.6%)

3. Would you like to see more ITUs as part of your degree per-
formance?

Yes No

415 133
(75.7%) (24.3%)
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been introduced into the overall undergraduate teaching
programme, and it is hoped that increased familiarity with the
requirement to give modest oral presentations will minimize the
trauma experienced by a proportion of the students.

6. Summary

The experience from introducing the two interactive teaching
units into our 2nd year chemistry course at the University of
Glasgow can be summarized by the following points.

The ITUs diversify the student learning experience and
provide the opportunity for improvements in communication
skills.

The ITUs provide an insight into industrial chemistry and the
complexity of problems typically encountered in an industrial
scenario.

The ITUs improve student understanding of the role of
chemistry and the chemical industry in society.

The industrial support proved to be extremely valuable. Any
exercise that attempts to present a perspective of activities
outside the university environment will always benefit from
feedback from experts on the field.

The Interactive Teaching Units (ITUs) are a stimulating
medium to enhance student awareness of environmentally
sustainable products and processes, i.e. green chemistry.
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The ruthenium-catalyzed hydrogenation of water-insoluble aldehydes in an aqueous/organic two phase system has
been investigated in the presence of cosolvents or cyclodextrins. At low content, i.e. a content that enables to
recover quantitatively the catalytic system without loss of metal with a cosolvent, b-cyclodextrin and its
dimethylated form appear to be more efficient than cosolvents for performing the reaction. The formation of
inclusion complexes between cyclodextrin and various components of the reaction medium (aldehyde, alcohol,
hydrocarbon of the organic phase) is discussed on the basis of mass spectrometry, NMR and catalytic experiments.

Introduction

The main disadvantage of homogeneous catalysis versus
heterogeneous catalysis is the difficulty to separate the products
cleanly and easily of the expensive metal catalyst. Among the
different approaches described in the literature to overcome this
problem, catalysis in an aqueous/organic two-phase system
with water soluble transition metal complexes is an economical
and safe approach.1,2 Indeed, aqueous biphasic catalysis allows
quantitative recycling of the catalyst and decreases harmful
emissions and costs associated with solvent recycling.2 Fur-
thermore, water presents many advantages such negligible
price, non-toxicity and environmental safety. Numerous sub-
strates such as olefins,3 a,b-unsaturated4 or saturated alde-
hydes5 and carbohydrates6 have been hydrogenated under such
conditions. The activities are satisfying for substrates which are
slightly soluble in water. With insoluble compounds, the yields
dramatically decrease due to mass-transport limitation between
the two layers. To circumvent this problem, hydrogenation can
be conducted in the presence of water soluble catalysts
supported on silica (SAPC),7 cosolvent,8 surface active agents,9
or colloidal metallic particles stabilized by surfactants.10

Although SAPC and the approaches involving surface active
agents give very good results in terms of activity and recovery,
these systems are too sophisticated to be conveniently applied in
an industrial context. Consequently, the use of cosolvent is
generally the only alternative for the industrial chemist wishing
to hydrogenate highly hydrophobic substrates in water.

A promising development to promote the hydrogenation of
water insoluble substrate in an aqueous/organic system is the
use of cyclodextrins as inverse phase transfer agents. Indeed, we
have reported that the hydrogenation rates of water insoluble
aldehydes can be greatly increased by adding b-cyclodextrin or
dimethyl-b-cyclodextrin to an aqueous solution containing a
ruthenium/TPPTS catalyst (TPPTS: trisulfonated triphenyl-
phosphine sodium salt; [P(m-C6H4SO3Na)3]) (Scheme 1).11

Although we have shown in our preliminary communication
that numerous chemically modified cyclodextrins can be used to
enhance the mass transfer, b-cyclodextrin (b-CyD) and dime-
thyl-b-cyclodextrin (DM-b-CyD) are the most interesting
cyclodextrins in the view of large scale applications (Scheme
2).

Indeed, these two compounds are non-toxic, cheap, biode-
gradable and are bulk industrial chemicals.12 One of the
fundamental characteristics of CyDs is the presence of a large
hydrophobic cavity which can host a large variety of organic

Scheme 1 Ruthenium catalyzed hydrogenation of undecanal in the
presence of b-cyclodextrin or dimethyl-b-cyclodextrin.

Scheme 2 Schematic representation of the shape of b-CyD and DM-b-
CyD. These compounds are cyclic oligosaccharides composed of seven
glucose units linked by a a-(1–4) glucosidic bond. The protons H-3 and H-5
are situated inside the host cavity, whereas protons H-1, H-2 and H-4 point
outwards. In the case of DM-b-CyD, about fourteen hydroxy groups out of
twenty one have been methylated.13

Green Context
Biphasic reaction systems are one of the ways of solving the
common problem of separating an inorganic (reagent,
catalyst) from the organic (substrate, product) components.
Traditional quenching for separation at the end of the
reaction is one of the largest sources of waste in chemical
processes. Here, cyclodextrin biphasic systems are studied
and shown to be suitable, even for reactions of water-
insoluble substrates, through the use of the cyclodextrins as
inverse phase transfer catalysts. The methodology is suc-
cessfully applied to the hydrogenation of aldehydes with
good metal catalyst recovery. JHC

This journal is © The Royal Society of Chemistry 2002
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molecules.13 This remarkable property is responsible for
increase in the reaction rate in cyclodextrin biphasic systems.
Indeed, we assume that CyDs enable an increase in the
solubility in water of aldehydes by forming inclusion complexes
with the aldehydes as schematically represented in Fig. 1.14

Interestingly, DM-b-CyD was found in all cases to be more
efficient than b-CyD in promoting the hydrogenation. The
difference in reactivity between these two CyDs was attributed
mainly to the higher affinity of DM-b-CyD for aldehydes due to
the higher hydrophobicity of its internal cavity. However, the
association constants remain low and no poisoning of the CyDs
can occur. This last point is very important because it enables
use of catalytic amounts of CyDs.

Herein, we report that the b-cyclodextrin or its dimethylated
form are mass transfer promoters which are more efficient than
usual cosolvents for performing the hydrogenation of water
insoluble aldehydes. We also give some evidences for the
formation of inclusion complexes between the cyclodextrin and
aldehyde or alcohol. The nature of the organic phase used in the
hydrogenation process will also be discussed.

Results and discussion

Hydrogenation of aldehydes to alcohols was first studied in the
presence of different common cosolvents. The percentage by
weight of cosolvent contained in the aqueous phase was fixed to
5%. Indeed, a higher amount of cosolvent prevents an efficient
recovery of the catalytic system due to leaching of ruthenium
metal in the organic layer. Typical results with undecanal as a
model substrate are shown in Fig. 2. Results obtained under the

same conditions with b-CyD and DM-b-CyD are also presented
in this figure.

As expected, the conversion is very low without a mass
transfer promoter ( < 4%). Addition of 5% by weight of
methanol (MeOH), ethanol (EtOH), tetrahydrofuran (THF),
dimethylformamide (DMF), N-methylpyrrolidinone (NMP),
sulfolane or acetonitrile (MeCN) in the aqueous phase leads to
an increase in the conversion of undecanal by only a factor
about 2–3. Although methyl-a-D-glucopyranoside and amylose
(a linear polymer of D-glucose which possesses helical
conformations with six glucose units per turn) have the same
subunit as cyclodextrins, no outstanding enhancement of the
conversion can be observed with these cosolvents, confirming
that the presence of a hydrophobic cavity is required to increase
the hydrogenation rate. At 5% by weight, b-CyD and DM-b-
CyD are undoubtedly more efficient than the common cosol-
vents. Indeed, the conversion is enhanced by a factor of 8 and 18
with b-CyD and DM-b-CyD, respectively.

Interestingly, experiments conducted with a mixture of three
aldehydes (nonanal, undecanal and tridecanal) using methanol,
b-CyD or DM-b-CyD as promoters show clearly that the
cyclodextrins are more efficient than cosolvents for performing
the hydrogenation of aldehydes containing a larger number of
carbon atoms. Indeed, as shown in Fig. 3, whereas the ratio of
the activity in the presence of promoter relative to the activity
without mass transfer promoter decreases with the aldehyde
chain length in the case of methanol, this ratio increases with the
two cyclodextrins.

Thus, when the aldehyde chain length increases, the concen-
tration of aldehyde/cyclodextrin complexes in water decreases
probably less rapidly than the solubility of aldehyde in the
methanolic aqueous solution.15 Although the results are not
presented here, it should be noted that a similar decrease in the
ratio of activities has also been observed with other cosol-
vents.

In order to prove the inclusion phenomena which can explain
why cyclodextrins are better promoters than cosolvents, mass
spectrometry and NMR experiments have been conducted on
aqueous solutions containing a mixture of cyclodextrin and
undecanal or undecanol.

The existence of inclusion complexes was first studied by
soft mass spectrometry methods such as electrospray ioniza-
tion.16 This method is employed to preserve the integrity of
weak supramolecular associations in the gas phase. Fig. 4 shows
the electrospray mass spectra of 1+1 mixtures of undecanol and
b-CyD or DM-b-CyD recorded in the positive mode at different
orifice potentials.

Fig. 1 Cyclodextrin-like inverse phase transfer catalyst. The cyclodextrin
is schematically represented by a truncated cone.

Fig. 2 Conversion in undecanol after 30 min in the presence of various
mass transfer promoters. Experimental conditions: mass transfer promoter:
0.8 g (5% by weight of the aqueous catalytic solution); RuCl3: 0.1 mmol (21
mg); [undecanal]/[Ru]: 100; [TPPTS]/[Ru]: 6; [NaI]/[Ru]: 100; water: 14
mL; toluene: 8 mL; T = 80 °C; PH2

= 30 atm.

Fig. 3 Effect of the nature of mass transfer promoter on the ratio of initial
catalytic activities for three aldehydes (nonanal, undecanal, tridecanal). The
ratio of initial catalytic activities is defined as the ratio between the initial
catalytic activity in the presence of mass transfer promoter to the initial
catalytic activity without mass transfer promoter. Experimental conditions:
a mixture of nonanal (3 mmol), undecanal (3 mmol) and tridecanal (3 mmol)
was added to 8 mL of toluene. Mass transfer promoter: 0.8 g (5% by
weight); RuCl3: 0.1 mmol (21 mg); [aldehydes]/[Ru]: 100; [TPPTS]/[Ru]:
6; [NaI]/[Ru]: 100; water: 14 mL; T = 80 °C; PH2

= 30 atm; 15 min. The
initial catalytic activity was defined as the number of mol of aldehyde
converted per mol of Ru per hour calculated from the conversion after 15
min.
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Ín both spectra (Fig. 4(a) and (b)), the peaks relating to b-
CyD and DM-b-CyD adducts are clearly detected, namely [b-
CyD + Na]+ (m/z 1157, Fig. 4(a)), [b-CyD + K]+ (m/z 1173, Fig.
4(a)), [DM-b-CyD + Na]+ (m/z 1335 ± 14n, Fig. 4(b)). Besides
peaks corresponding to the expected 1+1 inclusion complexes
([b-CyD + undecanol + Na]+, m/z 1328.2, Fig. 4(a) and [DM-b-
CyD + undecanol + Na]+, m/z 1510.8, Fig. 4(b)), the mass
spectra at a 10 V orifice potential exhibited peaks which were
assigned to adducts of the ternary complexes formed by two
CyD molecules and one undecanol molecule ([2b-CyD +
undecanol + Na + K]2+, m/z 1251.2, Fig. 4(a); [2DM-b-CyD +
undecanol + Na + K]2+, m/z 1408.5, Fig. 4(b)). The fact that
higher voltages applied to orifice resulted in the fast dis-
appearance of the peaks corresponding to 1+1 and 2+1
complexes indicates that these inclusion compounds are not
very stable.

Similar mass spectrometry experiments with a 1+1 mixture of
undecanal and cyclodextrins have unfortunately failed to
characterise inclusion complexes. Indeed, we did not observe
the peaks corresponding to undecanal/b-CyD or undecanal/
DM-b-CyD complexes but only the peaks from undecanoic
acid/cyclodextrin complexes. This phenomenon is due to the
oxidation of undecanal into undecanoic acid during the electron
spray process or sample preparation that prevents direct
observation of inclusion complexes.

As the direct observation of the inclusion complex is not
possible by this technique, some NMR experiments were
performed on an aqueous solution containing a 1+1 mixture of
undecanal and b-CyD. Fig. 5 shows that the 1H NMR signals of
the H-3 and H-5 protons of the b-CyD are mostly affected by the
presence of undecanal.

This observation clearly evidences an inclusion process.17

Indeed, when a guest molecule is inserted into the CyD cavity,
the NMR frequencies of protons located inside the hydrophobic
cavity of the b-CyD are altered. The inclusion of the aldehyde
into the cavity of the cyclodextrin was confirmed by T-ROESY
experiments which provides information about the interproton
spatial proximities with a minimal contribution of scalar
transfer.18 Fig. 6 displays a partial plot of the T-ROESY
spectrum of a 1+1 mixture of b-CyD/undecanal.

The strong cross-peaks between H-3 and H-5 of b-CyD and
the methylene groups indicate that the alkyl chain is partially
located inside the hydrophobic cavity. Similar results have been
reported in the literature for nonanal/b-CyD inclusion com-
plexes.19 It is worth mentioning that the same comments can be
made from the T-ROESY spectrum of a 1+1 mixture of
undecanal and DM-b-CyD, suggesting that the inclusion
process of undecanal into DM-b-CyD is similar to that
described above for b-CyD. Finally, it should be pointed out
that the 1H and 2H NMR spectra of 1+1 mixtures of undecanol

Fig. 4 Electrospray mass spectra of a 1+1 mixture of (a) b-CyD and (b) DM-b-CyD with undecanol recorded in the positive mode at different orifice
potentials.
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and b-CyD or DM-b-CyD exhibited similar NMR signals that
confirm the mass spectrometry experiments, i.e. formation of
inclusion complexes between undecanol and b-CD or DM-b-
CD.

As the principle of our approach is based on molecular
recognition processes between the water insoluble aldehyde and
the cyclodextrin, the organic phase used to dissolve the
aldehyde must be carefully chosen. Indeed, molecules of the
organic phase can also be recognised by the cyclodextrins and,
so, decrease the efficiency of the cyclodextrin. Thus, when the
molecules of the organic phase are preferentially and strongly
bound into the cyclodextrin cavity, poisoning of the system may
even occur. In order to investigate this possibility, different
organic phases have been tested. The initial catalytic activities
obtained with these organic phases are presented in Fig. 7 and 8.
The association constants20 of hydrocarbons with b-CyD and
the water solubilities of these compounds21 are also indicated in
the figures.

From the data listed and catalytic results, four major
comments can be made: (i) no aromatic or aliphatic hydro-
carbon totally inhibited the reaction. (ii) at comparable
solubility, the higher the association constant, the lower is the
initial activity (compare results with cumene, ethylbenzene, p-
xylene and the results with hexane and cyclooctane). (iii) When
the association constant is very low ( < 60), the nature of organic
phase has no effect on the efficiency of the cyclodextrin. Indeed,
the initial catalytic activities with hexane, decane, hexadecane
or 1,3,5-triethylbenzene as organic phase were very similar. (iv)
Best initial catalytic activity is obtained when the aldehyde is
used pure without an organic phase.

These results indicate clearly that the complexing properties
of the molecules of the organic phase can affect the catalytic
activity. Thus, from a practical point of view, when an organic
phase is absolutely necessary to dissolve the aldehyde e.g.for a
solid aldehyde, its association constant should be as low as
possible. When the aldehyde is a liquid the hydrogenation will
be advantageously performed without an organic phase.

Conclusion

We have demonstrated that the processes of molecular recogni-
tion between water-insoluble aldehydes and two commercially
available cyclodextrins allow the hydrogenation of aldehydes to

Fig. 5 Partial 1H NMR spectra of 10 mM b-CyD in the absence (a) and in
the presence (b) of 10 mM undecanal (D2O, 298 K, 300 MHz).

Fig. 6 Partial contour plot of a T-ROESY experiment (D2O, 298 K, 300
MHz) performed on a sample containing 10 mM of b-CyD and 10 mM of
undecanal.

Fig. 7 Effect of aliphatic hydrocarbons on initial catalytic activity. The
water solubility and 1+1 association constant of hydrocarbons with b-CyD
are shown below the histogram. Experimental conditions: [organic phase]:
8 mL; [cyclodextrin]: 0.8 g (5% by weight); RuCl3: 0.1 mmol (21 mg);
[undecanal]/[Ru]: 100; [TPPTS]/[Ru]: 6; [NaI]/[Ru]: 100; water: 14 mL; T
= 80 °C; PH2

= 30 atm; 15 min. The initial catalytic activity is defined as
the number of mol of undecanal converted per mol of Ru per hour calculated
from the conversion after 15 min.

Fig. 8 Effect of aromatic hydrocarbons on initial catalytic activity. The
water solubility and the 1+1 association constant of hydrocarbons with b-
CyD are mentioned below the histogram. Experimental conditions: see
legend to Fig. 7.
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be performed in a genuine two-phase system with activities
which are in range desired for industrial catalytic processes (ca.
400–600 h21). At low content, i.e. a content that enables
quantitative recovery of the catalytic system without loss of
metal with a cosolvent, the cyclodextrins appear to be more
efficient than cosolvents. Finally, these results and our previous
work22 reinforce, so far, our idea that cyclodextrins should not
be considered as exotic chemical products but rather as
fundamental compounds for solving mass-transport limitation
in biphasic catalysis.

Experimental

Material and apparatus

The chemically modified cyclodextrins were supplied by
Roquette Frères (Lestrem, France) and Aldrich Chemical and
were used as received without further purification. In particular,
commercially available dimethyl-b-cyclodextrin is a mixture of
methylated-b-cyclodextrins; about fourteen hydroxy groups of
twenty one have been methylated. Ruthenium(III) chloride,
sodium iodide and organic compounds were purchased from
Strem Chemicals, Aldrich Chemical and Acros Organics in
their highest purity and used without further purification.
Trisodium tris(m-sulfonatophenyl)phosphine (TPPTS) was
synthesized as reported by Gärtner et al.23 The purity of the
TPPTS was carefully controlled. In particular, 31P solution
NMR indicated that the product was a mixture of TPPTS (ca.
98%) and its oxide (ca. 2%). Hydrogen was used directly from
the cylinder ( > 99.9% pure; Air Liquide). Distilled deionized
water was used in all experiments. The water, solvents and
liquid reagents were degassed by bubbling nitrogen for 15 min,
or by two freeze–pump–thaw cycles before use. All manipula-
tions were performed under nitrogen using standard Schlenk
techniques.

Electrospray mass spectoscopy experiments were performed
on a Micromass Quattro II. In order to obtain a concentration of
about 20 pmol mL21, the sample was diluted in a mixture of
ammonium acetate (0.06 mM), water and acetonitrile (50/50)
and was introduced through the fused silica inlet capillary at a
flow rate of 3 mL min21. The ion spray needle potential and the
orifice potential were set at 3100 V and 10–120 V, respectively.
Positive ion detection mode was used and calibration was
performed with polypropylene glycol.

1H NMR spectra were recorded at 300.13 MHz on a Bruker
DRX 300 apparatus. The 2D T-ROESY experiments were run
using the software supplied by Bruker. Mixing times for T-
ROESY experiments were set at 100 ms. The data matrix for the
T-ROESY was built up from 512 free induction decays, 1 K
points each, resulting from the co-addition of 32 scans. The real
resolution was 1.5 Hz/point in F2 and 6.0 Hz/point in the F1
dimension, respectively. They were transformed in the phase-
sensitive mode after QSINE window processing.

General procedure for hydrogenation of undecanal

RuCl3 (0.1 mmol), TPPTS (0.6 mmol), NaI (10 mmol) and
cyclodextrin or cosolvent (0.8 g) and water (14 g) were
introduced under N2 into a Schlenk tube. After dissolution of
ruthenium, the aqueous solution was transferred to the organic
phase composed of undecanal (10 mmol), solvent (8 mL) and
undecane (1.5 mmol, GC internal standard). The resulting
solution was charged under N2 into a 50 mL stainless steel
autoclave, then heated at 80 °C and pressurized with 30 atm of
H2. The medium was stirred at 1000 rpm and the pressure was
kept constant throughout the whole reaction by using a gas

reservoir along with a pressure regulator. The reaction was
monitored by quantitative gas chromatographic analysis (CP Sil
5-CB, 25 m 3 0.32 mm). Products were identified by
comparison of retention time and spectral properties with
authentic samples. It is noteworthy that at the end of the
reaction, the biphasic system is easily separated by simple
decantation and the aqueous catalytic layer can be reused. This
system is recyclable at least five times without lost of
activity.
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Conversion of b,g-dihydroxyesters to butenolide and/or g-ketoesters by solid acids and its application towards the
synthesis of heritol, heritonin and mintlactones are described.

Synthetic and directed functional group transformations are of
topical interest and are crucial and critical for the success of a
synthetic sequence.

Butenolides are valuable synthetic intermediates1 and key
structural sub-units of a variety of natural products. Because of
their unusual range of biological activity, there is a continuing
need for the development of simple and versatile methods for
their synthesis.

In continuation of our work in the synthesis of biologically
active molecules viz. heritol 1,2 heritonin 2,3 heritianin 3,
vallapin 4,3 vallapianin 53 and related compounds we have
reported4,5 novel methodologies for the synthesis of butenolides
from the corresponding b,g-unsaturated esters and acids.

g-ketoesters constitute key synthons in the synthesis of
natural products including butenolides.6 Additionally b-tetra-
lones7 in general and a-substituted b-tetralones in particular are
important in the synthesis of cis-fused bicyclic pyrrolidines and
pyrrolidinones which are in turn intermediates in the total
synthesis of U-93385, a serotonin-1A agonist.8

Heterogeneous catalysis is a fast progressing field in
synthetic chemistry. We were interested in utilizing the obvious
advantages of using solid acid catalysts in the synthesis of
butenolides and g-ketoesters.

An efficient entry to butenolides from b,g-unsaturated esters
via the corresponding diols involving an intramolecular trans-
esterification and concomitant dehydration has been reported4

by our group. It was reasoned that employing solid catalysts for
this conversion could increase the efficiency of the reaction.

Various representative solid acid catalysts were screened for
the intramolecular cyclization of the diols 6b (prepared from a-
tetralone by Reformatsky reaction and dihydroxylation) to the
corresponding butenolides. All the catalysts except the acidic
ion-exchange resin Amberlyst-15 resulted in either no reaction
or yielded the corresponding g-ketoesters as the major or sole
product (Table 1); treatment with Amberlyst-15 furnished the
butenolide in 82% yield along with the ketoester as the minor
product.

Hence Amberlyst-15 was chosen as the catalyst of choice for
further studies. A marked difference in the ratio of the two

products was observed when the ratio of catalyst/substrate was
changed. Use of excess catalyst/substrate ratio (2+1) resulted in
the formation of the butenolide in good yields while when the
reagent was used in catalytic amount (10% by weight),
butenolide formation was suppressed and the ketoester was
obtained as the major product. The formation of the ketoester as
the possible intermediate step in butenolide formation was
confirmed by separately treating it to the same conditions viz.
1+2 by weight of resin in refluxing toluene whereupon
butenolide was obtained.

In order to demonstrate the generality of the methodology,
the reaction was attempted on various substrates, all of which

Table 1 Catalyst performance for intramolecular cyclization of diols 6b

Entry Catalyst

Substrate/
catalyst
ratio

Reaction
time/h

Yield
(%) 7b

Yield
(%) 8b

1 ZSM-5 1+1 1 None 31
2 ZSM-11 1+1 3 20 31
3 TS-2 1+1 1 None 47
4 Silica gel (60–120) 1+7 3 None 50
5 Amberlite IR-120 1+3 12 None None
6 Amberlyst-15 1+2 0.5 82 12

Green Context
The use of solid acid catalysts has been described for a range
of processes, with significant success being achieved. Often
though, these catalysts are used for very simple molecules,
with less being done on more complex substrates. Here, the
synthesis of three functionalised lactones is described using
solid acid catalysts successfully. There are very interesting
dependencies on the type of catalyst, with some being
completely ineffective and some excellent, indicating that
choice of catalyst is extremely important. DJM
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furnished the corresponding butenolides in good to excellent
yields (Table 2).

This methodology has been successfully employed for the
synthesis of the natural product heritonin 2f in good yield. Since
the conversion of Heritonin to Heritol has already been
reported9 by us earlier, this constitutes a formal synthesis of
heritol.

In order to study the effect of ring size on the outcome of the
reaction, the conversion was also attempted on five- and seven-
membered cyclic ketones. It is evident from Table 2 that seven-
membered cyclic ketones furnished the butenolide 7g in
excellent yields while following the same protocol, 1-indanone
furnished the g-ketoester 8h as the sole product.

Other cyclic ketones such as cyclohexanone and cyclopenta-
none gave the butenolide 11a and the ketoester 10, respectively,
as the sole products (Scheme 1).

Following a similar set of reactions on 4-methyl cyclohex-
anone as described earlier the diol was obtained which upon
cyclization using Amberlyst-15 resin yielded the butenolide
11b in 75% yield as an inseparable mixture of mint- and
isomint-lactone.

Points of interest in this methodology are the ring size having
a profound effect on the outcome of the reaction and by
changing the catalyst or the ratio of substrate/catalyst one can
willfully access butenolide or ketoester according to need.

Experimental

General procedure for the lactionization of diol 6:

A mixture of the diol 6 (100 mg) and Amberlyst-15 (wet) ion
exchange resin (200 mg, 1+2 by weight) was refluxed in
distilled toluene (10 ml) and the reaction monitored by TLC.
After completion of the reaction (0.5–1 h), the mixture was
cooled and the used catalyst was filtered off and washed with
ethyl acetate (10 ml). The organic washings were combined and
the solvent evaporated under reduced pressure. The resulting
residue was chromatographed over silica gel. The keto ester 8
was eluted out first with 5% ethyl acetate–light petroleum (bp
60–80 °C) followed by the butenolide 7 with 20% ethyl acetate–
light petroleum.

6,7-Dihydronaphtho(1,2b)furan-2(5H)-one (7a)

Yield: 67%, mp 120 °C; IR (Nujol): 1760, 1640, 1620, 1480,
1440, 1360 cm21

1H NMR (90 MHz): d 1.8 (m, 1H), 2.6 (m, 1H), 3.0 (dd, J =
4, 10 Hz, 2H), 5.1 (ddd, J = 2, 6, 12 Hz, 1H), 6.1 (d, J = 2 Hz,
1H), 7.2–7.6 (m, 4H).

13C NMR (CDCl3, 80 MHz): d 172.75 (s), 165.58 (s), 137.51
(d), 131.00 (s), 128.72 (s), 126.69(d), 126.54 (d), 126.39 (d),
108.00 (d), 79.47 (d), 29.55 (t), 27.00 (t).

Mass (m/z): 186 (M+, 100), 157 (91), 129 (68), 115 (40),
102 (8%).

Ethyl 2-(3,4-dihydro-2(1H)-naphthalenone)acetate (8a)

Yield: 30%; IR (neat): 1730, 1460, 1370, 1220 cm21

1H NMR (80 MHz): d 1.30 (t, J = 7 Hz, 3H), 2.40–2.80 (m,
2H), 3.05 (d, J = 6 Hz, 2H), 3.10–3.20 (m, 2H), 3.80 (t, J =
6Hz, 1H), 4.10 (q, J = 7 Hz, 2H), 7.10 (s, 4H).

13C NMR (50 MHz): d 14.4(q), 28.4 (t), 33.4 (t), 37.5 (t), 49.0
(d), 61.0 (t), 125.8 (d), 127.2 (d), 127.3 (d), 128.0 (d), 135.7 (s),
137.6 (s), 172.2 (s), 210.1 (s).

Mass (m/z): 233 ((M + 1)+,13), 232 (M+, 25), 187 (43),
186 (100), 185 (24), 184 (19), 169 (9), 158 (66), 157 (56),
155 (17), 144 (33), 130 (44), 129 (47), 128 (39), 127 (30),
117 (26), 116 (28), 115 (56), 91 (9%).
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Table 2 Formation of butenolides (7 and 8) from diols 6 using Amberlyst-
15

n R1 R2 R3 R4
Yield
(%) 7

Yield
(%) 8

a 1 H H H H 67 30
b 1 H H H Me 82 12
c 1 H H H Et 69 21
d 1 H H H iPr 31 55
e 1 Me H Me Me 90 7
f 1 Me OMe Me Me 79 0
g 2 H H H Me 96 0
h 0 H H H Me 0 53

Scheme 1
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A simple route for the synthesis of pyrimido[1,2-a]pyrimidines by condensation of 2-aminopyrimidine 1, aromatic
aldehydes 2 and active methylene reagents 3 under microwave irradiation is reported.

Introduction

The importance of pyrimido[1,2-a]pyrimidines is well recog-
nized by synthetic as well as biological chemists.2,3 The
development of pyrimido[1,2-a]pyrimidines as having hypo-
glycemic and platelet aggregation-inhibitory activities,4 as
potential hosts in the enantioselective recognition of oxo anions
in polytopic abiotic receptors,5 anchor modules for oxo anionic
functions of molecular guest species complexed by polytopic
artificial receptors,6 and as efficient insecticides , acaricides and
nematocides,7 have prompted us to investigate an efficient route
for the synthesis of this ring system.

A previous synthesis for pyrimido[1,2-a]pyrimidines re-
ported by Echavarren et al.8 involved a nine-step procedure
from L-asparagine with a total yield of 5.1%. However, this
overall yield was improved by Kurzmeier and Schmidtehen5 to
20%. Most of the other syntheses are either multi-stage routes9

or give only poor to moderate yields.10

In recent years, microwave-induced rate acceleration tech-
nology has become a powerful tool in organic synthesis11–14 in
view of the mild, clean, convenient, enhanced selectivity,
spontaneity of the reaction process in comparison to the
convential solution phase reactions and the associated ease of
manipulation. It is of note that this technique offers an
enviromentally friendly process of organic synthesis.

Results and discussion

In connection with our interest in the synthesis and biological
evaluation of condensed azines,15,16 we now report a novel and
efficient route for the synthesis of pyrimido[1,2-a]pyrimidine
derivatives under microwave irradiation. Simple addition of an
equimolecular mixture of 2-aminopyrimidine 1, benzaldehyde
2a and malononitrile 3a under microwave irradiation and in the
presence of piperidine as a catalyst gave either the 2-aminopyr-
imidino[1,2-a]pyrmidine 8a or the 4-amino isomer 6a (Scheme
1). Structure 6a was considered more likely based on analytical
and chemical data. 1H NMR spectra revealed a singlet at d 8.4
that integrated for two protons. This was assigned to an amino
function at C-4. The downfield shift of this amino function
could be explained by the anisotropic effect of the ring nitrogen.
It is difficult to rationalize this amino function if the reaction
product was 8a. Moreover, pyrimidopyrimidine 6a was con-

firmed chemically by its synthesis via another route by the
reaction of 2-aminopyrimidine 1 with benzaldehyde 2a to afford
Schiff base 9 which was then treated with malononitrile 3a in
dioxane in the presence of a catalytic amount of piperidine.
Similarly, microwave irradiation of 2-aminopyrimidine 1 with
aldehydes 2b–d and active methylenes 3b–d afforded 6b–d,
respectively. The structure assigned for these reaction products
were established from analytical and spectral data (see Experi-
mental section). Two possible routes for the formation of 6a–d
are postulated. The first route involves the condensation of
aldehyde with the active methylene reagent to afford the
corresponding b-arylacrylonitrile derivative (4) followed by
addition of the exocyclic amino function of 2-aminopyrimidine
1 to the activated double bond system in 4 to form Michael
adduct 5 which undergoes intramolecular cyclization to give 6;
alternatively, addition of the ring nitrogen to 4 to form Michael
adduct 7 will lead to the formation of 8. The second route is the
condensation of aldehyde 2 with 2-aminopyrimidine 1 to afford
the corresponding Schiff base 9 followed by the addition of the
active methylene moiety to form 6. We believe that the first
pathway is the predominant one through monitoring the reaction
mixture. Thus, after microwave irradiation of a mixture of
2-aminopyrimidine 1, benzaldehyde 2a and malononitrile 3a
for 30 s and at 650 W, the corresponding b-arylacrylonitrile
derivative 4 could be detected by TLC.

In contrast, the reaction of 2-aminopyrimidine 1 with
aldehyde 2g and cyanothioacetamide 3g gave a completely
different product than 6a. Structure 8a was assigned for this
reaction product based on analytical and spectral data. Thus, the
IR spectrum of the reaction product revealed both amino and
cyano functions at n 3250 and 2200 cm21. 1H NMR revealed a
band at d 4.64 that integrated for one proton. This was assigned
to CH-4. It is difficult to rationalize this signal if the reaction
product was 6a. This product was assumed to be formed via

† Part 1: ref. 1.

Green Context
Reducing the number of steps in organic synthesis can be a
very effective way of achieving many green chemistry
reductions (of materials consumed, auxiliaries used, energy
input and waste produced). Thus one-pot reactions involv-
ing several substrates have considerable appeal. Here the
reactions of multiple substrates to important biologically
active compounds are achieved with a small amount of
catalyst via microwave activation. JHC

This journal is © The Royal Society of Chemistry 2002
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intermediacy of 10 and subsequent cyclisation via H2S
elimination. Similarly, 2-aminopyrimidine 1 reacted with
aldehydes 2e–i and active methylenes 3e–i to afford 8e–i,
respectively. In contrast, attempts at condensation of 2-amino-
pyrimidine 1 with aldehydes 2j, k and active methylenes 3j, k
resulted in the formation of b-arylacrylonitriles 4j, k. This was
established based on spectral and chemical data and via
synthesis through condensation of aldehydes 2j, k with active
methylenes 3j, k under the same reaction conditions (see
Experimental section).

Conclusion

In conclusion we have shown that both the amino function and
ring nitrogen in 2-aminopyrimidine are active sites of nucleo-
philic attack on a, b-unsaturated nitriles. Accordingly, alter-
native structures should always be considered and strong
arguments should be introduced when assigning structures to
the products of these reactions. The difference in behaviour of
2,3j, k can be rationalised in terms of the relative activities of
the ylidenic bond and the transition states leading to the end
products. It is assumed that the Michael adduct formed from the
reaction of 2,3j, k with 1 is in equilibrium with its constituents
and its cyclisation via water elimination is thermodynamically
unfavarable.

Experimental

All melting points are uncorrected. IR spectra were recorded in
KBr with Shimadzu 470 spectrophotometer. 1H NMR spectra
were recorded on a Varian EM-390 400 MHz spectrometer in
[2H6]DMSO as solvent and TMS as internal standard, chemical
shifts are reported in d units (ppm). Mass spectra were measured
on a JOEL JMS 600 at 70 eV. Microanalytical data were
obtained from the microanalytical Data Unit at Cairo Uni-
versity.

General procedure for the reaction of 2-aminopyrimidine
1, aromatic aldehyde 2 and active methylene reagents 3

A mixture of 2-aminopyrimidine 1 (0.951 g, 0.01 mmol), (0.01
mmol) of aromatic aldehyde 2a–k and (0.01 mmol) active
methylene reagents 3a–k in the presence of a catalytic amount
of piperidine was irradiated in microwave oven for 3 min at 650
W. After cooling to room temperature, the solid product formed
was collected by filtration, dried and recrystallized from
ethanol.

4-Amino-2-phenylpyrimido[1,2-a]pyrimidine-3-
carbonitrile 6a

Yield: 2.11 g (85%); mp 250 °C. IR (KBr) nmax: 3340 (NH2),
2200 (CN), 1580 cm21 (CNN). MS (EI, 70 eV): m/z 250 (M +
1, 20%). 1H NMR (DMSO), dH 8.4 (s, 2H, NH2), 7.2–7.8 (m,
9H, arom-H). C14H11N5 (249.27): calc. C 67.45, H 4.44, N
28.09; found C 67.44, H 4.50, N 28.2%.

Procedure for the preparation of compound 6a; another
route:

A mixture of 2-aminopyrimidine 1 (0.95 g, 0.01 mmol) and
aromatic aldehyde 2a afforded Schiff base 9 which was treated
with active methylene reagent 3a in dioxane in the presence of
a catalytic amount of piperidine under reflux for 5 h. After
cooling to room temperature the solid product formed was
collected by filtration, dried and recrystallized from ethanol.
The reaction product was found to be identical with compound
6a, (mixed mp and IR).

4-Amino-2-(4-chlorophenyl)pyrimido[1,2-a]-
pyrimidine-3-carbonitrile 6b

Yield: 2.35 g (83%); mp 240 °C. IR (KBr) nmax: 3350 (NH2),
2200 (CN), 1550 cm21 (CNN). MS (EI, 70 eV): m/z 284 (M+,

Scheme 1
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7%). 1H NMR (DMSO), dH 7.32–7.63 (m, 8H, arom-H).
C14H10N5Cl (283.72): calc. C 59.26, H 3.55, N 24.68, Cl 12.49;
found C 59.32, H 3.49, N 24.66, Cl 12.44%.

4-Amino-2-(2-furyl)pyrimido[1,2-a]-
pyrimidine-3-carboxylate 6c

Yield: 2.31 g (81%); mp 230 °C. IR (KBr) nmax: 3400 (NH2),
1700 (ester CO), 1580 cm21 (CNN). Insoluble in commonly
used 1H NMR solvents. C14H14N4O3 (286.29): calc. C 58.73, H
4.92, N 19.57; found C 58.74, H 4.50, N 19.66%.

4-Amino-2-(3-nitrophenyl)pyrimido[1,2-a]-
pyrimidine-3-carboxylate 6d

Yield: 2.86 g (84%); mp 135 °C. IR (KBr) nmax: 3400 (NH2),
1710 (ester CO), 1600 cm21 (CNN). MS (EI, 70 eV): m/z 342
(M + 1, 32%). 1H NMR (DMSO), dH 8.9 (s, 1H, arom-H),
7.6–8.4 (m, 7H, arom-H), 4.3 (q, 2H, CH2), 1.13 (t, 3H, CH3).
C16H15N5O4 (341.33): calc. C 56.30, H 4.42, N 20.51; found C
56.33, H 4.44, N 20.66%.

2-Amino-4-(4-methoxyphenyl)pyrimido[1,2-a]-
pyrimidine-3-carbonitrile 8e

Yield: 2.29 g (82%); mp 150 °C. IR (KBr) nmax: 3340 (NH2),
2200 (CN), 1570 cm21 (CNN). MS (EI, 70 eV): m/z 280 (M +
1, 5%). 1H NMR (DMSO), dH 8.4 (s, 2H, NH2), 7.2–7.66 (m,
7H, arom-H), 4.54 (s, 1H, CH-4). C15H13N5O (279.30): calc. C
64.50, H 4.69, N 25.07; found C 64.55, H 4.72, N 25.11%.

2-Amino-4-(3-nitrophenyl)pyrimido[1,2-a]-
pyrimidine-3-carbonitrile 8f

Yield: 2.44 g (83%); mp 165 °C. IR (KBr) nmax: 3330 (NH2),
2200 (CN), 1610 cm21 (CNN). MS (EI, 70 eV): m/z 295 (M +
1, 35%). Insoluble in commonly used 1H NMR solvents.
C14H10N6O2 (294.27): calc. C 57.14, H 3.42, N 28.55; found C
57.22, H 3.45, N 28.65%.

2-Amino-4-phenylpyrimido[1,2-a]-
pyrimidine-3-carbonitrile 8g

Yield: 2.11 g (85%); mp 155 °C. IR (KBr) nmax: 3340 (NH2),
2200 (CN), 1610 cm21 (CNN). MS (EI, 70 eV): m/z 250 (M +
1, 25%). 1H NMR (DMSO), dH 8.4 (s, 2H, NH2), 7.92–7.66 (m,

8H, arom-H), 4.6 (s, 1H, CH-4). C14H11N5 (249.27): calc. C
67.45, H 4.44, N 28.09; found C 67.52, H 4.45, N 28.22%.

2-Amino-4-(4-chlorophenyl)pyrimido[1,2-a]-
pyrimidine-3-carbonitrile 8h

Yield: 2.26 g (80%); mp 170 °C. IR (KBr) nmax: 3340 (NH2),
2200 (CN), 1610 cm21 (CNN). MS (EI, 70 eV): m/z 284 (M +
1, 7%). Insoluble in commonly used 1H NMR solvents.
C14H10N5Cl (283.72): calc. C 59.26, H 3.55, N 24.68; found C
59.33, H 3.52, N 24.67%.

2-Amino-4-(2-furyl)pyrimido[1,2-a]-
pyrimidine-3-carbonitrile 8i

Yield: 1.96 g (82%); mp > 300 °C. IR (KBr) nmax: 3320 (NH2),
2200 (CN), 1560 cm21 (CNN). MS (EI, 70 eV): m/z 240 (M+,
26%). Insoluble in commonly used 1H NMR solvents.
C12H9N5O (239.23): calc. C 60.24, H 3.79, N 29.27; found C
60.35, H 3.82, N 29.33%.

Compounds 4j, k were found to be identical with authentic
samples (mixed mp and IR spectra).
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A sensitivity analysis of a previously developed global kinetic model, of the N-oxidation of 2-methylpyridine,
involving seven kinetic and equilibrium constants, has been performed. It has been identified how individual
constants influence the power evolution profile. The conditions, which ensure measurements sensitive to all
constants, are outlined. A readily applicable, simple methodology has been developed to achieve accurate
evaluation of the kinetic constants involved.

1. Introduction

As the safety and the environmental impact of industrial
processes are becoming of increasing importance, the legisla-
tion controlling the industry becomes more rigorous and
demanding. It is necessary now, more than ever, to target the
design of safer and more efficient processes. Regarding safety
issues, multipurpose batch or semi-batch reactors, which are
extensively used in the agrochemical, fine-chemicals and
pharmaceutical industry, where a variety of reactions are
performed and relatively simple control is implemented, are
more prone to a reaction runaway.

An industrial batch or semi-batch exothermic reaction
runaway could occur due to a number of reasons, a common one
being a cooling failure. In the latter, the reactor is considered to
act adiabatically, thus, increasing the reactor temperature. As
the temperature increases, reaction rates increase until all
reactants are consumed. If a sufficiently high temperature is
reached, thermally autocatalytic decomposition reactions initi-
ate resulting in a further, more rapid increase in temperature.
Often non-condensable gases are evolved causing elevated
pressures and a potential explosion. More often than not, such
explosions result in toxic material release in the atmosphere.

In similar occasions, questions to ask are, which temperature
is critical, when it will be reached and how long after that time
undesirable events will initiate. The answers to those questions
define if, when and what action needs to be taken. The potential
temperature rise is, in most cases, accurately determined
following simple measurements. However, adequately accurate
quantification of time-related quantities is feasible only when
kinetic expressions, based on a sufficient understanding of the
process chemistry and good quality thermodynamic data of the
system, are available. It is also desirable, for these kinetic
expressions to be simple and theoretically sound, while
ensuring reliable runaway predictions in order to be of practical
use. Except for their importance in developing safer processes,
reliable kinetics can be readily used in process optimisation and
the minimisation of material and energy waste.

Although the importance of reliable kinetics in industrial
reactions cannot be disputed, there are practical aspects, which
cannot be disregarded. Firstly, it is very difficult for the
mechanism of a complex reaction to be revealed. Secondly,
complicated kinetic expressions inevitably involve numerous
constants, the evaluation of which is a cumbersome and, quite
often, impossible task.

This article, which is product of an on-going research project
on the N-oxidation of alkylpyridines, involves a sensitivity
analysis of the kinetic constants of a moderately complex global
kinetic model of the catalytic N-oxidation of 2-methylpyridine
using hydrogen peroxide. This model was obtained using heat-
flow reaction calorimetry measurements, which were proven to
be an ideal tool for this type of reactions.1 The target of the
present work was to identify the conditions at which each
individual kinetic constant is sensitive in, so as to enable their
accurate calculation, following appropriately designed experi-
ments. Such conditions have been identified.

1.1 The reaction system

The desired reaction, eqn (i), shown below, is accompanied by
the unwanted decomposition reaction (ii):

(i)

Green Context
The safe running of a typical batch chemical reaction as
routinely carried out by speciality and pharmaceutical
chemical companies can be a matter of concern. Reaction
runaway can occur for a number of reasons such as a cooling
failure. We need to determine the conditions at which
undesirable events will initiate and this requires accurate
quantification of the process including sound kinetic expres-
sions and good quality thermodynamic data. Reliable
kinetics can also be used in process optimisation and
minimisation of material and energy usage, thus satisfying
many of the essential criteria for greening chemical proc-
esses. Here this approach is illustrated by a sensitivity
analysis of the kinetic model for the N-oxidation of
2-methylpyridine—a reaction for which the use of a kinetic
model to achieve process optimisation has previously been
claimed. JHC
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(ii)

In this presentation, the nomenclature used by Sempere
et.al.2 has been employed. It is cited here, together with the
kinetic model equations, for the readerAs convenience. The
letters A, B, C, D and E correspond to 2-methylpyridine,
hydrogen peroxide, 2-methylpyridine N-oxide, water and
oxygen, respectively. Square brackets indicate concentration
and Z0 stands for the initial moles of catalyst sites.

N-oxidation

A + B ? C + D, r1b = k1b[A][B] (1 or r1b)

A+BZ C+D+Z,  
A Z B

Ba
a b

b

Æ =
[ ][ ][ ]

+ [ ]( )r
k K

K1
1 0

1
(2 or r1a)

Decomposition

Alkali-induced decomp. r2d = k2dKab[A][B]2 (3 or r2d)

B+BZ 2D+E+Z,  
B Z

Bb
b b

b

Æ =
[ ] [ ]
+ [ ]( )r

k K

K2
2

2
0

1
(4 or r2b)

2
1

2
2

2 2
0

2

2BZ 2D E 2Z,   
B Z

B
a

a b

b

Æ + + =
[ ] [ ]

+ [ ]( )
r

k K

K
(5 or r2a)

The kinetic model assumes a very fast equilibrium, (iii),
between catalyst and hydrogen peroxide for the formation of an
intermediate, BZ. This intermediate then reacts with 2-me-
thylpyridine (reactions r1a) but also contributes in the undesired
decomposition reaction (reactions r2a, r2b).

B + Z " BZ, [BZ] = Kb[B][Z] (iii)

with

[Z] = [Z0]/(1 + Kb[B]) (6)

where Z, is the number of moles of free catalyst sites in the
reactor. The model also assumes, following a completely
empirical approach, that the calculated concentration of the
available to react hydrogen peroxide, the so-called [Bactive], is
lower than the calculated hydrogen peroxide concentration,
[Bapparent], owing to the presence of 2-methylpyridine. The two
concentrations are related via the following relation:

[ ]
[ ]

[ ]
B

B

Aab
active

apparent

K
=

+1
(7)

This kinetic model was extracted from the experimentally
obtained total power evolution (that is, the power produced by
reactions (i) and (ii)), and the oxygen flow measurement. Its
derivation was based exclusively on isothermal reaction
calorimetry measurements, which were performed according to
the methodology followed in the actual industrial process.

1.2 The measurement methodology

As mentioned before, the macroscopic reactions under the
experimental conditions are (i) the N-oxidation of 2-methylpyr-
idine for the formation of the 2-methylpyridine N-oxide and (ii)
the catalytic decomposition of hydrogen peroxide producing
gaseous oxygen. The total power generation was measured
using heat-flow calorimetry. The produced oxygen was meas-
ured by means of a sensitive mass flow-meter. The oxygen flow
measurement was then used to evaluate the extent and the power
generated by the decomposition reaction as a function of time.
The power produced by the N-oxidation reaction alone was
subsequently evaluated from their difference. Calorimetric
measurements were used for the calculation of the concentra-
tions of each reactant as explained by Sempere et al.2 The

concentration profiles were verified via analytical and IR
concentration measurements as explained by Rodriguez-Mir-
anda.1 As explained in the same work, calorimetrical concentra-
tion evaluation resulted in a smoother concentration profile of
low scatter.

The sensitivity analysis and the methodology developed for
the evaluation of the kinetic constants, presented in this article,
is based on simulated power evolution profiles, using the values
of constants presented by Sempere et.al.2 The impact of
experimental error on the accuracy of the constants is
considered elsewhere.3

1.3 The objectives of this study

The aforementioned kinetic model involves seven kinetic and
equilibrium constants which need to be evaluated using,
occasionally, relatively noisy data. The study performed by
Sempere et al.2 targeted the development of global reaction
kinetics of industrial reactions, using calorimetric measure-
ments, obtained by routine industrial tests. Experiments per-
formed following the same experimental procedure but at
different conditions, in a different reactor,4 in principle
corroborated the model of Sempere et al.2, although the second
study4 produced different values for two of the constants.
Nevertheless, this was expected, as industrial processes are not
performed at conditions sensitive enough to allow an accurate
constant evaluation. However, it was rendered necessary to
investigate the sensitivity of the kinetic model to changes of the
parameters involved. One of the long-term objectives of this
research is to identify the impact of the experimental error on
the accuracy of the constants and on subsequent runaway
predictions and then, to facilitate the selection of experiments
and methodologies, which render the experimental error
minimal. The first step of this study, the work presented here,
resulted in identifying the range of conditions under which the
kinetic model parameters can be reliably evaluated.

More specifically via the current study: it has been identified,
how each of the two power generation curves is affected when
the values of individual kinetic/equilibrium constants are
varying.

A methodology, which allows accurate evaluation of con-
stants, has been developed.

Experiments, which allow minimal error in the evaluation of
all constants, in view of the existing level of noise in the
measurement, have been designed.

2. Methodology

1. A simulation program was developed in EXCEL and
VISUAL BASIC. The equations presented by Sempere et.al.2
together with the reported parameter values were employed in
the program to calculate the power generation produced by
reactions (i) and (ii).

2. The values of the kinetic constants were then changed, one
at a time, so as to identify the range of each curve directly and
distinctly influenced by this change.

3. A simple practical methodology was subsequently devel-
oped on how to accurately evaluate each constant. Preliminary
validation tests of this methodology were also performed. An
alternative, more sophisticated and complex methodology, not
presented here is also being developed.3

2.1 Evaluation of the impact of the changed
constant-values on the power generation profile

Fig. 1 shows the contribution of each reaction to the total power.
The graph was produced by the simulation program employing
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the conditions and constants reported by Sempere et al.,2 for an
1 litre reactor. Changing the value of all parameters, one at a
time, usually by a factor of 10, 4, 2, 0.5, 0.01 and 0.05, a number
of simulations were produced. Every run resulted in the power
generation curves of all reaction paths as a function of time.
Those simulations revealed the areas sensitive to each constant.
Selected results are presented in Figs. 2–10. All figures show
the two curves that can be obtained from a measurement, i.e. the
total power and the power due to hydrogen peroxide decom-
position. The figures also show a third curve, which corre-
sponds to their difference (N-oxidation power). The change in
the volume of the system is also shown, to highlight the progress
of dosing. It was found that: Kb affects strongly and uniquely the
gradient of the slope at the end of the decomposition reaction
(Fig. 2). The larger the value of Kb, the steeper the curve. It also
affects slightly the completion time. Larger Kb values corre-
spond to shorter completion time as a comparison of Figs. 1 and
2 shows. It can also be seen that the Kb value affects slightly the
N-oxidation reaction rate too, but the measurable effect is
negligible.

When Kab is large, the amount of hydrogen peroxide that
decomposes increases dramatically (Fig. 3). Thus, reaction
reaches completion earlier. At low values of Kab, little changes.
For the N-oxidation reaction presently under consideration, Kab

alone, can not be accurately evaluated.
Large values of k1a result in both reactions (N-oxidation and

decomposition) being controlled by dosing (Fig. 4). Small
values of k1a favour the parallel competitive reaction, namely
the hydrogen peroxide decomposition thus, reducing the total
time-to-completion. (Fig. 5). The value of k1a affects strongly
the initial part of the N-oxidation reaction.

k1b affects the final part of the power produced by the N-
oxidation. Comparison of Figs. 6 and 7 shows that low k1b

values result in high decomposition rates near the end of dosing
(higher hydrogen peroxide accumulation) in contrast with low
k1a values (Fig. 5), which facilitate decomposition throughout
the dosing period. High k1b values result in a fast N-oxidation
near the end of dosing rather than in the beginning (Fig. 8). It
has also been noticed, that the influence of k1a and k1b is distinct
on power profiles obtained using different amounts of cata-
lyst.

Fig. 1 Simulated data for the semi-batch, 2-methylpyridine N-oxidation
using the conditions, kinetic equations and the original constant values
given by Sempere et al.2

Fig. 2 Simulated data for the semi-batch, 2-methylpyridine N-oxidation
using the kinetic equations.2 Kb = 10Kb original . The remaining constant
values are as in ref. 2. The circle indicates the area of the curve
predominantly affected by the change in the value of the respective
constant.

Fig. 3 Simulated data for the semi-batch, 2-methylpyridine N-oxidation
using the kinetic equations.2 Kab = 16Kab original . The remaining constant
values are as in ref. 2. The circle indicates the area of the curve
predominantly affected by the change in the value of the respective
constant.

Fig. 4 Simulated data for the semi-batch, 2-methylpyridine N-oxidation
using the kinetic equations.2 k1a = 4 (k1a original. The remaining constant
values are as in ref. 2. The circle indicates the area of the curve
predominantly affected by the change in the value of the respective
constant.

Fig. 5 Simulated data for the semi-batch, 2-methylpyridine N-oxidation
using the kinetic equations.2 k1a = 0.25 (k1a original). The remaining constant
values are as in ref. 2. The circle indicates the area of the curve(s)
predominantly affected by the change in the value of the respective
constant.

Green Chemistry, 2002, 4, 199–205 201
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k2a affects the power after the end of the N-oxidation and its
value can be uniquely linked with the power produced when the
respective reaction changes order (Fig. 9).

k2b is related to the gradient of the total power curve after
dosing (Fig. 10).

k2d has a similar effect to that of Kab, thus it is impossible to
discriminate them. The product Kabk2d can though be accurately
evaluated.

In conclusion, measurements should satisfy the following
important conditions, in order to achieve accurate evaluation of
each constant, including the group k2dKab: (a) high power
generation when only the decomposition takes place (evaluation
of Kb, k2a, k2b); (b) slow N-oxidation (evaluation of k1a, k1b).

3. Evaluation of constants

3.1 Example of an ideal experiment

The present work has linked the rates of the two competitive
reactions (i) and (ii) with the sensitivity of the individual model
parameters. Fast or slow reaction rates can be achieved by
changing temperature, amount of catalyst and reactant concen-
trations. So, for example, the use of a relatively high quantity of
catalyst in the measurement provokes a high hydrogen peroxide
decomposition rate (reaction (ii)). This will result in a better
evaluation of k2a, k2band Kb. Simultaneously the alkali-induced
decomposition is suppressed. It is explained later that the
accuracy of k1a and k1b depends indirectly on the extent of the
alkali-induced decomposition. The use of a low 2-methylpyr-
idine concentration and of a lower than the nominal hydrogen
peroxide strength allows for a slower N-oxidation. This will
improve the sensitivity with regard to k1a and k1b. The simulated
reaction profile presented in Fig. 11 was obtained using the
values of constants presented by Sempere et al.2 at 85 °C, but
concentrations of reactants and catalyst were different than the
nominal. The power evolution curves of Fig. 11 were used in the
development of a simple methodology for an accurate evalua-
tion of the kinetic model parameters. This methodology was
subsequently followed for the calculation of all constants
employed in the simulation, the accuracy of which was then
assessed. Similar experiments were designed for measurements
at higher temperatures. The methodology for the evaluation of
the model parameters, using the profile of Fig. 11 is presented
next.

Fig. 6 Simulated data for the semi-batch, 2-methylpyridine N-oxidation
using the kinetic equations.2 k1b = 0.0625k1b original. The remaining
constant values are as in ref. 2. The circle indicates the area of the curve(s)
predominantly affected by the change in the value of the respective
constant.

Fig. 7 Simulated data for the semi-batch, 2-methylpyridine N-oxidation
using the kinetic equations.2 k1b = 0.25k1b original. The remaining constant
values are as in ref. 2. The circle indicates the area of the curve(s)
predominantly affected by the change in the value of the respective
constant.

Fig. 8 Simulated data for the semi-batch, 2-methylpyridine N-oxidation
using the kinetic equations.2 k1b = 4k1b original. The remaining constant
values are as in ref. 2. The circle indicates the area of the curve(s)
predominantly affected by the change in the value of the respective
constant.

Fig. 9 Simulated data for the semi-batch, 2-methylpyridine N-oxidation
using the kinetic equations.2 k2a = 4k2a original. The remaining constant
values are as in ref. 2. The circle indicates the area of the curve(s)
predominantly affected by the change in the value of the respective
constant.

Fig. 10 Simulated data for the semi-batch, 2-methylpyridine N-oxidation
in an 1 litre reactor, using the kinetic equations.2 k2b = 2k2b original. The
remaining constant values are as in ref. 2. The circle indicates the area of the
curve(s) predominantly affected by the change in the value of the respective
constant.
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3.2 Evaluation of k2a, k2b and Kb

Shortly after the end of dosing, the N-oxidation reaction is
completed. Thus, only the decomposition reaction takes place
following two catalytic paths with respective reaction rates, r2a,
r2b.

Eqns. (4) and (5) are typical examples of rates, which can
change apparent order. The power generation profile of the
decomposition reaction indicates a change of reaction order at
around 800 min (Fig. 11). After all 2-methylpyridine is
consumed the reaction rate, calculated as the total power of
reaction, Q̇tot, divided by the volume of the system, V and by the
heat of decomposition (2DHdec) can be expressed as:

˙

( )

Q

V H
r r

k K

K

k K

K
tot

dec
2b 2a

2b b

b

a b

b

B Z

B

B Z

B-
= + =

[ ] [ ]
+ [ ]( ) +

[ ] [ ]
+ [ ]( )D

2
0 2

2 2
0

2

21 1
(8)

When Kb[B] ì 1, 1 + Kb[B]  Kb[B] thus (8) reduces to (9)

(r2b + r2a)  k2b([B][Z0]) + k2a([Z0]2) (9)

Rate constants k2a, k2b can be evaluated from eqn. (9) using
linear regression.

After the evaluation of k2a and k2b using eqn. (9), relation (8)
can be re-arranged to a quadratic equation with Kb, as the only
unknown. Rate data for its solution are obtained from the area
where Kb[B] í 1, and after the N-oxidation is completed.

The accuracy of constants k2a and k2b obtained via the
aforementioned linear regression depends on the value of Kb.
For moderately large values of Kb, the error in the value of k2b

is less than 1%, but worse than 10% for k2a. The value of Kb

obtained via the solution of relation (7), however, is insensitive
to a 10% error associated with the value of k2a. Thus, the values
of k2a and k2b can be re-evaluated by division of the constants
obtained via the linear regression by the quantities {Kb[B]/(1 +
Kb[B])}2 and {Kb[B]/(1 + Kb[B])}, respectively. The resulting
values of k2a and k2b, have an accuracy better than 2 and 0.2%
respectively. Experiments using different amounts of catalyst
can be used to improve further the accuracy of the value of k2a,
after an accurate evaluation of k2b has been achieved.

3.3 Evaluation of k2dKab

The rate of reaction (3) can be calculated by subtracting the rates
of reactions (4) and (5) from the total decomposition rate. The
accurate evaluation of k2d and Kab individually, appears
problematic. The product k2dKab however, can be evaluated via
linear regression. Experimental evidence4 suggests that more
investigation is necessary for this empirically approximated
reaction path (3). Nevertheless, the value of k2dKab is required
for the calculation of the so-called active hydrogen peroxide

(free hydrogen peroxide available for reaction), and the
subsequent evaluation of k1a, k1b. These values can be obtained
via relation (10),

1 1 1 1

2

2

2 2r k K kd
apparent

d ab d

B
A

[ ]
[ ]

= + (10)

Following this method, the accuracy of the individual
constants k2d and Kab is relatively poor. However, the accuracy
of the value of the group k2dKab is better than 1%. This was
deemed satisfactory as it allows an adequately accurate
calculation of the concentration of active (instead of apparent)
hydrogen peroxide, which is essential for subsequent calcula-
tions. (As mentioned before, the accurate evaluation of each one
of these constants is not of crucial importance, as this particular
path is empirical and has insignificant contribution at high
catalyst concentrations. This value is required only for the
calculation of [Bactive], which is subsequently used in the
evaluation of k1a and k1b).

3.4 Evaluation of k1b and k1a

The power generated by the N-oxidation, Q̇N-Ox, is calculated by
subtracting the power of decomposition from the total power
produced. From this, the sum of reaction rates (1) and (2)
reduces to the following linear equation.

r r
k K

K
k

Q k
K

K
k H V

Q

H V
k

K

1 1
1 0

1

1
0

1

1

1

1

a
a

Ox a
b

Ox

Ox

Ox
a

A Z B

B
A B

A B
Z

B

A B

+ =
[ ][ ][ ]

+ [ ]( ) + [ ][ ]

= [ ][ ] [ ]
+ [ ]( ) +

Ê

ËÁ
ˆ

¯̃

[ ][ ]
Ê
ËÁ

ˆ
¯̃

=

- -

-

-

b
b

b
b

b
b

b

˙

˙

N N

N

N

D

D
ZZ

B
0

11
[ ]

+ [ ]( )
Ê

ËÁ
ˆ

¯̃
+

K
k

b
b

(11)

where DHN-Ox, is the enthalpy of the N-oxidation reaction, (i).
The value Kb has already been calculated. The equation can
therefore be solved using linear regression to provide the values
of k1a and k1b. These can be calculated from this relation with a
better than 1% accuracy.

3.5 Method validation: results of constant evaluation

The aforementioned simple methodology was subsequently
used on the simulated data of Fig. 11 to evaluate the kinetic
constants. Using the pure simulated data, all constants were
evaluated with accuracy better than 2%. The influence of noise
on the concentrations obtained from these data was also
assessed. Experimental verification of the methodology is
currently under way.

It is worth mentioning here that the accurate evaluation of k1a

and k1b depends on the concentration of the so-called active
hydrogen peroxide. Its calculation depends upon the value of
the group of constants k2dKab. The obtained value of this group
of constants, following the presented methodology is better than
1%. The accurate evaluation of the individual constants
however, has not been achieved in the present work. Never-
theless, the experiments performed by Sempere et al.,1 provided
a completely empirical rate for the alkali-induced decomposi-
tion of hydrogen peroxide and the experiments presented by and
Papadaki et al.,4 show that this rate expression is applicable to
a limited range of conditions and that further investigation is
necessary. Consequently, the accurate evaluation of the in-

Fig. 11 Simulated data for a 1 litre semi-batch reaction, performed under
conditions, which will allow accurate evaluation of kinetic constants.
Kinetic equations and kinetic constant values provided in ref. 2 have been
used for the simulation. 
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dividual constants involved in the respective reaction rate was
deemed, at present, superfluous.

Discussion

Following the anterior analysis, we found that the margin of
error in the measurements taken by Sempere et al.2 and by
Papadaki et al.,4 in the measurements performed according to
the industrial recipe, was large enough to justify the discrep-
ancies in the results, except for the alkali-induced decomposi-
tion path. For this reaction path, as mentioned earlier, more
research is rendered necessary.

Inspection of the equations used for the calculation of
constants suggests that the accuracy of k2a and k2b depend on
how well the slope and the intersection of straight line, eqn. (8),
can be defined. In other words, they can be accurate, only if the
power generation profile after the end of the N-oxidation, is high
and steep enough. Similarly, the value of Kb depends strongly
upon the same factors.

The values of k1a and k1b can be accurately evaluated only if
the N-oxidation is slow enough to allow collection of sufficient
data regarding the initial and the final part of the N-oxidation.

The catalytic N-oxidation path is predominantly faster than
the non-catalytic one at significant catalyst concentrations, thus,
the accurate evaluation of k1b is difficult at high catalyst
concentrations. At low catalyst concentrations its evaluation is
possible but the power evolved after the N-oxidation is
completed is not as high as in the case of high catalyst
concentrations. The same stands for the accuracy of k2a and k2b.

Low catalyst concentrations, also favour the so called alkali-
induced decomposition.

All the aforementioned formulae, use the concentration of
active hydrogen peroxide. It is thus necessary to ensure its
sufficiently accurate evaluation. As reported earlier, its calori-
metric evaluation was proven to give the best results. Moreover,
the higher the concentration the lower the error.

Similarly, the accuracy of the concentration of 2-methylpyr-
idine will affect the accuracy of the obtained values of k1a and
k1b. Table 1 shows the error in their evaluation if a random noise
of 10% is introduced in the concentration of both 2-methylpyr-
idine and hydrogen peroxide.

k1a and k1b can be accurately evaluated following an accurate
evaluation of Kb and of the group k2dKab. Table 1 shows the
impact that a 10% error in Kb has on their values. It can be seen
on the same table, that a substantial error in Kabk2d group (an
increment by a factor of 5), has hardly any effect on the obtained
values. The group k2dKab can be accurately evaluated in spite of
the fact that the values of the two individual constants cannot be
determined accurately. However, the accuracy of k2dKab

implicitly depends on Kb, k2a and k2b, as the rate of this reaction
is calculated via subtraction.

k2a, k2b and Kb can be accurately evaluated if appropriate
conditions are selected.

The accuracy of the results of the first iteration for the
calculation of k2a, k2b is independent of the error in Kb, although
it depends on its absolute value. As can be seen on Table 1, at
higher Kb values, first iteration values of k2a and k2b have less
error. The accuracy of k2a, k2b obtained from the second
iteration, is not strongly dependent on the accuracy of Kb neither
on its absolute value. For high or moderately high values of Kb,

Table 1 Results obtained from the presented constant evaluation method

k2a/1
mol21

s21
Error
(%)

k2b/1
mol21

s21
Error
(%)

Kb/1
mol21

Error
(%)

Kabk2d/12

mol22

s21
Error
(%)

k1a/1
mol21

s21
Error
(%)

k1b/1
mol21

s21
Er-
ror(%)

Original values 1.560 2.79 3
1023

19.835 3.092 3
1024

5.208 3
1022

2.96 3
1024

N-oxidation
[H2O2]active N/A N/A N/A 3.0921

3 1024
0.00 5.208 3

1022
0.00 2.96 3

1024
0.00

[H2O2]apparent N/A N/A N/A 3.0921
3 1024

0.00 4.652 3
1022

210.7 3.106 3
1024

4.9

[H2O2]active, Kb = 1.1Kb N/A N/A N/A N/A 5.03 3
1022

23.4 3.03 3
1024

2.4

Kabk2d = 5 3 original value N/A N/A N/A N/A 5.03 3
1022

0.00 3.03 3
1024

0.00

±10% scatter in concentrations of both A
and B

N/A N/A N/A 3.097 3
1024

0.2 5.238 3
1022

0.6 2.949 3
1024

20.4

Hydrogen peroxide decomposition
No correction 1.308 216.1 2.98 3

1023
6.81 N/A N/A N/A N/A

Correction with Kb = 19.835 1.536 22.0 2.79 3
1023

0.00 N/A N/A N/A N/A

Using Kb correction with a 10% error in
Kb

1.547 20.8 2.76 3
1023

21.08 N/A N/A N/A N/A

±10% scatter in power evolution values 1.520 2.85 3
1023

N/A N/A N/A N/A

10% error in k2a N/A N/A 18.490 26.8 N/A N/A N/A
10% error in k2b N/A N/A 19.502 21.7 N/A N/A N/A
Error analysis employing a Kb value equal to 100
N-oxidation
[H2O2]active N/A N/A N/A N/A 5.208 3

1022
0.00 2.96 3

1024
0.00

[H2O2]apparent N/A N/A N/A N/A 4.959 3
1022

24.8 3.02 3
1024

2.0

10% scatter in concentrations of both A
and B

N/A N/A N/A 3.097 3
1024

0.2 5.227 3
1022

0.4 2.941 3
1024

20.6

Hydrogen peroxide decomposition
No correction 1.472 25.6 2.83 3

1023
1.4

Correction 1.523 22.4 2.78 3
1023

20.4
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the error in the evaluation of k2a and k2b does not induce a
significant error in the evaluation of Kb. The evaluation of k2a

and k2b can be accurate if the two step calculation is considered.
The accuracy of their values in the first iteration depends on the
absolute value of Kb as it can be seen from Table 1 where the
cases of Kb = 20 and Kb = 100 were considered. It can also be
seen from the same table that a significant error in the calculated
value of Kb does not affect much the accuracy of the values of
the constants, obtained from the second iteration.

It was initially considered to add random noise in the
simulated data of the heat evolution in order to approximate real
experimental data. Experimental data however, are always
smoothed using appropriately selected functions. Smoothing of
the simulated data would result in the initially employed curves.
Thus, this approach was rejected and only the impact of random
noise on the concentration was considered. However, a study
currently under way examines the impact of specific experi-
mental errors on the kinetic constant evaluation. (More
specifically, as the power of reaction is used to obtain the
calculation of the reactant concentration and the extent of each
reaction, wrong UA values employed, or temporary non-
isothermal reactor operation, will inevitably affect the concen-
tration profiles). Table 1 presents the effect that 10% noise on
the concentration has on the kinetic constant values.

Appendix

List of symbols

A : free molecular 2-methylpyridine
B or Bactive : free hydrogen peroxide available for reaction
[Bapparent] : concentration of total hydrogen peroxide in

molecular or associated form
BZ : intermediate compound between hydrogen

peroxide and catalyst
C : 2-methylpyridine N-oxide
D : water
E : oxygen
Kab : equilibrium constant of the formation of an

unspecified type intermediate related to
2-methylpyridine and hydrogen peroxide

Kb : equilibrium constant of the formation of an

intermediate between hydrogen peroxide and
catalyst

k1a, k1b : rate constants of the reactions (2) and (1),
respectively

k2a, k2b, k2d : rate constants of the reactions (5), (4) and (3),
respectively

Q̇tot : rate of total power generation
Q̇N-Ox : rate of power generation owing to the N-

oxidation alone
t : time
V : volume of the reaction mixture (a function of

time)
Z : free catalyst sites
Z0 : total catalyst sites
DHN-Ox : enthalpy of the N-oxidation
DHdec : enthalpy of the decomposition of hydrogen

peroxide.
[ ] : square brackets have been used to indicate

concentration.
suffixoriginal indicates the values provided by Sempere et al.2

Acknowledgements

The authors wish to acknowledge EPSRC for the financial
support they have provided towards this research via the GR/
R14095/01 research grant, titled as ‘Development of General
Kinetic Models & Prediction of Runaway Consequences of
Industrial Reactions’.

References

1 J. L. Rodriguez-Miranda, Diploma Thesis, IQS, Barcelona, Spain,
1997.

2 J. Sempere, R. Nomen, J. L. Rodriguez and M. Papadaki, Chem. Eng.
Process., 1998, 37, 33.

3 M. Papadaki and R. Emery, Sensitivity analysis of calorimetrically
extracted kinetic models. Case study of a complex catalytic oxidation,
in preparation.

4 M. Papadaki, R. Emery, E. Serra, V. Stoikou, D. Mantzavinos, R.
Nomen and J. Sempere, Catalytic N-oxidation of 2-methylpyridine I:
Kinetic studies using reaction calorimetry, submitted to ISCRE 17,
Hong-Kong, August 2002.

Green Chemistry, 2002, 4, 199–205 205

D
ow

nl
oa

de
d 

on
 3

0 
O

ct
ob

er
 2

01
0

Pu
bl

is
he

d 
on

 2
2 

Fe
br

ua
ry

 2
00

2 
on

 h
ttp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/B

10
94

32
G

View Online

http://dx.doi.org/10.1039/B109432G


    

Dispersion and reactivity of Mo/Nb2O5 catalysts in the
ammoxidation of toluene to benzonitrile

Komandur V. R. Chary,* Kondakindi Rajender Reddy, Thallada Bhaskar and Guggilla
Vidya Sagar

Catalysis Division, Indian Institute of Chemical Technology, Hyderabad- 500 007, India.
E-mail: kvrchary@iict.ap.nic.in

Received 16th October 2001
First published as an Advance Article on the web 8th March 2002

A series of Mo/Nb2O5 catalysts were prepared with Mo loadings ranging from 2.5–15 wt% of Mo and
characterized by X-ray diffraction (XRD), pulse oxygen chemisorption, temperature-programmed desoprtion of
ammonia. Dispersion of molybdena was determined by oxygen chemisorption at 623 K in a dynamic method. At
low Mo loadings molybdenum oxide is found to be present in a highly dispersed state. XRD results show the
presence of crystalline MoO3 at higher Mo loadings (from 10 wt%). The dispersion of molybdena was found to
decrease with increased Mo loading due to formation of MoO3. The catalytic properties were evaluated for the
vapour phase ammoxidation of toluene to benzonitrile and are related to different characterization results.

Introduction

Catalysts containing molybdenum oxide/sulfide as an active
component have been extensively employed in the recent past
for the partial oxidation of hydrocarbons, alcohols and also
extensively used for hydroprocessing reactions in the petroleum
industry.1–10 The most commonly used supports are Al2O3,
TiO2 and SiO2. In the last decade niobium based materials have
attracted considerable interest in various reactions. Niobia can
be used as a support, promoter and as a unique solid acid. Smits
et al.11 emphasized the advantages of niobia as a catalyst
support for vanadia. These include: (i) niobium is in the same
region of the periodic table as vanadium or molybdenum and is
expected to have similar properties. (ii) Niobium is much more
difficult to reduce than vanadium or molybdenum (easy
reduction often causes low selectivity in selective oxidation
reactions). (iii) The addition of niobium oxide to a mixture of
molybdenum and vanadium oxides improves the activity and
selectivity for oxidation, ammoxidation and oxidative dehydro-
genation reactions.11,12 Huuhtanen et al.13 reported a compar-
ison of different supports, and niobia appears to be promising as
far as selectivity in toluene oxidation was concerned. Matsuura
et al.14 reported that the catalytic activity during the ammoxida-
tion of isobutane to methacrylonitrile was improved with Bi–
Mo based composites supported on Nb2O5 rather than on g-
Al2O3 or SiO2. A fundamental problem in catalytic oxidation is
the estimation of the number of active sites on the surface of
oxide catalysts. Simple methods to titrate surface metal centers
in oxides would greatly assist in understanding the effect of
structure in oxidation reactions. The efficiency of supported
molybdenum oxide catalysts mainly depends on the dispersion
of the active phase, which in turn can be greatly influenced by
the nature of supported oxide and the method of preparation of
the catalysts. In this paper we report the characterization of
niboia-supported molybdenum oxide catalysts by various
techniques. The catalytic properties have been evaluated for the
vapour phase ammoxidation to produce benzonitrile which is
used as a precursor for resins and coatings. Benzonitrile is also
used as an additive in fuels and fibers. Stobbelaar15 reported the
ammoxidation of toluene over supported metal oxide catalysts
and concluded that MoO3/Al2O3 catalysts are also of compara-
ble importance with other vanadia supported catalysts. MoO3/

MgF2 catalysts were also reported for the ammoxidation of
toluene to benzonitrile.16 The conversion of toluene to benzoni-
trile was found to be higher for Mo/Nb2O5 catalysts than for
Mo/TiO2 catalysts.17

Results and discussion

The X-ray diffraction patterns of calcined MoO3/Nb2O5

catalysts are presented in Fig. 1. In all the samples XRD
reflections due to low temperature niobia were observed at d =
3.95, 3.14, 2.45, 1.97 and 1.66 Å and the corresponding 2q
values are 22.5, 28.4, 36.6, 46 and 55.3°. At higher Mo loadings
(above 7.5 wt% Mo, Fig. 1(d)) XRD reflections due to a
crystalline MoO3 phase (JCPDS no. 5-0508) are observed at d
= 3.26 Å (2q = 27.3°) and 3.81 Å (2q = 23.3°), in addition to
the characteristic reflections of niobia. The reflections due to
MoO3 are shown as filled circles in Fig. 1. The intensity of these
reflections increases with MoO3 loading. However, at low Mo
loadings the absence of crystalline MoO3 reflections cannot be
ruled out, as the crystallites might be less than 40 Å in size,
which is beyond the detection capacity of the XRD technique.
XRD results also suggest that no mixed oxide is formed
between MoO3 and Nb2O5. Ko and Weissman18 reported that, at
low calcination temperature (773 K) Nb2O5 samples are found
to be X-ray amorphous. However, the samples calcined between
773–873 K show the TT-phase of Nb2O5, and the samples
calcined between 873–973 K indicate the formation of the T-

Green Context
The conversion of toluene to benzonitrile via ammoxidation
is a direct and convenient functionalisation of a hydro-
carbon feedstock. Recently molybdenum supported on
niobia has been shown to be a highly selective catalyst,
partly due to the limited redox chemistry of the support.
This paper indicates that a careful analysis of the surface
species can lead to improvements in catalytic efficiency,
leading to a cleaner process. DJM
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phase of Nb2O5. At 1073 K, the M-phase and at 1273 K and
above the H-phase of Nb2O5 is observed. In the present study,
the samples were calcined at 773 K and our XRD results (Fig.

1) also suggest the formation of the TT-phase of Nb2O5, which
is in good agreement with the work of Ko and Weissman.18 The
d spacings of the TT- and T-phases of Nb2O5 are similar, but the
intensities differ. At d = 3.95 Å the relative intensities were
found to be 100 and 84 for the TT- and T-phases, respectively,
and at d = 3.14 Å the relative intensities were found to be 90
and 100. The intensities of d-spacings in the present XRD
patterns (Fig. 1) suggest that only the TT-phase of Nb2O5 is
observed.

Fig. 2 shows oxygen uptake data for Nb2O5-supported
samples measured at 623 K. The uptakes are plotted vs. the
amount of molybdenum (m mol g21) present in the samples. At
low Mo loadings the oxygen uptakes approached the straight
line corresponding to a stoichiometry of one oxygen atom per
molybdenum atom and data are provided in Table 1. The
oxygen chemisorption amounts obtained here represent irre-
versible uptakes by the samples, as indicated by the lack of a
desorption tail at the end of each pulse and these amounts are
doubled to obtain atomic oxygen uptake values. Previous
studies,19,20 used Tred = 773 K and Tads = 77 K, followed by
evacuation and readsorption at 195 K. These conditions were
evaluated by Rodrigo et al.21 who concluded that O2 chemisorp-
tion under these conditions does not provide a quantitative
determination of Mo dispersion because a fraction of the
reduced Mo is in the bulk. It has been shown that oxygen
chemisorption sites are easily generated under very mild
reduction conditions, such as those employed in this study.22

The straight line in Fig. 2 corresponds to a 100% dispersion of
the MoO3 with a stoichiometry of one oxygen atom per
molybdenum atom. At low Mo loadings ( < 10 wt%) the
adsorption behavior of the dispersion approached the straight
line but was found to deviate from the straight line at higher Mo

Fig. 1 X-Ray diffractograms of various Mo/Nb2O5 catalysts: (a) 2.5%
Mo/Nb2O5, (b) 5.0% Mo/Nb2O5, (c) 7.5% Mo/Nb2O5, (d) 10% Mo/Nb2O5,
(e) 12.5% Mo/Nb2O5, (f) 15% Mo/Nb2O5; (5) reflections due to MoO3

Table 1 Results of pulse oxygen chemisorption and temperature-programmed desorption of NH3

Sample

Mo loading
on Nb2O5

(wt%)
Surface
area/m2 g21

O2 uptakea

/mmol g21
Dispersionb

(O/Mo) T1/K
NH3 uptake/
ml g21 T2/K

NH3 uptake/
ml g21

1 2.5 50 122.2 0.94 553 4.07 826 0.4
2 5.0 44 234.2 0.90 — — — —
3 7.5 40 338.6 0.87 537 3.38 805 1.7
4 10.0 38 401.1 0.77 — — — —
5 12.5 29 441.7 0.67 — — — —
6 15.0 27 490.7 0.63 554 6.37 785 1.6

a Tads = Tred = 623 K. b Dispersion is defined as the fraction of Mo atoms at the surface assuming Oads = Mosurf = 1

Fig. 2 Oxygen uptake plotted as a function of molybdena loading on
niobia.

Green Chemistry, 2002, 4, 206–209 207

D
ow

nl
oa

de
d 

on
 3

0 
O

ct
ob

er
 2

01
0

Pu
bl

is
he

d 
on

 0
8 

M
ar

ch
 2

00
2 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/B
10

94
36

J
View Online

http://dx.doi.org/10.1039/B109436J


loadings. The decrease is due to formation of MoO3 crystallites
at higher Mo loadings with monolayer coverage on niobia.
Oxygen chemisorption on alumina-supported molybdena cata-
lysts has been studied by Hall et al.23,24 They employed a high
reduction temperature of 773 K and adsorption temperatures
between 77 and 195 K. They demonstrated that O2 chemisorp-
tion is site-specific and is correlated with the vacancy
concentration of the reduced catalyst. Similarly, Seyedmonir
and Howe25 used reduction temperatures of 673 and 773 K on
silica-supported samples containing polymolybdate species and
molybdenum trioxide. They concluded that at 673 K reduction
of polymolybdate occurred with the formation of Mo5+ species,
while at 773 K reduction of MoO3 to Mo4+ species occurred.
The group of Hall suggested that O2 chemisorption on MoO3/
Al2O3 catalysts occurs on sites with at least two missing oxygen
atoms while Fierro and Gamboro22 suggest that on MoO3/SiO2

adsorption occurs on Mo5+ sites.
The acidity values of Mo/Nb2O5 catalysts determined by

NH3-TPD are given in Table 1. The acidity was found to lie in
two regions and the corresponding peak maxima are also given
in the Table 1. From NH3-TPD measurements it is clear that the
number of acid sites with moderate strength was found to
increase with Mo loading on niobia. However, the NH3 uptake
due to strong acid sites was found to be almost equal for 7.5 wt%
Mo/Nb2O5 and 15 wt% Mo/Nb2O5 catalysts. This behaviour is
in agreement with the catalytic activity beyond 7.5 wt% Mo
loading, which did not change appreciably with increase of Mo
loading on the niobia support. This clearly indicates that strong
acid sites are responsible for toluene ammoxidation. The TPD
results suggests that the strength of the acid sites plays a crucial
role in determining the catalytic activity during ammoxidation
of toluene, and the acidity of the catalysts is mainly due to the
molybdena phase, since ammonia uptake increases with
increase in molybdena loading.

Fig. 3 shows the results of ammoxidation of toluene over
various Mo/Nb2O5 catalysts at 673 K. The conversion and
selectivity of the catalysts were found to increase with Mo
loading up to a loading of 7.5 wt% whilst beyond this little
difference was observed. Table 2 shows the activity of various
supported molybdenum oxide catalysts in comparison to the
present study. The activity results reported in Table 2 are the
results from our laboratory. The conversion of toluene was
found to be higher for Mo/Nb2O5 catalysts compared to Mo/
TiO2 catalysts and comparable to Mo/ZrO2 catalysts. The
selectivity towards the formation of benzonitrile was found to

be almost the same for the all the catalysts. Further details about
the preparation and characterization of these catalysts are
reported elsewhere.17

To elucidate the relation between the ammoxidation activity
of toluene and the dispersion of molybdena, a plot of turnover
frequency (TOF) vs. Mo loading is shown in Fig. 4. The TOF
was found to be almost constant ( ≈ 4 3 1023 s21) up to 7.5 wt%
Mo and decreased at higher Mo loadings. Up to 7.5 wt% Mo
loading, activity per site (constant TOF) is constant with an
increase in the number of surface Mo sites. The decrease in TOF
beyond 7.5 wt% Mo loading indicates the presence of different
molybdena species such as MoO3 particles. The oxygen is
chemisorbed on coordinatively unsaturated sites (CUS), which
are located on a highly dispersed molybdenum phase, which is
formed only at low molybdenum loadings and remain as a
‘patchy monolayer’ on the support surface. At higher mo-
lybdena loadings, a second phase is formed, in addition to the
already existing monolayer, and this post monolayer phase does
not appreciably chemisorb oxygen (Fig. 2). In the context of the
above background, the correlation shown here indicates that the
catalytic functionality of the dispersed molybdena phase
supported on niobia, which is responsible for the ammoxidation
of toluene to benzonitrile, is located on a patchy-monolayer
phase and that this functionality can be titrated by the oxygen
chemisorption method reported in this work.

Experimental

A series of MoO3 catalysts with Mo loadings ranging from
2.5–15 wt% supported on Nb2O5 (surface area 55 m2 g21) was
prepared by incipient wetting of the support using aqueous
ammonium heptamolybdate solution at pH 8. The catalysts
were subsequently dried at 383 K for 16 h and calcined in air at
773 K for 6 h. The niobium pentoxide hydrate (Niobia HY-340,
CBMM, Brazil) was calcined in air at 773 K for 4 h to obtain
Nb2O5 before impregnation with ammonium heptamolybdate.

Oxygen chemisorption was measured by the dynamic method
on AutoChem 2910 (Micromeritics, USA) instrument. Prior toFig. 3 Ammoxidation of toluene over various Mo/Nb2O5 catalysts.

Table 2 Activity of various supported molybdenum oxide catalysts in the
ammoxidation of toluene to benzonitrile

Catalyst
Conversion
(%)

Selectivity
(%)

10% Mo/Nb2O5 65.2 71.2
10% Mo/TiO2 (Degussa, P-25)17 56.2 74.0
10% Mo/ZrO2 64.0 68.4

Fig. 4 The relation between turnover frequency and Mo loading on
niobia.
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adsorption measurements, 0.5 g of the samples were prereduced
in a flow hydrogen (50 ml min21) at 623 K for 2 h and flushed
in the pure He flow (purity 99.999%) for 1 h at the same
temperature. Oxygen uptakes were determined by injecting
pulses of oxygen from a calibrated on-line sampling valve onto
a He stream passing over the reduced samples at 623 K.
Adsorption was deemed to be complete after at least three
successive peaks showed the same area. The surface areas of the
catalysts (taking 0.162 nm2 as the cross sectional area of an N2

molecule) were determined by the BET method on an all-Pyrex
glass high vacuum system which is capable of attaining a
vacuum of 1026 Torr. X-Ray diffractograms were recorded on
a Siemens D-5000 diffractometer using graphite-filtered Cu-Ka
radiation.

Temperature-programmed desorption (TPD) of NH3

TPD experiments were also conducted on AutoChem 2910
instrument. In a typical experiment for TPD studies ca. 200 mg
of an oven-dried sample (dried at 383 K for 16 h) was taken in
a U shaped quartz cell. Prior to TPD studies the catalyst sample
was pretreated by passing high purity helium (50 ml min21) at
473 K for 2 h. After pretreatment, the sample was saturated by
passing (75 ml min21) 10% NH3–He at 353 K, and subse-
quently flushing at 378 K for 2 h to remove the physisorbed
ammonia. TPD analysis was carried out from ambient tem-
perature to 1073 K at a heating rate of 10 K min21. The NH3

uptake amounts were calculated using GRAMS/32 software.
A down-flow fixed bed reactor operating at atmospheric

pressure and made of Pyrex glass was used to test the catalysts
during the ammoxidation of toluene to benzonitrile. About 0.5
g of the catalyst diluted with an equal amount of quartz grains
were charged into the reactor and were supported on a glass
wool bed. Prior to introducing the reactant toluene with a
syringe pump the catalyst was activated at 723 K for 2 h in an
air flow (40 ml min21). After activation the reactor was fed with
toluene, ammonia and air, keeping the mol ratio of toluene+
NH3+air at 1+14+30. The reaction products (mainly benzoni-
trile) were analyzed using an HP 6890 gas chromatograph
equipped with FID using an OV-17 column. The only by-
products formed were carbon oxides and analysis was carried
out on a GC-MS HP 5973 instrument using a Porapak Q
column.

Conclusions

XRD results show the presence of crystalline MoO3 at higher
loadings ( > 7.5 wt%). The dispersion of molybdena (deter-
mined by pulse chemisorption) is directly related to the catalytic

activity. NH3-TPD results also directly relate to the results of
ammoxidation of toluene.
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The synthesis of 3-nitrophthalic acid has been achieved by catalytic oxidation of 1-nitronaphthalene using
g-alumina supported ceria(IV) as a catalyst at 363 K in 80 mol% yield with 98% selectivity.

Oxidation of alkyl benzenes is one of the most important
reactions for synthesis of fine chemicals.1,2 There are several
examples of oxidation of aromatic compounds in the literature
including hypervalent chromium, manganese, vanadium and
ruthenium mediated oxidations.3,4 However these stoichio-
metric oxidants possess serious disadvantages in that they are
expensive and/or toxic and produce equimolar amounts of
deoxygenated wastes, which often makes isolation of the
products difficult. Furthermore, inevitable by-products repre-
sent environmental pressures demanding the use of inexpensive
oxidants, preferably under catalytic and energy saving condi-
tions. Supported vanadium oxides have been extensively
employed for the oxidation of naphthalene.5

In recent years, the use of CeO2-based materials as
heterogeneous catalysts has shown a rapid increase because of
their ability to release and store oxygen.6 The addition of ceria
to a support such as g-alumina and other transition metals such
as Pt, Pd and Rh has been shown to enhance the effectiveness of
its catalytic properties in the oxidation of CO and hydro-
carbons.7 In the exhaust gas treatment from automobiles, CeO2

was found to be an active ingredient in the so-called three-way
catalyst reported for the oxidation of isobutene.8 However, a
thorough search of literature has revealed that ceria has not so
far been studied as a selective catalyst for the oxidation of
naphthalene and its derivatives.

In recent years, there has been a great interest in the synthesis
of aromatic dicarboxylic acids as versatile raw materials for
high performance polymers and liquid crystalline materials.8
3-Nitrophthalic acid is one of the important dicarboxylic acid
intermediates and is produced in industry by two different
methods.9 In the first, naphthalene is nitrated and the nitrona-
phthalene is oxidized to nitrophthalic acid, while in the second
case phthalic acid is nitrated with fuming nitric acid in the
presence of sulfuric acid at 373 K. These methods have several
disadvantages such as poor yields as well as long and tedious
processes. Therefore, there is a need for the development of
mild and efficient processes for the synthesis of 3-nitrophthalic
acid using environmental friendly technologies. Recently an
improved process based on the liquid-phase oxidation of
1-nitronaphthalene in an acidic aqueous solution containing
Ce(IV), Mn(II) or Co(III) was reported for synthesis of
3-nitrophthalic acid under mild experimental conditions.10

However, it involves not only the treatment of huge quantities

of waste-water containing heavy metals as environmental
pollutants but also electrolytic oxidation to regenerate the
catalyst for recycling. In this paper we report a simple and
efficient method for the synthesis of 3-nitrophthalic acid by the
solid-phase oxidation of 1-nitronaphthalene in an acidic-
aqueous solution employing g-alumina supported ceria(IV) as a
catalyst.
g-Al2O3 (2 mm spheres, crushed and sieved to 18–25 BSS

mesh obtained from M/S. ACC, India) having a BET surface
area of 168 m2 g21 was used as a support material. After
calcination in air for 4 h at 773 K the support was impregnated
with a requisite amount of (NH4)2[Ce(NO3)6] in aqueous
solution with constant stirring for 2 h followed by drying/
evaporating the excess water on a water bath. The dried catalyst
was calcined in air at 723 K for 3 h to obtain the CeO2/g-Al2O3

catalyst. The BET surface areas of CeO2 and CeO2/Al2O3 were
found to be 22.5 and 138 m2 g21, respectively.

In a typical procedure (Scheme 1), 1-nitronaphthalene (0.04
mol) dissolved in acetonitrile (5 ml) and dilute nitric acid (0.16
mol) were mixed well and 1 g of 5% CeO2/g-AlO3 was added
and the mixture stirred for 1 h at 363–373 K. After the reaction,
the reaction mixture was cooled to room temperature and
filtered. The filtrate was neutralized with Na2CO3/NaOH and

Scheme 1

Green Context
Selective oxidation is one of the most challenging areas of
chemistry, with a wide range of target processes. This paper
describes the development of a supported ceria catalyst for
the selective oxidation of a naphthalene to a phthalic acid
derivative. High yields and excellent selectivity are found
under very mild conditions with nitric acid as primary
oxidant. The catalyst performs favourably compared to
current processes. DJM
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washed with ethyl acetate and adjusted to a pH of 2.0 with HCl
prior to extraction of the product with methanol. Product
analysis in the reaction mixture prior to extraction was made by
high performance liquid chromatography (HPLC) and analysis
showed the purity of the product to be 95–98%. The main
product was isolated from methanol by evaporation under
reduced pressure and confirmed to be 3-nitrophthalic acid by
comparision with an authentic sample (HPLC, IR, MS, 1H
NMR). The yield and selectivity of 3-nitrophthalic acid were
calculated on the basis of the starting amount of 1-nitrona-
phthalene and the total amount of the product formed,
respectively.

Table1 exhibits the catalytic effect of CeO2 for selective
oxidation of 1-nitronaphthalene to 3-nitrophthalic acid under
different conditions. The liquid-phase oxidation using ammo-
nium ceric nitrate yielded 34 mol% of 3-nitrophthalic acid while
with CeO2 as a solid-phase catalyst the yield was found to be
around 20 mol%. In the presence of CeO2/g-Al2O3 the yield of
3-nitrophthalic acid is 60 mol% with a selectivity of 98%. In the
absence of CeO2, however the reaction does not proceed at all.
These results indicate that the use of CeO2 on a support of g-
Al2O3 significantly enhanced not only the yield but also the
selectivity of 3-nitrophthalic acid.

The yield of 3-nitrophthalic acid on CeO2/g-Al2O3 catalyst is
nearly three times than that on bulk CeO2 catalyst. The higher
activity on this catalyst can be attributed to the presence of CeO2

in higher dispersion state over g-Al2O3. In other words, the
number of active CeO2 species responsible for the oxidation of
1-nitonaphthalene are higher in CeO2/ g-Al2O3 catalyst than in
the bulk CeO2 catalyst. The active CeO2 sites, which are
reducible, are often called coordinatively unsaturated sites
(CUS) of CeO2. These CUS of CeO2 species can be titrated back
with oxygen at low temperatures via a low temperature oxygen
chemisorption (LTOC) technique. In CeO2/Al2O3 catalysts,
Miki et al have reported that 0.5 mol O2 is sufficient to titrate 2
mol of reducible CeO2 surface species [eqns. (1) and (2)].11

2CeO2 + Al2O3 + H2? 2CeAlO3 + H2O (1)

2CeAlO3 + (1/2)O2? 2CeO2 + Al2O3 (2)

From the LTOC experiments, we found that each mole of
CeO2 in CeO2/Al2O3 catalyst occupies 142.3 3 1024 m2,
whereas each mole of CeO2 in bulk CeO2 occupies 5.6 3 1024

m2. Thus it is clear that the active surface area of CeO2 in CeO2/
Al2O3 catalyst is ~ 25 times greater than that of bulk CeO2.
From the active CeOx species titratable with O2 (101.2 mmol of
CeOx/g catalyst). It appears that approximately three overlayers
of CeOx might have formed on the surface of Al2O3. Thus the
high productivity of 3-nitrophthalic acid over CeO2/Al2O3

catalyst can be attributed to the high active CeO2 area of this
catalyst.

In order to determine the reducible species present in the 5%
CeO2/Al2O3 catalyst, the catalyst sample has been characterized
by temperature programmed reduction (TPR) using 5% H2/Ar
flow with a temperature ramp of 10 K min21 from ambient to
1073 K. The TPR pattern (Fig. 1) indicates the presence of
reducible species in five-temperature regions viz., at Tmax of
473, 673, 773, 973 (as a shoulder) and at 1073 K. The low
temperature signal is probably due to the reduction of adsorbed
O2 on Al2O3. The signals at 673 and 773 K may be due to the

reduction of surface O2 associated with CeAlO3. Partial
reduction of CeAlO3 species to form non-stoichiometric CeOx

(x is in the range 1.7–1.9) might have taken place at 973 K. The
high temperature peak can be attributed to the formation of
Ce2O3. These results are in agreement with the literature.12

Table 2 shows the dependence of the yield of 3-nitrophthalic
acid on the initial mole ratio of CeO2/g-Al2O3 catalyst to
1-nitronaphthalene. The yield increases with increasing
amounts of CeO2/g-Al2O3 and has a maximal value (80 mol%
with 100% selectivity) at a mol ratio 0.7.

In conclusion, selective oxidation has been achieved by the
one-step reaction of 1-nitronaphthalene with 5% CeO2/g-Al2O3

catalyst in acetonitrile in presence of aqueous acid at 363 K
producing 3-nitrophthalic acid in 80 mol% yield with 98%
selectivity.
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1.00 0.5 75.9 96
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Water is an alternative solvent and reaction medium to many conventional organic solvents. In pressurized hot
water extraction (PHWE) and pressurized hot water oxidation (PHWO) the altered physico-chemical properties of
heated and pressurized water are exploited for the treatment of wastes in solid and liquid states. On-line coupled
PHWE and PHWO equipment was used to extract polyaromatic hydrocarbons (PAHs) from a soil sample and then
to destruct them with potassium persulfate as oxidant. In PHWE experiments, study was made of the effects of
flow direction and flow rate in the extraction vessel on the recovery of PAHs. Compared with Soxhlet extraction,
PHWE gave better recoveries overall. In PHWE–PHWO, temperature, flow rate (reaction time) and oxidant
concentration affected the conversion of the PAHs. It was important that temperature was high enough and
reaction time long enough for effective oxidation. These parameters had thus to be chosen carefully for optimal
results. Under optimized conditions almost 100% PAH conversions were obtained, and also a clear reduction in
total organic carbon content of the effluent was evident. However, some organics remained in the effluent after the
procedure, and a considerable amount of sulfate was released in water. Further treatment of the effluent is thus
required as a final step.

Introduction

Polyaromatic hydrocarbons (PAHs) have long time been a
cause of concern because of their impact on human health and
the environment. Some of these compounds, for example,
benzo[a]anthracene, chrysene, dibenzo[a,h]anthracene, and
benzo[a]pyrene, are highly toxic, carcinogenic and muta-
genic.1,2 The major sources of PAHs are combustion processes,
particularly industrial processes, domestic heating, and traffic.
Public concern about PAH residues in the environment has
spurred the development of techniques for the treatment of
polluted sites.

Pressurized hot water (PHW) is referred to as supercritical
water (SCW) when temperature and pressure exceed the critical
temperature and pressure of water (Tc = 374 °C, Pc = 221 bar).
In the supercritical state, the density and solvent properties of
water are closer to liquid than gas. Relative to its properties in
liquid state, diffusivity is increased, while viscosity, hydrogen
bonding between water molecules, and the dielectric constant
are decreased.3–7 For example, at 500 °C and 230 bar the
dielectric constant is about 1.5, whereas at room temperature the
value is close to 80. In extraction, the key parameter in
interpreting solvent–solute interactions is the dielectric constant
and this can be related to polarity. A high dielectric constant
favors the solubility of high polarity compounds and a lower
dielectric constant the solubility of low polarity compounds
such as PAHs.8 In the supercritical state, and to some extent
under milder conditions, gases and organic compounds of low
polarity are soluble in water, while inorganic compounds such
as salts are insoluble.9–12

Water can be described as a ‘green’ solvent, because it is
nontoxic, nonflammable and it poses no threat to the environ-
ment. It is also readily available and cheap. Technically, water
is attractive because its properties change dramatically with
temperature and pressure. Pressurized water at elevated tem-
perature can be used in place of organic solvents and additives
in both extraction and oxidation.

Pressurized hot water extraction (PHWE) can be successfully
used in the treatment of contaminated soil and sediments. Both
liquid water and steam (T = 200–300 °C) have been applied in
the extraction of organic compounds, including PAHs, poly-
chlorinated biphenyls (PCBs), polychlorinated dibenzofurans
(PCDFs), naphthalenes, and alkanes from solid sample matri-
ces.13–16 Good extraction efficiencies can be obtained at
temperatures lower than the critical temperature of water, which
is important in terms of cost. Also other extraction processes—
for example, accelerated solvent extraction (ASE) and super-
critical fluid extraction (SFE)—have been developed to reduce
the amounts of organic solvents now being used. Supercritical
carbon dioxide can be used in environmentally friendly SFE
processes, but its polarity is low and organic modifier often
must be added when analytes of a more polar nature are to be
extracted.17

Supercritical water oxidation (SCWO) is an efficient tech-
nique for the treatment of wastewaters and sludges.18,19 A
considerable disadvantage, however, are the high temperatures
needed in the process. It is economically favorable if the
oxidation process can be carried out effectively under mild
conditions. Wet air oxidation processes, the most familiar
PHWO processes, typically rely on temperatures of 120–300 °C
and pressures of 1–10 MPa.20 Below the critical temperature of

Green Context
The use of high temperature water for the extraction of
organics from various matrices is an attractive option due to
water being safe, cheap and a good solvent for organics at
elevated temperatures. this paper couples the efficient
extraction of polyaromatic hydrocarbons from soil using
high temperature water with an improved total oxidation
method, which forms an effective method for the decontami-
nation of soils. DJM
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water, catalysts are often added to enhance oxidation by
lowering the activation energy of the reaction. Transition metals
have been found effective in the treatment of wastewaters, for
example.21–23 Water is highly corrosive at high temperatures
and pressures, especially with some oxidant added, and
materials incorporated in the equipment need to be resistant to
corrosion. In this respect, Inconel 600 and 625 and Hastelloy
276 are better choices of material than ordinary stainless
steel.24, 25

Oxygen and hydrogen peroxide are the most widely used
oxidants in SCWO and PHWO. Although the efficiency of
potassium persulfate has been demonstrated, it has rarely been
used as oxidant in continuous flow type oxidation processes. It
is nevertheless an attractive choice as oxidant because it is
inexpensive and easy and safe to handle and the reaction is free
of serious interferences. In earlier work26,27 we oxidized
phenolic compounds efficiently with potassium persulfate in a
continuous flow reactor at temperatures clearly below the
critical temperature of water. The oxidant starts to react
effectively at about 100 °C, forming sulfate radicals, which
react with organic compounds in a complex radical chain
mechanism.28,29 It needs to be added that some studies in this
area have shown that persulfate oxidation of soil organic matter
and dissolved organic matter is incomplete.30,31 Related to this,
it has been demonstrated that persulfate selectively oxidizes
PAHs that are bioavailable in soils and sediments.32,33 Poorly
bioavailable PAHs, which are mainly sorbed to condensed
organic matter, are desorbed slowly, whereas readily available
PAHs, which are mainly sorbed to expanded organic matter, are
desorbed rapidly.

There are only a few publications in the literature describing
on-line coupled PHWE–PHWO and PHWE–SCWO processes.
Misch et al.34 coupled PHWE with electrochemical oxidation in
supercritical water. Recently we applied PHWE–SCWO proc-
esses to the oxidation of PAHs with hydrogen peroxide as
oxidant.35,36 Good extraction and oxidation efficiencies were
obtained in these studies, which encouraged us to continue
experiments with potassium persulfate as oxidant. The primary
aim of the present work was to apply on-line coupled PHWE–
PHWO in the treatment of PAH-polluted soil with potassium
persulfate as oxidant. A wide range of temperatures below the
critical temperature of water was tested to determine the
feasibility of using potassium persulfate.

Materials and methods

Solid matrix

Air-dried and homogenized soil (from the decomissioned coal
gasification plant at Husarviken, Stockholm, Sweden) was
employed as the solid sample. The soil was kindly supplied by
Dr Bert van Bavel (Umeå University, Sweden). Table 1 gives
the reference values for the PAHs in the soil (only one
measurement for each compound), obtained at Umeå University
by accelerated solvent extraction (ASE) and HRGC–LRMS
analysis.

Reagents

Distilled deionized water was used as solvent for extraction and
potassium persulfate (E. Merck AG, Darmstadt, Germany,
98%) as oxidant with working concentration from 21.1 to 52.8
g l21. 4,4A-Dibromooctafluorobiphenyl (Aldrich, Gillingham,
UK, 99%) was employed as an internal standard (c = 2.0 mg
ml21 in isooctane). Liquid–liquid extraction of the collected
samples (effluent) was carried out with dichloromethane (Lab-
Scan, Analytical Sciences, Dublin, Ireland, HPLC grade). A
PAH standard mixture of 17 compounds (Z-014G-R, Accu-
Standard, Inc., CT, USA, c = 2.0 mg ml21 in CH2Cl2/benzene
1+1, v:v) was used for identification and quantitation of the
PAHs (Table 1). Soxhlet extraction was performed with toluene
(Lab-Scan, Analytical Sciences, Dublin, Ireland, HPLC grade)
as solvent.

PHWE–PHWO Equipment

The equipment used in the studies is described in Fig. 1. Tubes
(1/8 in. o.d., 1.5 mm i.d.) in the ovens (oven 1 for extraction:
Carlo Erba Fractovap Mod. G1, Milan, Italy; oven 2 for
oxidation: Carlo Erba Series 2350, Milan, Italy) and between
them were made of Inconel 600 (Nickel alloy, Ni > 72%, Cr
15.5%). The volume of the preheating tube in the oven 1 was 1.8
ml (l = 1.0 m) and that of the reaction tube for oxidation (in
oven 2) was 16.3 ml (l = 9.2 m). The volume of the tube in oven
2 for temperature equilibrium before entering the T junction

Table 1 Ions used for quantitation and identification of the PAHs, detection limits obtained with a PAH standard solution, and the amounts of the PAHs
determined by ASE (for calculation of oxidant consumption)

No. Compound
Quantitation
ion (m/z)

Qualifier
ion (m/z)

Detection
limit/ng (S/N = 3)

Amount (mg g21)
analyzed by ASEa

1 Naphthalene 128 102 0.85 6.5
2 Acenaphthylene 152 76 1.61 23
3 Acenaphthene 153 152 0.95 1.6
4 Fluorene 166 165 0.80 23
5b Phenanthrene 178 76 1.44 180
5b Anthracene 178 76 1.17 43
6 Fluoranthene 202 101 0.79 292
7 Pyrene 202 101 0.40 222
8b Benzo(a)anthracene 228 114 0.65 174
8b Chrysene 228 113 0.64 116
9b Benzo(b)fluoranthene 252 126 0.72 112
9b Benzo(k)fluoranthene 252 126 0.76 96

10 Benzo(a)pyrene 252 126 0.81 178
11 Indeno-1,2,3(c,d)-pyrene 276 138 1.70 88
12 Benzo(g,h,i)perylene 276 138 1.32 65
a Quantitative analysis of the PAHs in soil carried out at the University of Umeå (Sweden). Sample pre-treatment: homogenization and air-drying. ASE with
hexane/acetone (1+1, v/v) at 150 °C and 14 MPa. Evaporation, clean-up through a silica column, elution with 25 ml hexane and 25 ml hexane/
dichloromethane (3+2, v/v). Evaporation, and change of the solvent to toluene. Analysis: HRGC–LRMS (Fisons GC 8000/Fisons MD 800). b Compounds
5, 8 and 9 were analyzed as one peak due to poor chromatographic resolution in the analysis of the soil sample

214 Green Chemistry, 2002, 4, 213–219
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was 3.5 ml (l = 2.0 m). The tube connecting the ovens was
insulated. The oxidant was not preheated.

One high-pressure pump (pump 1: Jasco PU-980 HPLC
pump, Tokyo, Japan) was employed to deliver water into the
extraction vessel in oven 1. Two types of vessel (Fig. 2) were
used (vessel 1: V = 2.2 ml, 100 3 4.6 mm i.d., Keystone
Scientific, Inc., Bellefonte, PA, USA; vessel 2, V = 2.8 ml, 37
3 10 mm i.d., laboratory constructed, made of stainless steel).
A second pump (pump 2: Jasco PU-1580 HPLC pump, Tokyo,
Japan) was employed to deliver oxidant at the T junction in oven
2. An ice bath was used to cool the stream before it entered the
pressure regulator (stainless steel, micrometering valve, Jasco).
The capillary (1/16 in. o.d., 0.5 mm i.d.) leading from the
pressure regulator to sample collection was made of ordinary
stainless steel.

Procedure

Four experiments were carried out under similar conditions. 0.5
g contaminated soil and ~ 2.5 g (type 1 vessel) or ~ 3.0 g (type
2 vessel) sea sand were weighed into the extraction vessel (see
Fig. 2). PHWE procedures without a PHWO period were
carried out to determine the effects of flow direction and flow
velocity and the geometry (diameter) of the extraction vessel on
the recoveries of the PAHs. The water flowing into the
extraction vessel first entered the PAH contaminated area and
only after this the sea sand area.

In PHWE–PHWO experiments, oven 2 was first heated to the
selected temperature (100–360 °C) and the oxidant flow (pump
2: v = 1.0 or 4.0 ml min21) was started before pump 1 was
launched to deliver water (v = 1.0 ml min21) to the extraction
chamber. After this the temperature in oven 1 was adjusted to
300°C for the extraction. In the PHWE procedures (without
PHWO), water instead of oxidant was pumped (pump 2) to the
T junction at 300 °C. The nominal extraction time was 20 min.

The total time for the entire extraction was 18 min longer at 300
°C than the nominal extraction time at isothermal conditions,
because it took time to heat oven 1 to the selected temperature.
The concentration of potassium persulfate noted in the text and
tables is the concentration of the oxidant in the pump, not the
concentration in the reaction tube after mixing at the T
junction.

The density and volume values under various conditions for
the calculation of the reaction times in the oxidation tube were
calculated by the NIST/ASME Steam Properties program
(Formulation for General and Scientific Use, Standard Refer-
ence Database 10 Version 2.01., USA).

For sample collection for GC–MS analysis, the exit capillary
was inserted in dichloromethane (V = 20 ml) in a bottle. After
every PHWE and PHWE–PHWO procedure the tube from the T
junction to the sample collection was flushed with ~ 40 ml of
dichloromethane and the internal standard (V = 50 ml) was
added to the sample. The separated water sample was extracted
with dichloromethane (4 3 10.0 ml), and the organic fractions
were combined and concentrated to about 1.5 ml with gentle
nitrogen evaporation for GC–MS analysis.

For comparison of the recoveries of PAHs, 20 h Soxhlet
extraction (toluene as solvent) was applied for the soil sample.
After the Soxhlet extraction, the internal standard (V = 50 ml)
was added and the sample was concentrated by rotavapor to
about 10 ml; the final concentration step to about 1.5 ml for GC–
MS analysis was carried out by gentle nitrogen evaporation.

GC–MS Analysis

Compounds in the effluent were investigated with a Hewlett–
Packard model 5890 gas chromatograph and a model 5989A
quadrupole mass spectrometer (USA). All MS analyses were
carried out in SCAN mode (50–500 amu) with electron impact
ionization (EI, 70 V). The temperature of the GC–MS interface
was 300 °C, that of the ion source 250 °C, and that of the
analyzer 120 °C. Samples were injected (Vinj = 2.0 ml) in on-
column mode with a Hewlett–Packard 7636 autosampler. The
analytical column was a 25.0-m HP-5 (Hewlett Packard, USA)
of 0.2 mm i.d. and 0.11 mm film thickness. A 2.0–3.0 m
retention gap (BGB Analytik AG, Rothenfluh, Switzerland) of
0.53 mm i.d. with DPTMDS (1,2-diphenyl-1,1,3,3-tetrame-
thyldisilazane) deactivation was connected to the analytical
column with a press-fit connector (BGB Analytik AG, Rothen-
fluh, Switzerland). The temperature program of the GC oven
was 30 °C (2 min), heating 10 °C min21, 300 °C (10 min).

The ions used in quantification and identification of PAHs
are presented in Table 1. Ions at m/z 456 and 296 were selected
for the internal standard, for quantitation and identification,
respectively. Calibration was generated from the GC–MS runs
of dilution series of the PAH standard solution. The software
used in the computer connected to the GC–MS was a Hewlett–
Packard ChemStation (G1034C version C 03.00). The software
included a mass spectra library (Wiley) which was used in
identifying the organic compounds. A library match > 95 (100
is the maximum) was considered as the minimum requirement
for a positive identification. Other organics than PAHs were not
fully quantified; only the ratios of the peak areas of the organics
to the peak area of the internal standard were calculated. The
concentration of the internal standard in the vial was about 67
mg ml21.

TOC Analysis

TOC analysis was carried out independently of the GC–MS
studies. Four effluent samples were collected under each set of
conditions. The tube leading on from the T junction was not
flushed with dichloromethane because, with solvent added, the

Fig. 1 PHWE–SCWO equipment used in the study. The reaction tube was
flushed from the T junction on except in the experiments for TOC. PT refers
to preheating tube.

Fig. 2 Extraction vessels and flow types used in the study.
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analysis would have given erratic results. A Shimadzu TOC-
5000 analyzer (USA) was employed to measure total organic
carbon in the sample. Standard method SFS-EN 1484 was
employed in the analysis. The samples were kept in an
ultrasonic bath for ca. 10 min before the TOC analysis.

Results and discussion

PHWE Experiments

Destruction of PAHs in high-temperature ovens during PHWE
was assumed to be negligible, though this is theoretically
possible and could lead to losses in recovery. The geometry
(diameter) of the extraction vessel (see Fig. 2) had a significant
effect on the recoveries of the PAHs (Figs. 3 and 4). The vessel
of smaller diameter (vessel 1, d = 4.6 mm) gave better
recoveries than the vessel of larger diameter (vessel 2, d = 10
mm) probably because compounds near the walls were
extracted more effectively in vessel 1 than vessel 2. Probably,
too, the matrix was unable to move with the flow as easily in
vessel 1 as in the vessel 2 and the extraction efficiency was thus
enhanced. The sample matrix can also be considered as a
stationary phase in a chromatographic column with internal
diameter and length affecting the separation process.

In experiments with similar types of extraction vessels but
with use of water in steam phase instead of liquid, Andersson et
al. 37 did not observe marked differences in recoveries of PAHs
due to the vessels. Evidently, in the steam phase, water is well
distributed through the sample, whereas in the liquid phase it
moves along channels and its ability to remove PAHs from the
outer layers of the sand is decreased. Andersson et al. also

mixed the sample with the sand instead of applying different
layers as we did, and this may have affected the recovery.

In the tests of the effect of flow direction (Figs. 3 and 4)
recoveries were much better when flow came from the top of the
vessel than from the bottom. Depending on the flow direction,
there may be differences in the degree of flow channel
formation inside the sample, affecting the recovery of the
PAHs.

Two flow velocities were tested with extraction vessel 2 (Fig.
3). Recoveries of the PAHs were higher when the flow velocity
was increased from 1.0 to 2.0 ml min21 (flow coming from the
bottom). This shows that the extraction was solubility limited.
Recoveries were higher still, however, with extraction vessel 1
and flow of 1.0 ml min21 from the bottom and highest of all
with extraction vessel 1 and flow of 1.0 ml min21 from the top.
Experiments with flow velocity of 2.0 ml min21 were not easy
to carry out technically because of problems in adjusting the
pressure and only one experiment with this was performed.
Hawthorne et al.38 also observed increase in the recovery of
PAHs with increased flow velocity of water (0.1–1.1 ml
min21).

Compared with Soxhlet extraction and ASE, PHWE gave
better overall recoveries for the PAHs, even for PAHs of high
molecular mass (Fig. 4). About three times as high recovery of
low molecular mass acenaphthylene was obtained with PHWE
as with Soxhlet extraction. However, some of the variation in
the recoveries of the PAHs, especially PAHs of low molecular
mass, may be due to high volatility of the compounds.39 We also
note that only one experiment was carried out with ASE and it
was not possible to estimate the repeatability of the method. In
a comparison of PHWE, PLE (pressurized liquid extraction,
similar to ASE), and Soxhlet extraction techniques, Hawthorne
et al.40 observed that the mean recoveries of PAHs of low and
medium molecular mass were generally better with PHWE than
with Soxhlet extraction, but the recoveries of PAHs of high
molecular mass were closely similar or even better with Soxhlet
extraction. Our Soxhlet extracts were much darker (color dark
brown/black) and more turbid than PHW extracts (color
orange). The same was observed by Hawthorne et al.40

Vessel 2 was selected for the PHWE–PHWO experiments
because often there were leaks with vessel 1. Leaks were mainly
due to old and worn parts that were difficult to tighten. Flow
direction from top to bottom was chosen for the PHWE–PHWO
studies in view of the better recoveries in PHWE.

PHWE–PHWO Experiments

The average reaction time (t) in the reaction tube in the PHWO
process was defined as the ratio of the volume of the reaction
tube (V) to the volumetric pump flow (v). The reaction times
were 1.9–7.9 min depending on the temperature, pressure, and
flow rate in the reaction tube (the length of the tube was constant
in all experiments).

Calculations of the amount of potassium persulfate needed
for oxidation of the PAHs were made on the basis of the
stoichiometry of the oxidation reactions of the compounds. The
equivalent amount of potassium persulfate (0.16 mmol) was
calculated on the basis of the amounts of the PAHs determined
by ASE (23 different PAHs were quantified and the total
amount of the compounds was 1704 mg g21). Only 15 PAHs
(total amount 1644 mg g21) were determined in the PHWE
recovery and PHWE–PHWO conversion studies (Table 1).
With all the PAHs in the 20.0 ml fraction considered to be
extracted during the process, the equivalent concentration of
potassium persulfate required would have been 7.82 mM. The
lowest concentration used was 10 times this concentration (i.e.
78.2 mM = 21.11 g l21). The soil sample typically also
contained organic compounds other than PAHs. Although the
amounts of these compounds were considered to be negligible

Fig. 3 PHWE of PAHs (numbered according to Table 1) with different
extraction vessels, flow velocities, and flow directions. RSDs shown as
error bars (n = 4). Extraction vessels are described in Fig. 2 and in the text.
Explanation of symbols: A: Vessel 2, flow 1.0 ml min21 upwards. B: Vessel
2, flow 2.0 ml min21 upwards. C: Vessel 1, flow 1.0 ml min21 upwards. D:
Vessel 1, flow 1.0 ml min21 downwards

Fig. 4 Comparison of PHWE, Soxhlet extraction, and ASE of PAHs
(numbered according to Table 1). RSDs shown as error bars. Only one
replicate was carried out with ASE and no RSD is given. Explanation of
symbols: A: PHWE, vessel 2, flow 1.0 ml min21 downwards. This was used
in PHWE–PHWO studies (n = 4). B: Soxhlet extraction (20 h), toluene as
solvent (n = 4). C: ASE, method described below Table 1 (n = 1).
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in the calculations of oxidant concentration for the needs of
PAHs, oxidant was used in such great excess that the
concentration could be assumed to be sufficient.

Conversion (removal efficiency) of the PAHs in the PHWE–
PHWO procedure was calculated by comparing the amounts of
the PAHs found in the PHWE–PHWO treated sample with
those found in the PHWE sample treated at 300 °C and 20 min
extraction time.

Tables 2 and 3 show the conversions of the PAHs under
various PHWE–PHWO conditions. With oxidant concentration
of 21.1 g l21, 100°C was clearly too low a temperature for
efficient conversion of PAHs of high molecular mass even
though the reaction time was the longest studied (Table 2). Like
us, Cuypers et al.32 have found that PAHs of high molecular
mass (5–6 rings) are more resistant to persulfate oxidation (T =
70 °C and oxidation time 3 h) than PAHs of lower molecular
mass (1–2 or 3–4 rings). In our study, conversions of the PAHs
of high molecular mass increased at 150 and 225 °C, but they
were still well below 100%. The conversions of the PAHs of
low and medium molecular mass often decreased when
temperature was further raised up to 300 °C. This was probably
due to the decreased reaction times at higher temperatures. It has
also been reported that the decomposition of persulfate is
increased at higher temperature and the success or failure of the
oxidation process depends on whether the organic material can
be oxidized before persulfate decomposition.41

An increase in conversions was achieved at 300 °C by
increasing the oxidant concentration from 21.1 to 52.8 g l21

(Table 2). Oxidant concentration could not be increased further
in the pump because potassium persulfate was not soluble in
water at higher concentrations (room temperature). To increase
oxidant concentration in the reaction tube and thus the
conversion efficiency, oxidant flow was increased from 1.0 to
4.0 ml min21 (Table 3). On the other hand, increase of the total
flow in the reaction tube from 2.0 to 5.0 ml min21 decreased the
reaction time, with opposite effect on the conversion of the
PAHs. No marked difference in conversions of PAHs of
different size was observed with flow of 4.0 ml min21 and
oxidant concentration of 52.8 g l21 at 300 and 360 °C. The
conversions were most efficient at 300 °C, where no PAHs were
detected. The RSDs for some conversions were quite large,
especially those presented in Table 3 and related to conversions
below 90%. This poor repeatability under certain conditions
must be considered when interpreting the results.

Other compounds found in the soil after PHWE and PHWE–
PHWO are presented in Table 4. Since 1[3H]-isobenzofuranone
and 9H-xanthen-9-one were not found in PHWE, they probably
were reaction intermediates formed during oxidation. Relative
those found in PHWE, the amounts of benzoic acid and
9,10-anthracenedione were clearly increased after the oxidation
step. It is worth noting that none of the compounds listed in
Table 4 were detected by PHWE–PHWO with 1.0 ml min21

oxidant flow at 100 or 150 °C nor with 4.0 ml min21 oxidant
flow at 100, 150, 225 or 300 °C. The higher concentrations of
some compounds in PHWE–PHWO when the temperature was
raised might be explained in the same way (decreased reaction

Table 2 PHWE–PHWO of the soil sample. Percentage conversion of PAHs (%RSD) under various oxidation conditions (n = 4). Nominal flow in extraction
was 1.0 ml min21 and in oxidation 2.0 ml min21 (oxidant flow 1.0 ml min21). PHWE was performed at 300 °C for 20 min

Compound Aa Bb Cc Dd Ee Ff

Naphthalene ND ND 89.3 (5) 77.8 (16) 95.3 (5) 87.8 (1)
Acenaphthylene ND ND 96.7 (1) 97.1 (0.1) 96.6 (1) 96.2 (5)
Acenaphthene ND ND 85.1 (16) 65.1 (18) 81.8 (19) 85.1 (16)
Fluorene ND ND 77.7 (3) 88.2 (7) 94.1 (3) 93.0 (11)
Phenanthrene + Anthraceneg 98.9 (0.1) 99.3 (1) 97.3 (0.1) 96.4 (1) 97.4 (1) 94.0 (5)
Fluoranthene 98.6 (1) 99.4 (1) 92.7 (0.4) 92.7 (1) 96.1 (3) 92.5 (7)
Pyrene 98.3 (1) 99.3 (1) 95.2 (1) 96.7 (1) 96.7 (3) 90.4 (9)
Benzo(a)anthracene + chryseneg 88.5 (3) 98.6 (1) 97.6 (0.2) 95.1 (1) 97.2 (1) 94.5 (2)
Benzo(b)fluoranthene + benzo(k)fluorantheneg 66.1 (10) 95.5 (2) 95.5 (0.4) 94.3 (1) 95.8 (1) 94.5 (2)
Benzo(a)pyrene 39.5 (25) 92.1 (9) 93.0 (1) 92.4 (3) 94.8 (2) 94.4 (7)
Indeno-1,2,3(c,d)-pyrene 23.5 (19) 91.0 (6) 94.9 (1) 98.0 (2) 97.3 (2) 98.4 (3)
Benzo(g,h,i)perylene 28.1 (17) 91.1 (5) 95.5 (1) 99.0 (2) 97.8 (2) 98.4 (3)
a A) Oxidation at 100 °C, c(oxidant) = 21.1 g l21, P ~ 150 bar, reaction time = 7.9 min. b B) Oxidation at 150 °C, c(oxidant) = 21.1 g l21, P ~ 150 bar,
reaction time = 7.6 min. c C) Oxidation at 225 °C, c(oxidant) = 21.1 g l21, P ~ 150 bar, reaction time = 6.9 min. d D) Oxidation at 300 °C, c(oxidant)
= 21.1 g l21, P ~ 150 bar, reaction time = 5.9 min. e E) Oxidation at 300 °C, c(oxidant) = 52.8 g l21, P ~ 150 bar, reaction time = 5.9 min. f F) Oxidation
at 360 °C, c(oxidant) = 52.8 g l21, P ~ 250 bar, reaction time = 4.8 min. g See footnote b of Table 1.

Table 3 PHWE–PHWO of the soil sample. Percentage conversion of PAHs (%RSD) under various oxidation conditions (n = 4). Nominal flow in extraction
was 1.0 ml min21 and in oxidation 5.0 ml min21 (oxidant flow 4.0 ml min21). PHWE was performed at 300°C for 20 min

Compound Aa Bb Cc Dd Ee

Naphthalene ND ND ND ND 97.5 (5)
Acenaphthylene 84.4 (27) ND 98.1 (2) ND ND
Acenaphthene 86.1 (14) ND ND ND 94.1 (11)
Fluorene 86.9 (21) ND 97.7 (2) ND 97.6 (2)
Phenanthrene + Anthracenef 98.9 (0.1) ND 99.2 (1) ND 95.9 (3)
Fluoranthene 98.9 (1) ND 99.1 (2) ND 92.1 (7)
Pyrene 98.8 (1) 99.8 (0.4) 99.2 (1) ND 99.7 (0.1)
Benzo(a)anthracene + chrysenef 93.9 (6) 99.1 (1) 98.4 (2) ND 93.3 (2)
Benzo(b)fluoranthene + benzo(k)fluoranthenef 71.2 (39) 96.6 (0.3) 93.7 (9) ND 94.0 (2)
Benzo(a)pyrene 83.1 (31) 97.6 (1.5) 88.3 (22) ND 94.3 (4)
Indeno-1,2,3(c,d)-pyrene 74.9 (50) 97.1 (3) 87.3 (25) ND 98.0 (0.4)
Benzo(g,h,i)perylene 73.0 (59) 97.1 (3) 86.5 (26) ND 98.6 (0.3)

a A) Oxidation at 100 °C, c(oxidant) = 52.8 g l21, P ~ 150 bar, reaction time = 3.2 min. b B) Oxidation at 150 °C, c(oxidant) = 52.8 g l21, P ~ 150 bar,
reaction time = 3.0 min. c C) Oxidation at 225 °C, c(oxidant) = 52.8 g l21, P ~ 150 bar, reaction time = 2.8 min. d D) Oxidation at 300 °C, c(oxidant)
= 52.8 g l21, P ~ 150 bar, reaction time = 2.4 min. e E) Oxidation at 360 °C, c(oxidant) = 52.8 g l21, P ~ 250 bar, reaction time = 1.9 min. f See footnote
b of Table 1.
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time and more rapid decomposition of persulfate) as the
decrease in PAH conversions at elevated temperatures. Under
some conditions we also found other compounds, which could
not be identified, and are not listed in Table 4. The compounds
not identified with certainty were the most abundant with both
oxidant flows at 100 °C where several hydrocarbons were
detected. The chromatograms were the ‘cleanest’ with oxidant
flow of 4.0 ml min21 at 225 and 300 °C where only a few
unidentified peaks were found in low concentrations.

The TOC content of the effluent under various conditions is
presented in Table 5. The best TOC removal ( ~ 80% relative to
the PHWE result) was obtained at 225 °C with oxidant flow rate
of 4.0 ml min21 and concentration of 52.8 g l21. However,
considerable amounts of organics were left in the effluent and,
in this respect, it can be concluded that only limited oxidation
was achieved with potassium persulfate as oxidant. For
comparison, in our earlier study with on-line coupled PHWE–
SCWO equipment and hydrogen peroxide as oxidant in
oxidation of PAHs, TOC content of the effluent was decreased
by ca. 91% under optimized conditions.36 Because the tube,
especially the parts beyond the heated region, was not flushed

with dichloromethane, some compounds may have got trapped
there, with a resulting effect on the TOC removal value. Many
products formed during oxidation are more polar (favoring
water phase) than the starting compounds. This may explain the
sometimes higher TOC contents of PHWE–PHWO samples
than of the PHWE sample. Furthermore, some crystals were
formed at the bottom of the test tubes during TOC analysis of
the samples taken after PHWE–PHWO treatment at 100 °C with
4.0 ml min21 oxidant flow. This constitutes clear evidence that
some compounds were not totally soluble in water under the
conditions employed, reducing the reliability of the results.

Potassium persulfate concentration does not need to be as
high as it was during the whole PHWE–SCWO procedure to get
good conversions for the organics. This is because most of the
organics are extracted at the beginning of PHWE; at the end of
the extraction the concentration of the organics is lower and so
also the need for oxidant. No gradient in oxidant concentration
was developed because the extraction profile of the organics
was not studied in detail. A clear disadvantage of using
potassium persulfate as oxidant is that sulfate is released to
water. The formation of sulfate was studied in detail in our
earlier study.27 The sulfate could be removed by precipitation or
by biological or ion exchange methods.

Technically the PHWE–PHWO equipment was capable of
safe and effective extraction of organic compounds from the
soil. Overall, the recoveries with PHWE were better than those
obtained with Soxhlet extraction. In the PHWE–PHWO studies
excellent conversions were obtained for the PAHs and, under
optimized conditions, the TOC content was clearly decreased.
However, considerable amounts of organics were still left in the
effluent.
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Table 5 TOC content of the effluent (%RSD) under various conditions (n
= 4). Corresponding reaction times can be found in Tables 2 and 3. Oxidant
concentration was 52.8 g l21.

Experimental conditions TOC in mg
(%RSD)

PHWE (no SCWO step), T = 300 °C, flow = 1.0
ml min21, P ~ 150 bar

6.7 (1)

PHWE–SCWO, T = 100 °C, flow (oxidant) = 1.0
ml min21, P ~ 150 bar

7.5 (5)

aPHWE–SCWO, T = 100° C, flow (oxidant) =
4.0 ml min21, P ~ 150 bar

1.5 (51)

PHWE–SCWO, T = 150 °C, flow (oxidant) =
1.0 ml min21, P ~ 150 bar

7.4 (4)

PHWE–SCWO, T = 150 °C, flow (oxidant) =
4.0 ml min21, P ~ 150 bar

2.4 (23)

PHWE–SCWO, T = 225 °C, flow (oxidant) =
1.0 ml min21, P ~ 150 bar

8.1 (6)

PHWE–SCWO, T = 225 °C, flow (oxidant) =
4.0 ml min21, P ~ 150 bar

1.4 (13)

PHWE–SCWO, T = 300 °C, flow (oxidant) =
1.0 ml min21, P ~ 150 bar

2.8 (8)

PHWE–SCWO, T = 300 °C, flow (oxidant) =
4.0 ml min21, P ~ 150 bar

3.0 (7)

PHWE–SCWO, T = 360 °C, flow (oxidant) =
1.0 ml min21, P ~ 250 bar

4.9 (5)

PHWE–SCWO, T = 360 °C, flow (oxidant) =
4.0 ml min21, P ~ 250 bar

4.9 (4)

a The result of the analysis is erratic to some degree; see Results for further
information.
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Environmentally friendly microwave phosphorylation of microcrystalline cellulose is herein described for the first
time. Microwave irradiation is found to offer an efficient solvent-free procedure for cellulose modification without
its pre-treatment (swelling in appropriate solvent).

Introduction

Cellulose is the most abundant compound among naturally
occurring polysaccharides. It is renewable, recyclable and
biodegradable. By introduction of various functional groups
onto the main polysaccharide chain, additional properties can be
defined. Thus, promising properties of phosphorylated polysac-
charides such as: high adsorption of serum protein by
phosphorylated cellulose,1a efficient adsorption of heavy-metal
ions by chitin phosphate,1b effectiveness of phosphorus-
containing substituents as flame retardants for cellulose,1c

anticoagulant capacity of oat spelts xylan phosphate,1d high
performance electro-rheological effect of anhydrous suspen-
sions of phosphorylated cellulose particles,1e excellent adhesion
and efficient corrosion inhibition capabilities of phosphorylated
hydroxypropyl cellulose derivatives1f have been reported.

Despite considerable interest in cellulose phosphorylation
during the 1930s,2a many publications on cellulose phosphor-
ylation have appeared since then. Some general observations
based on the most recent data (Table 1) may be briefly
formulated: (a) phosphorylation of cellulose by phosphorus(V)
derivatives in heterogeneous conditions1a,2b–e is characterised
by a low degree of substitution (DS, number of P atoms per
cellulose repeating unit) of hydroxy functions of cellulose (DS
= 0.2–0.6); (b) reactivity of phosphorus(III) compounds is
higher than of phosphorus(V) ones: thus, the DS of product
obtained in the presence of phosphorous acid (H3PO3) (DS =
0.8,2d and 2.02e) is higher when compared to cellulose
phosphorylated with phosphorus oxychloride (DS = 0.22c),
phosphorus pentoxide (DS = 0.61a) or dihydrogen phosphate
with urea as coupling agent (DS = 0.22b); (c) the relatively high
degree of substitution of hydroxy functions of cellulose has
been achieved by phosphorylation of soluble cellulose deriva-
tives in homogeneous conditions, phosphorylation of hydroxy-
propyl cellulose in DMF (DS = 1.31f), or by pre-treatment of

native cellulose by swelling in appropriate solvent such as a
70% aqueous solution of zinc chloride (DS = 2.02e).

It is well known that the accessibility of the hydroxy
functions of cellulose strongly affects the efficiency of cellulose
functionalization.3 The advantages of synthesis performed in
homogeneous conditions were underlined by several authors in
the case of cellulose derivatives. However, studies concerning
the synthesis from native cellulose are rather limited. Consider-
ing the fact that cellulose chains do not change or lose their
characteristic rigidity during the solvation process, the use of
N,N-dimethylacetamide/lithium chloride and N-methylpyrroli-
done/lithium chloride is particularly efficient.

As an alternative to conventional heating techniques, micro-
wave irradiation can provide a fast and efficient synthesis
method.4a In the course of our previous work on the application
of microwave irradiation in organic chemistry, we demonstrated
that many reactions could be run in a focused microwave oven
thereby achieving striking reductions in shorter reaction times,
better yields and cleaner reactions than for purely conventional

Green Context
Cellulose is an abundant and renewable feedstock which will
become more important to the chemical and allied in-
dustries as petrochemicals become scarce and expensive.
Functionalisation of such materials is often necessary so as
to add value for numerous applications including adsorp-
tion, flame retardancy and corrosion inhibition. In this
paper a novel method of phosphorylation is described. The
microwave activation method is both rapid and solvent free.
Furthermore, the degree of substitution that can be
achieved exceeds that from using more conventional meth-
ods. JHC
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heating processes.4b,c It is reasonable to suppose that the
increase of the diffusion rate and sorption of polar molecules in
cellulose could be enhanced if microwaves induce orientation of
hydroxy groups by resonance absorption of microwave energy.
Such orientation could therefore be maximum (maximum of
dielectric loss) when the frequency of the electromagnetic
waves is coincident with the frequency of macromolecular
motion, or t(T) = b/2pfmax, were t(T) is the relaxation time at
temperature T, fmax is the frequency of the electrical field,
corresponding to dielectric loss maximum, and b characterises
the asymmetry of the relaxation process in relation to this in
liquids (b = 1).5 The relaxation time depends on the
temperature according to Arrhenius law: t(T) = t0exp(E/RT),
were E is the activation energy. At high microwave frequencies,
the temperature range corresponding to segmental motion in
amorphous polymers is situated above their decomposition
temperature. However, localised, thermally activated motions
(secondary relaxation transitions) are characterised by a much
lower temperature range. An extensive study of secondary
relaxation processes in cellulose over a large frequency range
(1022–106 Hz) of electric field have recently been performe-
d.6a,b

By using the values of b, t0 and E, presented in these works,
we have calculated the temperatures corresponding to the
dielectric loss maximum and, hence, to the maximum of
hydroxy group orientation at the typical frequency of micro-
wave assisted synthesis (2.54 3 109 Hz). As a result,
temperatures of 112 and 150 °C are calculated. The appropriate
temperature range was used for comparative study of solvent-
free phosphorylation of microcrystalline cellulose without its
swelling in an aqueous solution of zinc chloride under both
microwave irradiation and conventional heating. A much higher
efficiency of microwave cellulose phosphorylation compared
with conventional heating was demonstrated (Table 1). Phos-
phorous acid monosubstituted esters of cellulose (Scheme 1) of
various degrees of substitution (0.2–2.8) were obtained by this
simple procedure.

Results and discussion

We investigated the effect of temperature and reaction time on
the DS of cellulose by conventional heating and microwave
irradiation. The temperature range between 75 and 150 °C was

chosen: 75 °C is the lowest limit required for dissolving urea in
molten H3PO3 and cellulose can be warmed up to 150 °C
without substantial formation of degradation products.

The relationship between the reaction conditions and the DS
of the product is shown in Fig. 1. It can be observed that when
using conventional heating the maximum DS of cellulose,
corresponding to a reaction time of 360 min, varies in the range
of 0.2 and 1.4 depending on reaction temperature.

More extensive substitution of hydroxy functions in cellulose
was achieved by using microwave irradiation. In contrast to
conventional heating, the DS of cellulose increased dramat-
ically above ≈ 100 °C, for example, highly phosphorylated
cellulose (DS = 2.8) can be obtained after 120 min irradiation
at 105 °C. These results are in accordance with the considera-
tions, presented above, about supposed activation of diffusion
and sorption of polar molecules in cellulose by microwave
induced orientation of hydroxy groups.

In order to elucidate the structure of phosphorylated cellulose
FT-IR, 31P NMR and solid-state CP/MAS 13C NMR spectros-
copy studies were performed. Strong absorptions at 2370, 1210
and 970 cm21 were observed in the FT-IR spectrum of
phosphorylated cellulose. According to published data2e these
bands were attributed to P–H, PNO and P–O–C groups,
respectively.

The peaks in the solid-state CP/MAS 13C NMR spectra of
native and substituted cellulose have been assigned on the basis
of published solid state NMR data of cellulose nitrates.7a The
doublet at 106, 105 ppm was assigned to C1. The peaks at 89
and 83 ppm were assigned to C4 in the crystalline and
amorphous regions, respectively; the peaks at 65 at 64 ppm were
assigned to crystalline and amorphous C6, respectively. The
peaks in the 75–72 ppm region were assigned to C2, C3 and C5
resonances.

Thus, the decrease in the resonance assigned to crystalline C6
and C4 corresponds to substitution at a C6. A new resonance at
103 ppm may be assigned to phosphorylation of C2. The
increase of intensity at 82 ppm was assigned to the effect of
phosphorylation at C3.

Table 1 Data on cellulose phosphorylation

Type of cellulose Reaction conditions
Degree of 
substitutiona Reference

Cellulose-membrane DMF, phosphorus pentoxide, 25 °C, 48 h 0.6 1a
Hydroxypropyl cellulose DMF, poly(phosphoric) acid and triethylamine, 120 °C, 6 h 1.3 1f

Poplin cellulose
H2O, dihydrogen phosphate and urea at 25 °C, post-treatment at

170 °C, 10 min 0.2 2b
Cotton cellulose DMF, phosphorus oxychloride, 100 °C, 2 h 0.2 2c
Cotton cellulose Phosphorous acid, 140 °C, 7 h 0.8 2d
Paper cellulose after swelling in a 70% aqueous

solution of zinc chloride Phosphorous acid and urea, 150 °C, 8 h 2.0 2e
Microcrystalline cellulose Phosphorous acid and urea, microwave irradiation, 85 °C, 6 h 0.6 Present work
Microcrystalline cellulose Phosphorous acid and urea, microwave irradiation, 105 °C, 2 h 2.8 Present work
a Number of P atoms per cellulose repeating unit

Scheme 1

Fig. 1 Relationship between the reaction conditions and the DS of
cellulose.
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31P NMR spectra of the same samples were also studied.
According to published 31P NMR data on phosphorous organic
derivatives, the observed resonances in the 2.5–7.5 ppm region
correspond to those of monosubstituted phosphorous acid
esters.7b The peaks corresponding to the three positions of
substitution were even observed in the spectrum of phosphory-
lated cellulose with DS = 0.2. A signal at 2.6 ppm was assigned
to P–O–C6. The doublets at 5.1–5.2 and at 7.5–7.6 ppm were
assigned to P–O–C2 and P–O–C3. All the signals split into
doublets when proton decoupling is not applied. This result
confirms the formation of monosubstituted phosphorous acid
esters of cellulose (see Scheme 1).

In conclusion, we present here for the first time the efficient
solvent-free microwave phosphorylation of cellulose. This
environmentally friendly process leads to monosubstituted
phosphorous acid esters of cellulose of various degrees of
substitution of hydroxy functions (0.2–2.8) without pre-
treatment (swelling in an appropriate solvent). Considerable
improvement in the degree of substitution of cellulose in
comparison with conventional heating processes leads to a
promising example of the usefulness of microwaves in the field
of cellulose modification.

Experimental

Commercial microcrystalline cellulose (Avicel), phosphorous
acid and urea were used without further purification.

Focused microwave phosphorylation was carried out at
atmospheric pressure with a Synthewave S402 Prolabo micro-
wave reactor (300 W, monomode system), which has quartz
reactors, visual control, irradiation monitored by PC computer,
infrared measurement and continuous feedback temperature
control (by PC).

A mixture of the urea (29.0 mmol), phosphorous acid (17.6
mmol) and cellulose (1.8 mmol) was placed under argon
atmosphere in a quartz vial (10 ml) inside the oven. The
irradiation was programmed to obtain a constant temperature
(75, 85, 95, 105, 120 and 150 °C) with a maximal power output
of 12 W. After cooling, the mixture was dissolved in water,
precipitated with ethanol, filtered and dried. The procedure of
purification was repeated three times. Phosphorylation under
conventional heating was performed at the same temperatures
and reactant quantity.

X-Ray energy dispersion spectrometry analysis (scanning
electron microscope, equipped with a LinkIsis 300 system,

JEOL 5410 LV instrument) was used for phosphorus, oxygen
and carbon content characterisation of native and phosphory-
lated cellulose. Fourier transform infrared (FTIR) spectra of
native and phosphorylated cellulose were recorded on a Paragon
1000 FT-IR spectrometer using KBr pellets.13C and 31P NMR
spectra were recorded on a JNM-LA400 JEOL spectrometer.
Solid-state 13C cross-polarised magic angle spinning (CP/MAS)
NMR spectra were acquired at a frequency of 100.4 MHz at
room temperature. All chemical shifts are referenced to
hexamethylbenzene (HMB). 31P NMR spectra were recorded at
161.7 MHz in D2O. All chemical shifts are referenced to
H3PO4.
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The preparation and characterization of a series of novel salts, based on the N-methyl-N-alkylpyrrolidinium or
quaternary ammonium organic cations coupled with sulfonate type anions, namely the mesylate (CH3SO3

2) and
tosylate (CH3C6H4SO3

2) anions are reported. These salts are analogues of the previously described organic cation
bis(trifluoromethanesulfonyl)amide (TFSA) salts that form useful ionic liquids of interest in “Green” synthesis.
Several of the salts are liquid below 50 °C, e.g. tributylhexylammonium tosylate and ethylmethylpyrrolidinium
mesylate and one is liquid at and below room temperature (tributylhexylammonium mesylate). These new salts
have a cost advantage over salts of the TFSA2, PF6

2 and CF3SO3
2 anions. Electrochemical and thermal

properties have been investigated. The salts are stable to beyond 100 °C and exhibit electrochemical potential
windows of at least ±2 V vs. Ag/Ag+. Some of the salts exhibit multiple crystalline phases below their melting
points, potentially indicative of plastic crystal behaviour, whilst others showed more simple solid–liquid
behaviour. Many of the salts were found to be glass forming.

Introduction

It has become evident that for the widespread acceptance of
ionic liquids for solvent replacement, their recyclability has to
be proven, and their cost reduced.1 Recycling of solvents may
never be widely accepted in some industries (for example
pharmaceuticals) as the costs to ensure purity in order to satisfy
statutory bodies are seen as prohibitive. Ionic liquids must not
only equal traditional solvents but, in fact, out-perform them in
order to become more widely used. Whilst the short-term
effectiveness of ionic liquids is limited by their variety and
availability, they will certainly replace traditional solvents in
some processes in the long run particularly as the desirable
properties—low vapour pressure, fluidity, chemical and ther-
mal stability1 are better understood and indeed improved. In
addition, important reaction specific effects are being dis-
covered as a variety of reactions are tested in ionic liquids. For
example, in a recent report from this laboratory the synthesis of
cyclotriveratrylene (CTV) in high yield in an ionic liquid was
described.2 This used tributylhexylammonium bis(trifluoro-
methanesulfonyl)amide (otherwise known as N6444TFSA), one
of the strongly hydrophobic family of ionic liquids based on
TFSA2 and related ions.3–5 The high yield in this CTV
formation reaction was hypothesized to be a result of the fact
that the reaction produces water and that, in the strongly
hydrophobic environment of the ionic liquid, the equilibrium
water activity is very low. Thus by ensuring water loss to a
flowing air stream, the reaction was driven to high yield rather
than being allowed to reach equilibrium with a high water
activity.

In order for ionic liquids to become ‘cheap, popular, simple
and effective’ replacements for solvents in synthetic chemistry
and also in the area of electrolytes, it is an imperative that a
range of salts becomes available for the wide variety of solvent
uses. The mesylate (CH3SO3

2) and tosylate (CH3C6H4SO3
2)

anions are relatively cheap, and considered extremely stable

both electrochemically, chemically and thermally.4 The mesy-
late anion was shown to form low melting compounds of the
ethylmethyl and butylmethyl imidazolium cations.4 N,N-dime-
thylpyrrolidinium p-toluenesulfonate (P11Tos) has been re-
ported by Eliel et al.,6 with this cation being shown to be
vulnerable to ring opening by strong nucleophillic attack (azide
or methanethiolate). In this paper we explore the salts of these
anions with a range of cations previously shown3 to be useful in
forming room temperature ionic liquids.

Experimental

The various alkyl iodides (Aldrich/BDH/Fluka), i-PrOH
(BDH), p-toluenesulfonic acid (CH3C6H4SO3H, Unilab), me-
thanesulfonic acid (70% CH3SO3H in H2O, Aldrich) and
1-methylpyrrolidine (Aldrich) were used as received. Melting
points were measured using capillary tube apparatus, and are
quoted as ranges from the visual observation of onset to
completion of the melt. Differential scanning calorimetry
(DSC) was carried out on a Perkin-Elmer DSC-7 with ambient

Green Context
This paper describes some novel low-cost ionic liquids.
These are based on tosylate and mesylate anions, which are
both considerably less expensive than the commonly used
TFSA2 anion. Low melting points, water solubility and good
stability (thermal, chemical and electrochemical) add to
their advantages. The paper not only adds to our ionic
liquids toolkit, it also provides more valuable physical data
on these fascinating substances, including electrochemical
and thermal properties. JHC

This journal is © The Royal Society of Chemistry 2002
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temperatures and above (50–200 °C) calibrated with indium
(156.54 °C) and p-nitrotoluene (51.64 °C). Thermogravimetric
analysis (TGA) was conducted using a STA1500 (Rheometric
Scientific) in a nitrogen atmosphere (50 ml min21) between 30
and 500 °C with a temperature rate of 10 °C min21. The
instrument was calibrated using four melting points (indium,
tin, lead and zinc) and aluminium pans were used in all
experiments. 1H and 13C NMR spectra were recorded on a
Bruker DPX-300 MHz spectrometer, in d6-DMSO. Tetra-
methylsilane (TMS) was used as an internal standard. Infrared
spectra were recorded on a Perkin-Elmer FTIR 1600 instru-
ment. Solid samples were examined as KBr discs ~ 5% w/w,
while liquid samples (including Nujol mulls) were examined
between sodium chloride plates. Electrospray mass spectrome-
try was carried out on a Micromass Platform, both positive and
negative species were detected with an electrospray source.
Samples were dissolved in a 1+1 methanol–water mixture.
Electrochemistry was carried out under a nitrogen atmosphere
(in a drybox) using a Maclab potentiostat and Maclab software.
Electrodes consisted of a glassy carbon working electrode, a
platinum wire counter electrode and a silver wire pseudo
reference electrode.

For simplicity an acronym is used to describe the various
cations prepared consisting of P = pyrrolidinium and N =
ammonium, along with a subscript indicating the number of
carbons in each of the attached alkyl groups, e.g. N6222

corresponds to the N,N,N-triethyl-N-hexylammonium cation.
Table 1 lists the compounds prepared and the acronyms
applied.

Synthesis and characterisation

The N-alkyl-N-methylpyrrolidinium iodides were initially syn-
thesized according to literature methods.3

The same method was used in the synthesis of the quaternary
ammonium iodides.

N,N-alkylmethylpyrrolidinium and N,N,N-trialkyl-N-hexy-
lammonium p-toluenesulfonates and methanesulfonates (Table
1) were prepared in good to very high yields from the
corresponding iodide by the reaction sequence:

Cat+I2 + AgOH ? Cat+OH2 + AgI (1)

Cat+OH2 + RSO3H ? Cat+O3SR2 + H2O (2)

(Cat = P1n, N6nnn (see Table 1); R = p-MeC6H4, Me). A slight
excess of freshly prepared silver hydroxide (AgNO3 and NaOH
afforded solid AgOH, which was washed thoroughly to remove
any residual salts) was added to N-methyl-N-alkylpyrrolidinium
iodide and the suspension stirred for 1 h. The precipitated solid
(AgI and excess AgOH) was filtered off. A slight excess of p-
toluenesulfonic acid (CH3C6H4SO3H) or methanesulfonic acid
(70% CH3SO3H in H2O) was added to the filtrate and the water
removed by rotary evaporation. The subsequent residue was
taken up in acetone and sodium carbonate was added to
neutralise and remove excess acid and any residual water. The
mixture was then filtered and the solvent evaporated. The
product was then dried in vacuo for 2 days.

The above method has proven to be reliable and effective in
the laboratory for small scale synthesis. For larger scale
quantities a silver-free, ion exchange approach has been
developed. Two variations using ion-exchange resin have been
successful. The first (reactions (3) and (4)) involves preparation
of an anion exchange resin loaded with the mesylate or tosylate

anion, as required, by treatment with the concentrated acid.
Mixing the resin material with the iodide salt of the desired
cation produces rapid displacement of the target anion by the
iodide. The resin material is recycled using concentrated base.

Resin(Mes) + Cat+I ? Resin(I) + Cat+(Mes) (3)

Resin(I) + NaOH ? Resin(OH) + NaI (4)

Alternatively, the second (reactions (5) and (6)) method uses an
hydroxide loaded resin to displace the iodide anion from the
iodide salt of the desired cation to produce a hydroxide which is
subsequently neutralised with either methanesulfonic acid or
tolylsulfonic acid and the water removed by evaporation. The
resin material is recycled using concentrated base. The bromide
salts have also been found to be useful as a starting material in
this approach.

Resin(OH) + MI ? Resin(I) + MOH (5)

Cat+OH + MesH ? Cat+(Mes) + H2O (6)

All salts were identified using IR, NMR and mass spectrome-
try. Microanalyses were obtained for three representative
products. All p-toluenesulfonates showed nas(SO3) at
1219–1199 and ns(SO3) at 1037–1031 cm21 and methanesulfo-
nates at 1206–1192 and 1056–1040 cm21 respectively. Two
such bands are as expected for ionic sulfonates.7 The two
aromatic proton resonances of the p-toluenesulfonates show
variations of only 0.01 and 0.02 ppm over the whole range of
compounds (see below). A similar consistency is observed for
the ring proton resonances and for d(Me) of the N-alkyl-N-
methylpyrrolidinium methanesulfonates, but the resonance is
significantly shifted for the trialkylhexylammonium salts.
Detailed 1H and 13C NMR data support the structures of the
cations, with appropriate variations upon homologation in the
N-alkyl-N-methylpyrrolidinium series. Identification of the
cations and sulfonate anions is also supported by observation of
P1n

+ or N6nnn
+ cations and p-MeC6H4SO3

2 or MeSO3
2 in the

positive and negative electrospray mass spectra respectively. In
some cases additional features, [Cat2(O3SR)]+ and [Cat-
(O3SR)2]2 were also displayed.

N,N-Dimethylpyrrolidinium p-toluenesulfonate (P11Tos)

P11I (2.15 g, 9.5 mmol), AgNO3 (converted to AgOH) (2.5 g,
14.7 mmol) and CH3C6H4SO3H (1.70 g, 9.9 mmol) yielded
P11Tos (2.45 g, yield 95%). IR (KBr disc) 3422s (br), 3038s,
2972s, 2915s, 1598m, 1478s, 1420m, 1402m, 1310s, 1207vs,
1119vs, 1033vs, 1003vs, 981s, 939s, 897m, 855m, 812s, 732w,
713m, 682vs, 566vs, 462w, 454w, 434w cm21. 1H NMR (300
MHz, d6-DMSO) d 2.08 (4H, 2 3 CH2), 2.29 (3H,
2SO3C6H4CH3), 3.08 (6H, 2 3 CH3), 3.44 (4H, 2 3 CH2), 7.11
(2H, 2 3 CH) and 7.48 (2H, 2 3 CH). 13C NMR (75 MHz, d6-
DMSO) d 20.67 (Tos-CH3), 21.30 (2 3 CH2), 50.92 (2 3 CH3)
and 64.69 (2 3 CH2), 125.40 (Tos-CH), 127.92 (Tos-CH),
137.40 (Tos-CCH3) and 145.84 (Tos-CSO3

2). Electrospray
mass spectrum: ES+ m/z 100 (100%, P11

+), 371 (5%,
[P11

+]2[CH3C6H4SO3
2]). ES2 m/z 172 (100%,

CH3C6H4SO3
2), 442 (5%, [P11

+][CH3C6H4SO3
2]2). Micro-

analysis: found: C 57.38, H 8.03, N 5.15; requires: C 57.56, H
7.75, N 5.17%.

N-Ethyl-N-methylpyrrolidinium p-toluenesulfonate
(P12Tos)

P12I (2.30 g, 9.5 mmol), AgNO3 (converted to AgOH) (2.5 g,
14.7 mmol) and CH3C6H4SO3H (1.70 g, 9.9 mmol) yielded
P12Tos (2.55 g, yield 94%). IR (KBr disc) 3424s (br), 3028s,
2982s, 1655w, 1598m, 1481s, 1463s, 1413s, 1386s, 1367m,
1344m, 1299m, 1205vs (br), 1118vs, 1033vs, 1008vs, 938s,
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916m, 856w, 817vs, 714m, 680vs, 566vs, 451w cm21. 1H NMR
(300 MHz, d6-DMSO) d 1.26 (3H, CH3), 2.07 (4H, 2 3 CH2),
2.28 (3H, 2SO3C6H4CH3), 2.95 (3H, NCH3), 3.40 (6H, 2 3
CH2 and NCH2), 7.11 (2H, 2 3 Tos-CH) and 7.48 (2H, 2 3
Tos-CH). 13C NMR (75 MHz, d6-DMSO) d 8.74 (alkyl-CH3),
20.67 (Tos-CH3), 21.01 (2 3 CH2), 46.87 (NCH2), 58.30
(NCH3), 62.82 (2 3 CH2), 125.40 (Tos-CH), 127.92 (Tos-CH),
137.42 (Tos-CCH3) and 145.86 (Tos-CSO3

2). Electrospray
mass spectrum: ES+ m/z 114 (100%, P12

+). ES2 m/z 171
(100%, CH3C6H4SO3

2).

N-Methyl-N-propylpyrrolidinium p-toluenesulfonate
(P13Tos)

P13I (2.42 g, 9.5 mmol), AgNO3 (converted to AgOH) (2.5 g,
14.7 mmol) and CH3C6H4SO3H (1.80 g, 10.1 mmol) yielded
P13Tos (2.73 g, yield 96%). IR (KBr disc) 3457s (br), 3025s,
2970vs, 2883s, 1599m, 1475s, 1385s, 1343m, 1219s (br),
1125vs, 1037vs, 1010vs, 975s, 944s, 908m, 816s, 763m, 711m,
686vs, 637m, 565vs, 494m, 450m cm21. 1H NMR (300 MHz,
d6-DMSO) d 0.90 (3H, CH3), 1.71 (2H, CH2), 2.07 (4H, 2 3
CH2), 2.29 (3H 2SO3C6H4CH3), 2.97 (3H, NCH3), 3.25 (2H,
NCH2 and solvent shoulder), 3.43 (4H, 2 3 CH2), 7.12 (2H, 2
3 Tos-CH) and 7.47 (2H, 2 3 Tos-CH). 13C NMR (75 MHz,
d6-DMSO) d 10.08 (alkyl-CH3), 16.45 (alkyl-CH2), 20.66 (Tos-
CH3), 21.00 (2 3 CH2), 46.87, 58.30 (2 3 CH3), 63.31 (2 3
CH2), 125.40 (Tos-CH), 127.90 (Tos-CH), 137.39 (Tos CCH3)
and 145.81 (Tos-CSO3

2). Electrospray mass spectrum: ES+ m/
z 128 (100%, P13

+). ES2 m/z 171 (100%, CH3C6H4SO3
2).

N-Butyl-N-methylpyrrolidinium p-toluenesulfonate
(P14Tos)

P14I (2.56 g, 9.5 mmol), AgNO3 (converted to AgOH) (2.5 g,
14.7 mmol) and CH3C6H4SO3H (1.80 g, 10.1 mmol) yielded
P14Tos (2.77 g, yield 93%). IR (KBr disc) 3445m (br), 3031s,
2963s, 2875s, 1650w, 1597m, 1475s, 1436s, 1383s, 1355m,
1307m, 1196vs (br), 1122vs, 1031s, 1008s, 967m, 933s, 900m,
817s, 744m, 711m, 682vs, 636m, 565vs, 447m cm21. 1H NMR
(300 MHz, d6-DMSO) d 0.92 (3H, CH3), 1.30 (2H, CH2), 1.67
(2H, CH2), 2.07 (4H, 2 3 CH2), 2.28 (3H 2SO3C6H4CH3), 2.97
(3H, NCH3), 3.28 (2H, NCH2 and solvent shoulder), 3.44 (4H,
2 3 CH2), 7.10 (2H, 2 3 Tos-CH) and 7.47 (2H, 2 3 Tos-CH).
13C NMR (75 MHz, d6-DMSO) d 13.39 (alkyl-CH3), 19.22
(alkyl-CH2), 20.68 (Tos-CH3), 21.02 (2 3 CH2), 24.84 (alkyl-
CH2), 47.40, 62.81 (NCH3), 63.32 (2 3 CH2), 125.41 (Tos-
CH), 127.92 (Tos-CH), 137.41 (Tos-CCH3) and 145.81 (Tos-
CSO3

2). Electrospray mass spectrum: ES+ m/z 142 (100%,
P14

+), 455 (10%, [P14
+]2[CH3C6H4SO3

2]). ES2 m/z 171
(100%, CH3C6H4SO3

2), 484 (40%, [P14
+][CH3C6H4SO3

2]2).
Microanalysis: found: C 60.59, H 8.85, N 4.34; requires: C
61.34, H 8.63, N 4.47%.

N-Hexyl-N-methylpyrrolidinium p-toluenesulfonate
(P16Tos)

P16I (2.82 g, 9.5 mmol), AgNO3 (converted to AgOH) (2.5 g,
14.7 mmol) and CH3C6H4SO3H (1.80 g 10.1 mmol) yielded
P16Tos (3.01 g, yield 93%). IR (KBr disc) 3506m (br), 3024m,
2955s, 2925s, 2859s, 1654m, 1599m, 1469s, 1402m, 1380m,
1200s (br), 1119s, 1033s, 1009s, 938m, 853w, 818s, 730w,
712m, 681s, 564s cm21. 1H NMR (300 MHz, d6-DMSO) d 0.88
(3H, CH3), 1.29 (6H, 3 3 CH2), 1.67 (2H, CH2), 2.07 (4H, 2 3
CH2), 2.28 (3H, 2SO3C6H4CH3), 2.97 (3H, NCH3), 3.27 (2H,
NCH2 and solvent shoulder), 3.43 (4H, 2 3 CH2), 7.11 (2H, 2
3 Tos-CH) and 7.48 (2H, 2 3 Tos-CH). 13C NMR (75 MHz,
d6-DMSO) d 13.72 (alkyl-CH3), 20.67 (alkyl-CH2), 21.02 (2 3

CH2), 21.77 (Tos-CH3), 22.79, 25.48, 30.58, (alkyl-CH2),
47.44, 63.04 (NCH3), 63.32 (2 3 CH2), 125.41 (Tos-CH),
127.90 (Tos-CH), 137.38 (Tos-CCH3) and 145.81 (Tos-
CSO3

2). Electrospray mass spectrum: ES+ m/z 170 (100%,
P16

+), 511 (7.5%, [P16
+]2[CH3C6H4SO3

2]). ES2 m/z 171
(100%, CH3C6H4SO3

2), 512 (25%, [P16
+][CH3C6H4SO3

2]2).

N-Hexyl-N,N,N-triethylammonium p-toluenesulfonate
(N6222Tos)

N6222I (2.97 g, 9.5 mmol) AgNO3 (converted to AgOH) (2.5 g,
14.7 mmol) and CH3C6H4SO3H (1.80 g 10.1 mmol) yielded
N6222Tos (3.03 g, yield 89%). IR (KBr disc) 3402m (br),
2953m, 2924m, 2863m, 1655m, 1624m, 1482m, 1459m,
1397m, 1205vs, 1123s, 1036s, 1013s, 941w, 818m, 683s, 566s
cm21. 1H NMR (300 MHz, d6-DMSO) d 0.85 (3H, Hx-CH3),
1.14 (9H, 3 3 Et-CH3), 1.29 (6H, 3 3 Hx-CH2), 1.55 (2H, Hx-
CH2), 2.28 (3H 2SO3C6H4CH3), 3.09 (2H, Hx-CH2), 3.26 (6H,
3 3 Et-CH2), 7.10 (2H, 2 3 Tos-CH2) and 7.47 (2H, 2 3 Tos-
CH2). 13C NMR (75 MHz, d6-DMSO) d 7.05 (Hx-CH3), 13.70
(Et-CH3), 20.66 (alkyl-CH2), 20.79 (alkyl-CH2), 21.81 (alkyl-
CH2), 25.37 (alkyl-CH2), 30.56 (alkyl-CH2), 51.89 (Hx,
NCH2), 55.95 (Et, NCH2), 125.41 (Tos-CH), 127.89 (Tos-CH),
137.36 (Tos-CCH3); Tos-CSO3

2 not observed. Electrospray
mass spectrum: ES+ m/z 186 (100%, N6222

+). ES2 m/z 171
(100%, CH3C6H4SO3

2), 528 (5%,
[N6222

+][CH3C6H4SO3
2]2).

N-Hexyl-N,N,N-tributylammonium p-toluenesulfonate
(N6444Tos)

N6444I (3.77 g, 9.5 mmol), AgNO3 (converted to AgOH) (2.5 g,
14.7 mmol) and CH3C6H4SO3H (1.70 g 9.9 mmol) yielded
N6444Tos (3.56 g, yield 85%). IR (KBr disc) 3450m (br), 2960s,
2873s, 1638m, 1491s, 1466s, 1383s, 1199vs, 1121s, 1035s,
1013s, 946w, 878m, 816s, 740m, 712m, 680s, 565s cm21. 1H
NMR (300 MHz, d6-DMSO) d 0.92 (12H, 4 3CH3), 1.29 (12H,
6 3 CH2), 1.56 (8H, 4 3 CH2), 2.28 (3H, 2SO3C6H4CH3), 3.16
(8H, 4 3CH2), 7.10 (2H, 2 3 Tos-CH2) and 7.47 (2H, 2 3 Tos-
CH2). 13C NMR (75 MHz, d6-DMSO) d 13.39 (Hx-CH3), 13.71
(Bu-CH3), 19.14 (alkyl-CH2), 20.69 (alkyl-CH2), 20.96 (alkyl-
CH2), 21.84 (alkyl-CH2), 23.04 (alkyl-CH2), 25.40 (alkyl-CH2),
30.53 (alkyl-CH2), 57.50 (Hx, NCH2), 57.71 (Bu, NCH2),
125.45 (Tos-CH), 127.89 (Tos-CH), 137.37 (Tos-CCH3),
145.96 (Tos-CSO3

2). Electrospray mass spectrum: ES+ m/z
270 (100%, N6444

+). ES2 m/z 171 (100%, CH3C6H4SO3
2).

N,N-Dimethylpyrrolidinium methanesulfonate (P11Mes)

P11I (2.15 g, 9.5 mmol), AgNO3 (converted to AgOH) (2.5 g,
14.7 mmol) and 70% aqueous CH3SO3H (1.40 g) yielded
P11Mes (1.63 g, yield 88%). IR (Nujol mull) 3420 m (br), 3024s,
2926s, 2853s, 1654w, 1467s, 1429m, 1376s, 1332s, 1313w,
1192s (br), 1040s, 1011m, 983w, 938m, 817w, 767s, 722w
cm21. 1H NMR (300 MHz, d6-DMSO) d 2.09 (4H, 2 3 CH2),
2.31 (3H, CH3SO3

2), 3.10 (6H, 2 3 CH3) and 3.47 (4H, 2 3
CH2). 13C NMR (75 MHz, d6-DMSO) d 21.29 (2 3CH2), 50.87
(2 3 CH3) and 64.64 (2 3 CH2); CH3SO3

2 not observed.
Electrospray mass spectrum: ES+ m/z 100 (100%, P11

+), 295
(5%, [P11

+]2[CH3SO3
2]). ES2 m/z 95 (100%, CH3SO3

2).
Microanalysis: found: C 42.05, H 9.00, N 6.88, requires: C
43.08, H 8.72, N 7.18%.

N-Ethyl-N-methylpyrrolidinium methanesulfonate
(P12Mes)

P12I (2.30 g, 9.5 mmol), AgNO3 (converted to AgOH) (2.5 g,
14.7 mmol) and 70% aqueous CH3SO3H (1.70 g) yielded
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P12Mes (1.77 g, yield 89%). IR (Nujol mull) 3418m (br), 2926s,
2853s, 1644w (br), 1460s, 1376s, 1255w, 1198s, 1074w,
1045w, 790s, 722w cm21. 1H NMR (300 MHz, d6-DMSO) d
1.27 (3H, CH3), 2.08 (4H, 2 3CH2), 2.32 (3H, CH3SO3

2), 2.98
(3H, NCH3) and 3.42 (6H, NCH2, 2 3 CH2 and solvent
shoulder). 13C NMR (75 MHz, d6-DMSO) d 8.75 (CH3), 20.99
(2 3 CH2), 46.81 (NCH3), 58.21 (NCH2) and 62.77 (2 3
NCH2); CH3SO3

2 not observed. Electrospray mass spectrum:
ES+ m/z 114 (100%, P12

+), 323 (5%, [P12
+]2[CH3SO3

2]). ES2
m/z 95 (100%, CH3SO3

2).

N-Methyl-N-propylpyrrolidinium methanesulfonate
(P13Mes)

P13I (2.42 g, 9.5 mmol), AgNO3 (converted to AgOH) (2.5 g,
14.7 mmol) and 70% aqueous CH3SO3H (1.80 g) yielded
P13Mes (1.94 g, yield 92%). IR (KBr disc) 3443s (br), 3015m,
2976m, 2886m, 1638m, 1471m, 1420m, 1330s, 1195vs (br),
1056vs, 1006w, 966w, 941w, 905vw, 784s, 561s, 536s cm21.
1H NMR (300 MHz, d6-DMSO) d 0.91 (3H, CH3), 1.72 (2H,
CH2), 2.08 (4H, 2 3 CH2), 2.30 (3H, CH3SO3

2), 2.98 (3H,
NCH3), 3.26 (2H, NCH2 and solvent shoulder) and 3.45 (4H, 2
3 CH2). 13C NMR (75 MHz, d6-DMSO) d 10.57 (CH3), 16.46
(CH2), 21.01 (2 3 CH2), 47.47 (NCH3), 63.32 (2 3 NCH2) and
64.41 (NCH2); CH3SO3

2 not observed. Electrospray mass
spectrum: ES+ m/z 128 (100%, P13

+), 351 (5%,
[P13

+]2[CH3SO3
2]). ES2 m/z 95 (100%, CH3SO3

2).

N-Butyl-N-methylpyrrolidinium methanesulfonate
(P14Mes)

P14I (2.56 g, 9.5 mmol), AgNO3 (converted to AgOH) (2.5 g,
14.7 mmol) and 70% aqueous CH3SO3H (1.40 g) yielded
P14Mes (2.03 g, yield 90%). IR (neat solid) 3451s (br), 3018m,
2962s, 2940s, 2876m, 1652w, 1468m, 1416m, 1380w, 1322m,
1306m, 1247m, 1206vs (br), 1081m, 1062m, 1052m, 1040s,
1008w, 965w, 932m, 791m, 796m, 561s, 550s, 484s cm21. 1H
NMR (300 MHz, d6-DMSO) d 0.93 (3H, CH3), 1.32 (2H, CH2),
1.68 (2H, CH2), 2.08 (4H, 2 3CH2), 2.30 (3H, CH3SO3

2), 2.98
(3H, NCH3), 3.30 (2H, NCH2 and solvent shoulder) and 3.45
(4H, 2 3 CH2). 13C NMR (75 MHz, d6-DMSO) d 13.39 (CH3),
19.22 (CH2), 21.01 (2 3 CH2), 24.84 (CH2), 47.38 (NCH3),
62.77 (NCH2) and 63.30 (2 3 NCH2); CH3SO3

2 not observed.
Electrospray mass spectrum: ES+ m/z 142 (100%, P14

+), 379
(5%, [P14

+]2[CH3SO3
2]). ES2 m/z 95 (100%, CH3SO3

2), 332
(5%, [P14

+][CH3SO3
2]2).

N-Hexyl-N-methylpyrrolidinium methanesulfonate
(P16Mes)

P16I (2.82 g, 9.5 mmol), AgNO3 (converted to AgOH) (2.5 g,
14.7 mmol) and 70% aqueous CH3SO3H (1.80 g) yielded
P16Mes (1.87 g, yield 74%). IR (Nujol mull) 3454 m (br),
2919vs (br), 1652 m (br), 1464vs, 1377s, 1323w, 1308w, 1193s
(br), 1040s, 938m, 767s, 727w cm21. 1H NMR (300 MHz, d6-
DMSO) d 0.88 (3H, CH3), 1.31 (6H, 3 3 CH2), 1.69 (2H, CH2),
2.08 (4H, 2 3 CH2), 2.30 (3H, CH3SO3

2), 2.98 (3H, NCH3),
3.30 (2H, NCH2 and solvent shoulder) and 3.45 (4H, 2 3 CH2).
13C NMR (75 MHz, d6-DMSO) d 13.72 (CH3), 21.00 (2 3
CH2), 21.77 (CH2), 22.79 (CH2), 25.47 (CH2), 30.57 (CH2),
47.40 (NCH3), 62.95 (NCH2) and 63.28 (2 3NCH2); CH3SO3

2

not observed. Electrospray mass spectrum: ES+ m/z 170 (100%,
P16

+), 435 (7.5%, [P16
+]2[CH3SO3

2]), 454 (5%,
[P16

+]2[CH3SO3
2]·H2O). ES2 m/z 95 (100%, CH3SO3

2), 360
(5%, [P16

+][CH3SO3
2]2).

Preparation of N-hexyl-N,N,N-triethylammonium
methanesulfonate (N6222Mes)

N6222I (2.97 g, 9.5 mmol), AgNO3 (converted to AgOH) (2.5 g,
14.7 mmol) and 70% aqueous CH3SO3H (2.40 g) yielded
N6222Mes (1.80 g, yield 67%). IR (KBr disc) 3445 m (br),
3011m, 2935m, 2869w, 1638w, 1460m, 1420m, 1397m, 1330s,
1201vs (br), 1056vs, 964w, 785s, 561s, 536s cm21. 1H NMR
(300 MHz, d6-DMSO) d 0.88 (3H, CH3), 1.31 (6H, 3 3 CH2),
1.69 (2H, CH2), 2.08 (4H, 2 3CH2), 2.74 (3H, CH3SO3

2), 2.74
(3H, NCH3), 3.30 (2H, NCH2 and solvent shoulder) and 3.45
(4H, 2 3 CH2). 13C NMR (75 MHz, d6-DMSO) d 13.72 (4 3
CH3), 21.00 (CH2), 21.77 (CH2), 22.79 (CH2), 25.47 (CH2),
30.57 (CH2), 47.40 (CH3SO3

2), 62.95 (NCH2) and 63.28 (3 3
NCH2). Electrospray mass spectrum: ES+ m/z 186 (100%,
N6222

+), 467 (5%, [N6222
+]2[CH3SO3

2]). ES2 m/z 95 (100%,
CH3SO3

2), 376 (15%, [N6222
+][CH3SO3

2]2).

Preparation of N-hexyl-N,N,N-tributylammonium
methanesulfonate (N6444Mes)

N6444I (3.77 g, 9.5 mmol), AgNO3 (converted to AgOH) (2.5 g,
14.7 mmol) and 70% aqueous CH3SO3H (3.00 g) yielded
N6444Mes (3.26 g, yield 94%). IR (neat liquid) 3456w (br),
2960s, 2934s, 2874m, 1655vw, 1467m, 1381m, 1321m, 1199s,
1111m, 1072s, 1039s, 877m, 792w, 763m, 428s cm21. 1H NMR
(300 MHz, d6-DMSO) d 0.93 (12H, 4 3 CH3), 1.29 (12H, 6 3
CH2), 1.57 (8H, 4 3 CH2), 2.74 (3H, CH3SO3

2), 3.17 (8H, 4 3
NCH2). 13C NMR (75 MHz, d6-DMSO) d 13.83 (3 3 CH3),
14.15 (CH3), 19.57 (3 3CH2), 21.36 (CH2), 22.25 (CH2), 23.47
(3 3 CH2), 25.83 (CH2), 30.94 (CH2), 40.09 (CH3SO3

2), 58.14
(4 3 NCH2). Electrospray mass spectrum: ES+ m/z 270 (100%,
N6444

+). ES2m/z 95 (100%, CH3SO3
2), 460 (5%,

[N6222
+][CH3SO3

2]2).

Results and discussion

Thermal analysis

Thermal data derived from the DSC traces are summarized in
Table 1. Illustrative DSC thermograms obtained on warming
are shown in Fig. 1. The quarternary ammonium salts (N6444

and N6222 of both tosylate and mesylate) evidence what may be
considered to be classical thermal behaviour, showing either a
melting endotherm alone (e.g. N6222Tos) or a glass transition,
subsequent crystallization and a final melting transition (e.g.
N6444Tos). The broadness of the final melting peak in some
cases (e.g. N6222Mes) may indicate the onset of one or more
solid–solid transitions coincident with the melting point; these
are a major feature of the solid state behaviour of other salts of
the same anions as discussed further below. The pyrrolidinium
salts of the mesylate and tosylate anions also show examples of
such a convergence of melting and solid–solid transitions. In
particular the P11Tos shows a convoluted peak appearing at
~ 150 °C, demonstrating a blurring of solid–solid transitions
and final melting. A distinct shoulder is evident on the initial
peak which in turn, overlays the melting endotherm. Broad,
shouldered peaks are also evident for the P12, P13 and P14

tosylate salts. The P16Tos exhibits two small solid–solid
transitions below what is still a relatively broad melting peak.

The mesylate salts of the same series of cations (P11–P16)
tend to show a more distinct separation of submelting and
melting transitions. This is clearly evident in the case of P11Mes,
however P12, P13 and P14 mesylates have relatively broad melts
compared with the rest of the series. Somewhat intriguingly,
P13Mes shows more classical thermal behaviour (Tg, crystal-
lization and melting) whereas other salts of this cation (e.g. with
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PF6
2,8 BF4

2,8 TFSA23,9 or dicyanamide10 anions) have
generally been rich in solid–solid transitions.

The N6222, P12 and P14 mesylates and the N6444 tosylate
members of the families have melting points at or below 60 °C
and could therefore be useful for synthetic solvent use in
reactions run above 60 °C. A room temperature ionic liquid is
available with the N6444 mesylate which could not be crystal-
lized. Of course, mixtures of these compounds can be expected
to form binary mixtures with melting points lower than those for
the pure salts.

Figs. 2 and 3 show illustrative thermogravimetric analysis
traces for two representatives of the mesylate and tosylate salts
respectively. Both examples show only very minor weight loss
over the temperature interval 30–300 °C at which point rapid
decomposition is observed. The tosylate example is slightly
more stable than the mesylate. Stability to around 300 °C is
typical of many ionic liquids including the hexafluorophosphate
and tetrafluoroborate salts.11 Aluminium pans, as used in our
experiements, have been shown to catalyse the decomposition
of hexafluorophosphate salts at lower temperatures than

alumina (Al2O3) pans.11 The TFSA and triflate salts are
remarkably more stable than any of these with only minor
weight loss evident below 350 °C and the main process setting

Table 1 Compounds prepared in the p-toluenesulfonate and methanesulfonate families of organic salts and their thermal properties

Compound (name) Acronym
Tg/°C
(±2 °C)

Tx/°C
(±2 °C)

Ts–s/°C
(±2 °C)

Tm/°C
(±2 °C)

DSf/J K21 mol21

(±10%)

N,N-Dimethylpyrrolidinium 
p-toluenesulfonate P11Tos 145 167a 59

N-Methyl-N-ethylpyrrolidinium 
p-toluenesulfonate P12Tos 120a 71

N-Methyl-N-propylpyrrolidinium 
p-toluenesulfonate P13Tos 211 80a 56

N-Methyl-N-butylpyrrolidinium 
p-toluenesulfonate P14Tos 211 81 115a 55

N-Methyl-N-hexylpyrrolidinium 
p-toluenesulfonate P16Tos 2102 91 137 59

N-Hexyl-N,N,N-triethylammonium 
p-toluenesulfonate N6222Tos 109 75

N-Hexyl-N,N,N-tributylammonium 
p-toluenesulfonate N6444Tos 240 22 50a 48

N,N-Dimethylpyrrolidinium 
methanesulfonate P11Mes 88 160/174 200 27

N-Methyl-N-ethylpyrrolidinium 
methanesulfonate P12Mes 2106b 246 276 7 40a 9

N-Methyl-N-propylpyrrolidinium 
methanesulfonate P13Mes 272 232 80a 5
N-Methyl-N-butylpyrrolidinium 

methanesulfonate P14Mes 268 235 63a 29
N-Methyl-N-hexylpyrrolidinium 

methanesulfonate P16Mes 86 20
N-Hexyl-N,N,N-triethylammonium 

methanesulfonate N6222Mes 62 44
N-Hexyl-N,N,N-tributylammonium 

methanesulfonate N6444Mes N/Ac

a Broad melting transition. b Assigned to the glass transition in supercooled phase 1. c Liquid at room temperature, no melting transition observed.

Fig. 1 Illustrative examples of DSC thermograms of P12Mes, P13Mes,
P16Mes, P16Tos and N6444Tos salts.

Fig. 2 Thermogravimetric trace for P13Mes showing decompositon
weight loss setting in around 300 °C.

Fig. 3 Thermogravimetric trace for P13Tos showing decompositon weight
loss setting in around 300 °C.
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in above 400 °C.5 The difference between the mesylate and the
triflate salts is clearly the effect of fluorination on the anion and,
given the presence of aliphatic C–H bonds in the cations, it
would appear that the effect of fluorination is more than simple
replacement with a more stable bond. The electron withdrawing
effect of the CF3 on the negatively charged moiety in each case
may stabilize the anion against oxidative processes at that
site.

The salts have proven to be quite stable in their liquid states
at temperatures in excess of 100 °C and for periods in excess of
5 h. The electrochemical stability measurements described
below were carried out at 100 °C and during the course of these
extensive sets of measurements no evidence of breakdown was
observed.

Solubility properties

All of the salts reported are at least partially soluble in water as
well as alcohols and other polar solvents. This is similar to the
analogous triflate (CF3SO3

2) salts3 but is in contrast to the
analogous TFSA2 salts in which the anion produces salts,
which are not miscible with water. This is most likely the result
of fluorination in the TFSA2 case, which has the effect of
inducing a distribution of the net negative charge through the
core of the molecule and onto the fluorine atoms. Further
discussion of the structure and charge distribution as obtained
from quantum chemical calculations of this interesting family of
sulfonyl and bis(sulfonyl)amide anions will be published
elsewhere.

Electrochemistry

Representative cyclic voltammograms of these compounds
(Figs. 4–6) indicate that both families of ionic liquids have wide
electrochemical windows of stability but that the tosylate salts
are substantially more electrochemically stable than the analo-
gous mesylate salts. In order that a wide range of salts could be
compared in their liquid states all electrochemical cycling
measurements were carried out at 100 °C. The mesylate salt of
the P13 cation shows reductive and oxidative limits of
approximately 22.25 and +2.30 V, respectively, against a Ag/
Ag+ pseudo-reference electrode. The p-toluenesulfonate salt of
the same (P13) cation exhibits a similar reductive limit of about
2.30 V but increased oxidative stability with an oxidative limit
of +3.2 V. The N6444Tos salt has an almost identical reductive
limit of 22.40 V but the reaction at the oxidative limit is
sufficiently sluggish that no rapid process is observed up to
+5.00 V (the limit of the measurement). The oxidative limit in
both the mesylate and tosylate cases probably represents an
oxidation of the anion to a neutral radical species. From the

differences observed here it would appear that the tosylate is
significantly stabilized against this process by the aromatic
ring.

Solid state behaviour

Many of the compounds described here display one or more
solid–solid phase transitions in their DSC traces. A number of
related pyrrolidinium compounds have previously been shown
to exhibit plastic crystal phases in their solid states.3,8–10 This
behaviour has its origins in rotatory motions of one or both of
the ions on their lattice sites in the crystal. One of the
characteristics of this type of phase behaviour is that the sub-
melting solid–solid phase transitions make up a substantial part
of the overall entropy of melting (in particular the entropy
associated with the rotational motions) such that the residual
entropy change, DSf , observed on melting is often quite small.
Timmermans observed that in molecular plastic crystal com-
pounds DSf is often lower than 20 J K21 mol21)12 and
MacFarlane et al. have hypothesized3 that in compounds
containing molecular ions such as those described here, DSf can
be as high as 40 J K21mol21 if one of the ions is not rotationally
activated in the solid state.

The entropies of melting recorded in Table 1 indicate that
many of the salts reported here indeed satisfy this criterion for
the existence of plastic crystal phases. In particular many of the
mesylates have quite low values of DSf. While it is normally
true that the plastic crystalline phase behaviour is often
associated with the observation of a solid–solid phase transition,
the observation of such a transition in a thermal trace such as
those in Fig. 1 is not a necessary condition for such a phase to
exist. In fact, super-cooling of the plastic crystalline phase

Fig. 4 Cyclic voltammogram of P13Mes carried out at 100 °C vs. Ag/Ag+

pseudo-reference electrode. GC working and Pt counter electrode.

Fig. 5 Cyclic voltammogram of P13Tos carried out at 100 °C vs. Ag/Ag+

pseudo-reference electrode. GC working and Pt counter electrode.

Fig. 6 Cyclic voltammogramm of N6444Tos carried out at 100 °C vs. Ag/
Ag+ pseudo-reference electrode. GC working and Pt counter electrode.
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below the solid–solid transition point has frequently been
observed. Thus, for example, in the case of N6222Mes the low
value of DSf is strongly indicative of the existence of a plastic
crystalline phase and the absence of an observed solid–solid
transition in the thermal trace simply a reflection of the fact that
the low-temperature, ordered phase did not form under the
conditions of cooling and warming in the experiment. Many of
the tosylate salts show one or more solid–solid phase transitions
but nontheless DSf values in excess of 50 J K21mol21. This may
be another example of the situation where the higher tem-
perature phases reflect rotatory motions of the cation only and
DSf therefore retains a large contribution from the final onset of
motions of the anion.

Conclusions

The ionic liquids presented here provide further alternatives to
traditional solvents for a variety of applications including
synthetic uses and electrolytes for electrochemical devices. The
tosylate and mesylate anions are both substantially cheaper than
the TFSA2 and PF6

2 anions and provide relatively low melting,
water soluble salts that are thermally, chemically and electro-
chemically stable. At least one member of the family, N-hexyl-
N-tributylammonium mesylate, is liquid at room temperature.
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Supercritical carbon dioxide is efficiently converted to dimethyl carbonate (DMC) via the reaction with methanol
in the presence of a catalytic amount of dialkyltin oxide or its derivatives. The removal of water is the key to
accomplishing the high conversion by shifting the equilibrium to dimethyl carbonate. Dehydration is successfully
carried out by circulating the reaction mixture through a dehydrating tube packed with molecular sieve 3A. Under
the effective dehydration conditions, the DMC yield is almost linearly dependent on the reaction time, catalyst
amount, methanol concentration, and CO2 pressure.

Introduction

Due to the increasing importance of environmental and resource
issues, chemists have recently devoted themselves to the
realization of a sustainable society through green chemistry
activity.1 In this context, carbon dioxide is a key molecule
because it is a typical renewable resource. The utilization of
carbon dioxide is also very attractive for synthetic chemists
because of its environmentally benign nature (nontoxic, non-
corrosive, and nonflammable). Especially, the utilization as a
reaction medium and a phosgene substitute has been attracting
much interest.2–6 On the other hand, dimethyl carbonate (DMC)
is a promising target molecule derived from CO2. The use of
DMC widely covers polycarbonate synthesis, polyurethane
synthesis, fuel additives, carbonylating reagents, alkylating
reagents, polar solvents, etc.7,8 In addition, DMC synthesis from
CO2 seems reasonable from a thermodynamic view point
because the oxidation state of carbon in DMC is the same as in
carbon dioxide.

The typical synthetic methods of DMC starting from CO2 are
represented by the following two procedures. The first method
is the reaction of methanol with methyl iodide under CO2. The
consumption of an equimolar amount of methyl iodide for
producing one mole of DMC is the disadvantage of this method
[eqn. (1)].9 The second method is DMC synthesis only from

(1)

methanol and CO2 [eqn. (2)]. The problem of this procedure is
the low methanol conversion that is ascribed to the thermody-
namic limitations and/or deactivation of the catalysts by
H2O.10–15 We now wish to report DMC synthesis directly from
carbon dioxide and methanol with high methanol conversion by
using recyclable inorganic dehydrating agents such as molec-
ular sieves [eqn (2)].

(2)

Results and discussion

(a) Reaction using orthoesters and acetals

In spite of the many attempts to remove water from the reaction
mixture of eqn. (2) using dehydrating agents such as molecular

sieves, MgSO4, Na2SO4, dicyclohexylcarbodiimide, etc., no
successful results have been obtained.10–15 Hence, we pre-
viously reported another methodology to overcome the thermo-
dynamic limitation. Thus, we first dehydrate methanol to form
dehydrated derivatives such as the orthoester or acetal and then
react the dehydrated derivative with carbon dioxide. Overall,
the reaction can be regarded as DMC synthesis from CO2 and
methanol. In this way, there is no need to remove the water from
the reaction mixture for the DMC synthesis. Indeed, trimethyl
orthoacetate, which is easily hydrolyzed, reacted with carbon
dioxide in the presence of a catalytic amount of dibutyltin
dimethoxide to give DMC in high yields [eqn. (3): A = Me, B
= MeO].6b The reaction took place even without adding
methanol. The drawbacks of this procedure are the high cost of
the starting material and the co-production of methyl acetate,
which is hard to recycle to the starting orthoester.

(3)

In order to circumvent these problems concerning use of the
orthoester, we next investigated the reaction of an acetal [eqn.
(3): A, B = Me].6d,e The reaction is different from that using the
orthoester in that the presence of methanol is inevitable. Indeed,
the requirement of methanol is clearly shown in Fig. 1. Thus, the
DMC yield is proportional to the methanol concentration. This
indicates that DMC is, in fact, formed from methanol and CO2

according to eqn. (2). The acetal is probably working as a
chemical dehydrating agent. The details of the mechanism will

Green Context
Dimethyl carbonate (DMC) is a very useful compound for
polycarbonate and polyurethane synthesis, and for other
applications including fuel additives and as an alkylating
agent. It can be synthesised using iodomethane, but this
wastes the heavy halogen. The cleanest synthesis would be
the direct reaction of methanol with CO2, but existing
methods are inefficient, Here, a new and highly efficient
method of DMC synthesis via this route is described. A
recyclable dehydrating agent incorporated in the reactor is
used to maintain the activity of the catalyst and achieve high
methanol conversion. JHC
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be discussed in the next section. The merits of using an acetal
rather than the orthoester are the low cost of the starting
material, and the easy conversion of the co-produced acetone to
the starting dimethyl acetal.

(b) Mechanistic consideration

Judging from various spectroscopic studies such as NMR (1H,
13C, 119Sn), IR and X-ray studies, a plausible catalytic cycle for
the tin-catalyzed DMC synthesis using acetals is summarized in
Scheme 1.6c,e,16 The catalytic cycle is comprised of three steps:
(i) CO2 insertion into the terminal methoxide of
[R2Sn(OMe)2]2, (ii) the thermolysis of the resulting [R2Sn(O-
CO2Me)(OMe)]2 leading to DMC, and (iii) regeneration of tin
dimethoxide from tin oxide or tin hydroxide. The first and
second steps have already been characterized at the molecular
level.6c As for step (ii), involvement of the intramolecular
process was pointed out; a very similar conclusion was recently
proposed by another group.16

Based on Scheme 1, deactivation of the catalyst by H2O
would not be the crucial problem limiting the DMC yield
because dialkyltin dimethoxide is regenerated from dialkyltin
oxide or hydroxide in the presence of methanol and dehydrating
agents (step iii). In other words, Bu2SnNO should work as the

active catalyst in place of Bu2Sn(OMe)2. Indeed, the catalytic
activity of Bu2SnNO was very close to that of Bu2Sn(OMe)2 as
shown in eqn. (4).

(4)

(c) DMC synthesis directly from MeOH and CO2

As discussed in the previous section, the role of acetal in eqn.
(4) seems to be a dehydrating agent rather than a substrate. In
addition, hydrolysis of the tin catalyst is not the critical problem.
These facts strongly prompted us to study DMC synthesis
directly from methanol and CO2 without using acetals. The use
of inorganic dehydrating agents such as molecular sieves is
more attractive compared with the use of chemical dehydrating
agents such as acetals because inorganic dehydrating agents are
easily recyclable and do not produce co-products. Although
several papers reported such attempts, DMC yields based on
methanol have still been very low.9–15 This is presumably due to
the reversibilities of the dehydration under the reaction
conditions. In other words, it is difficult to efficiently absorb
water from the MeOH/CO2 mixture at high temperature.

In order to overcome the above problems, a new dehydrating
system has been designed. An outline of this system is shown in
Fig. 2. In this system, the dehydrating agent, molecular sieve
3A, is separated from the reactor. The dehydrating part is kept
at room temperature for improving the dehydrating efficiency.
A part of the reaction mixture is circulated through the
dehydrating tube by a high-pressure circulation pump. The
power of the new dehydrating system is clearly shown in Fig. 3.
Thus, the yield of DMC in the absence of the dehydrating tube
became steady at a level of a few percent after a very short
reaction period. On the other hand, by using the new reactor, the
DMC yield increased as the reaction time increased. The yield
reached nearly 50% after 72 h. This is the first example of
obtaining DMC directly from methanol and CO2 with a high
yield. In addition, the present DMC synthesis is very selective.
Indeed, DMC is substantially the sole product as judged by gas
chromatography (Fig. 4). It should be noted here that the time
dependence with molecular sieve 3A is similar to that observed
for the reaction of acetal.6e Hence, the dehydration by the new
reactor with molecular sieve 3A is as effective as that by acetal.
The effect of shape and size of the molecular sieve 3A was also
investigated (Table 1). Briefly, these factors did not dramat-

Fig. 1 Effect of methanol concentration on the dimethyl carbonate
synthesis from CO2, acetal and methanol. Reaction conditions: autoclave
(20 cm3 inner volume), 2,2-dimethoxypropane (10 mmol), dibutyltin
dimethoxide (0.2 mmol), methanol, carbon dioxide (total pressure 300 atm),
180 °C, 24 h. Yields are based on the acetal.

Scheme 1 Fig. 2 Schematic diagram of a batch reactor with internal recycle.
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ically affect the DMC yield although too small a size caused a
large pressure drop across the dehydrating tube and made it
difficult to circulate the reaction mixture.

The efficacy of the dehydration using molecular sieve 3A is
also shown significantly by the dependence on the catalyst
amount (Fig. 5). In the absence of molecular sieve 3A, the DMC
yield was zero-order with respect to the catalyst amount
supporting the fact that the yield is thermodynamically
controlled. On the other hand, the DMC yield increased with
increasing catalyst amount in the presence of molecular sieve
3A, showing that the reaction rate is dependent on the catalyst
concentration when water is efficiently removed. A similar
relation between the DMC yield and the catalyst amount was
observed for the DMC synthesis using acetal as the dehydrating
agent.

The effect of CO2 pressure on the new dehydrating system
was also investigated (Fig. 6). The DMC yield is nearly

proportional to the reaction pressure. A similar relation between
the DMC yield and the reaction pressure was observed for DMC
synthesis from acetal and CO2.6d,e There are two factors which
can explain the pressure effect: thermodynamics and kinetics. In
order to differentiate these factors, the DMC yields at different
pressures were plotted vs. the reaction time (Fig. 7) in which the
slope of the lines represents the reaction rates. As easily seen,
the reaction rate at 300 atm was about three times greater than
that at 100 atm proving the importance of the kinetic factor.

Fig. 3 Time dependence of dimethyl carbonate synthesis from CO2 and
methanol. Reaction conditions: autoclave with internal recycle (see Fig. 2),
dibutyltin dimethoxide (2.0 mmol), methanol (100 mmol), molecular sieve
3A (15 g), carbon dioxide (total pressure 300 atm), 180 °C. Yields are based
on methanol.

Fig. 4 GC chart of the reaction mixture. Reaction conditions: autoclave
with internal recycle (see Fig. 2), dibutyltin dimethoxide (2.0 mmol),
methanol (100 mmol), molecular sieve 3A (15 g), carbon dioxide (total
pressure 300 atm), 180 °C, 72 h. DMC yield 46% based on starting
methanol. GC conditions: TC-WAX (60 m), 40–240 °C, mesitylene as
internal GC standard.

Table 1 Effect of molecular sieve 3A on the DMC synthesis from carbon
dioxide and methanola

Entry Dehydrating agent DMC yield (%)b

1 None 2.1
2 Pellet (1.5 mm diam. 3 3.2 mm) 13.3
3 Beads (2 mm) 29.2
4c Beads (0.3–0.4 mm) 27.0
a Reaction conditions: autoclave with internal recycle (see Fig. 2),
dibutyltin dimethoxide (2.0 mmol), methanol (100 mmol), molecular sieve
3A (15 g), carbon dioxide (total pressure 300 atm), 180 °C, 24 h. b Based on
methanol c Insufficient circulation.

Fig. 5 Effect of catalyst amount on dimethyl carbonate synthesis from
CO2 and methanol. Reaction conditions: autoclave with internal recycle
(see Fig. 2), dibutyltin dimethoxide, methanol (100 mmol), molecular sieve
3A (15 g), carbon dioxide (total pressure 300 atm), 180 °C, 24 h. Yields are
based on methanol.

Fig. 6 Pressure effect on dimethyl carbonate synthesis from CO2 and
methanol. Reaction conditions: autoclave with internal recycle (see Fig. 2),
dibutyltin dimethoxide (2.0 mmol), methanol (100 mmol), molecular sieve
3A (15 g), carbon dioxide, 180 °C, 24 h. Yields are based on methanol.

Fig. 7 Time dependence of dimethyl carbonate synthesis from CO2 and
methanol at different pressures. Reaction conditions: autoclave with
internal recycle (see Fig. 2), dibutyltin dimethoxide (2.0 mmol), methanol
(100 mmol), molecular sieve 3A (15 g), carbon dioxide (total pressure 100
or 300 atm), 180 °C. Yields are based on methanol.
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The mechanism of DMC formation by the new reaction
system using molecular sieve 3A would be fundamentally the
same as that using acetal. Acetal in Scheme 1 can be replaced by
molecular sieve 3A. Based on the results of the stoichiometric
reaction, DMC formation from [R2Sn(OCO2Me)(OMe)]2

should be slow [Scheme 1, step (ii)].6c,16 Since [R2Sn(OCO-
2Me)(OMe)]2 is in equilibrium with [R2Sn(OMe)2]2 [step (i)],
the rate of DMC formation should be governed by the
concentrations of [R2Sn(OMe)2]2 and CO2. Hence, higher CO2

pressure is preferable for achieving higher reaction rates as
shown in Figs. 6 and 7.

Finally, the phase behavior of the reaction mixture is
summarized as follows based on observations through the
sapphire windows. At a relatively low pressure of around 50
atm, two phases (gas–liquid) were clearly observed. With an
increase in the pressure, the liquid level rose and the
supercritical CO2 phase decreased. Eventually, the upper phase
disappeared around 200 atm to give a single homogeneous
phase (methanol–CO2 mixture). Based on Figs. 6 and 7, a
greater amount of the lower phase is favorable for achieving a
higher reaction rate. This is ascribed to a high CO2 concentra-
tion in the lower phase where DMC is formed.

Conclusion

We have proved that DMC can be directly synthesized from
CO2 and methanol with a high methanol conversion. Three
important factors for achieving high yields are (a) removal of
water from the system, (b) choice of the catalyst, and (c) high
CO2 pressure. In particular, a new dehydration system using
molecular sieves has been proposed. This system is more
attractive compared with our previous reports on DMC
synthesis using orthoesters or acetals as chemical dehydrating
agents since the molecular sieve is easily recyclable, and there
is no co-product. We believe that the present paper shows a
great possibility of CO2 as a phosgene alternative and is
encouraging for chemists in the field of CO2 utilization.
Improvement in the dehydrating method and acceleration of the
reaction rate by developing highly active catalysts are the next
challenges.

Experimental

Trimethyl orthoacetate, 2,2-dimethoxypropane, dibutyltin di-
methoxide and dibutyltin oxide were purchased from Aldrich
Chemical Co. (Milwaukee, WI). Carbon dioxide (Showa
Tansan Co., Kawasaki, purity > 99.99%) was used without
further purification. Reaction products were analyzed by GC
using capillary columns: J & W Scientific DB-1 (60 m) and GL
Science TC-WAX (60 m) on a Shimadzu GC-9A or GC-17A
gas chromatograph equipped with a flame ionization detector
(FID) using 1,3,5-trimethylbenzene as an internal standard.
GC–MS analysis was performed using a HP-5890 gas chroma-
tograph connected to a HP-5971A mass spectrometer (EI 70
eV).

General procedure

(a) Without internal recycle. In a stainless steel autoclave
(20 cm3 inner volume), carbon dioxide (liquid, 65 atm) was
added to a mixture of 2,2-dimethoxypropane (10 mmol),
dibutyltin dimethoxide (0.2 mmol), methanol (200 mmol) and
1,3,5-trimethylbenzene (50 ml) at room temperature. The initial
pressure was adjusted to 300 atm at 180 °C and the autoclave
was heated at that temperature for 24 h. After cooling, product
yield was determined by GC and the products were further

identified using GC–MS by the comparison of retention times
and fragmentation patterns with authentic samples.

(b) With internal recycle. The reactions using a dehydration
tube packed with molecular sieve 3A were carried out in a
stirred autoclave shown in Fig. 2. In a stainless steel autoclave
(20 cm3 inner volume), carbon dioxide (liquid, 65 atm) was
added to a mixture of dibutyltin dimethoxide (2.0 mmol),
methanol (100 mmol) and 1,3,5-trimethylbenzene (50 ml) at
room temperature. The dehydration tube was packed with
molecular sieve 3A (15 g). The initial pressure was adjusted to
300 atm at 180 °C and the autoclave was heated at that
temperature for 24 h. A part of the reaction mixture was
circulated through a high pressure circulation pump (Nitto
Koatsu MP-1000). After the reaction, carbon dioxide was
released and the resulting liquid was analyzed by GC and GC–
MS.

High pressure NMR and IR. High-pressure NMR spectra
were recorded on a JEOL LA400WB spectrometer (400 MHz
for 1H) using sapphire tubes designed by Horvàth and Millar.17

High-pressure IR spectra were measured on a JASCO FT/IR-
5300 using a high pressure cell with zinc sulfide windows.

Acknowledgments

The authors are indebted to Professor Istvan T. Horvàth for
generous information about high-pressure NMR tube assembly.
The authors also thank the New Energy and Industrial
Technology Development Organization (NEDO) of Japan for
generous financial support to L.-N. H.

References

1 (a) P. T. Anastas and J. C. Warner, in Green Chemistry, Theory and
Practice, Oxford University, Oxford, 1998; (b) A. S. Matlack, in
Introduction to Green Chemistry, Marcel Dekker, Basel, 2001.

2 (a) P. G. Jessop, T. Ikariya and R. Noyori, Science, 1995, 269, 1065;
(b) P. G. Jessop, T. Ikariya and R. Noyori, Chem. Rev., 1995, 95, 259;
(c) P. G. Jessop, T. Ikariya and R. Noyori, Chem. Rev., 1999, 99,
475.

3 (a) W. Leitner, Angew. Chem., Int. Ed. Engl., 1995, 34, 2207; (b)
Chemical Synthesis Using Supercritical Fluids, ed. P. G. Jessop and
W. Leitner, Wiley-VCH, Weinheim, 1999.

4 D. A. Morgensten, R. M. LeLacheur, D. K. Morita, S. L. Borkovsky,
S. Feng, G. H. Brown, L. Luan, M. F. Gross, M. J. Burk and W.
Tumas, in Green Chemistry, ed. P. T. Anastas and T. C. Williamson,
ACS Symposium Series 626; American Chemical Society, Wash-
ington, DC, 1996, p. 132.

5 M. Aresta and E. Quaranta, CHEMTECH, 1997, 32.
6 (a) J.-C. Choi, Y. Kobayashi and T. Sakakura, J. Org. Chem., 2001,

66, 5262; (b) T. Sakakura, Y. Saito, M. Okano, J.-C. Choi and T.
Sako, J. Org. Chem., 1998, 63, 7095; (c) J.-C. Choi, T. Sakakura and
T. Sako, J. Am. Chem. Soc., 1999, 121, 3793; (d) T. Sakakura, J.-C.
Choi, Y. Saito, T. Masuda, T. Sako and T. Oriyama, J. Org. Chem.,
1999, 64, 4506; (e) T. Sakakura, J.-C. Choi, Y. Saito and T. Sako,
Polyhedron, 2000, 19, 573; (f) L.-N. He, J.-C. Choi and T. Sakakura,
Tetrahedron Lett., 2001, 42, 2169; (g) M. Abla, J.-C. Choi and T.
Sakakura, Chem. Commun., 2001, 2238.

7 M. A. Pacheco and C. L. Marshall, Energ. Fuels, 1997, 11, 2.
8 (a) A.-A. Shaikh and S. Sivaram, Chem. Rev., 1996, 96, 951; (b) P.

Tundo, M. Selva and S. Memoli, ACS Symp. Ser., 2000, 767, 87; (c)
P. Tundo, Pure Appl. Chem., 2000, 72, 1793.

9 (a) S.-i. Fujita, B. M. Bhanage, Y. Ikushima and M. Arai, Green
Chem., 2001, 3, 87; (b) S. Fang and K. Fujimoto, Appl. Catal. A,
1996, 142, L1.

10 S. Sakai, T. Fujinami, T. Yamada and S. Furusawa, Nippon Kagaku
Kaishi, 1975, 1789.

11 N. Yamazaki, S. Nakahama and F. Higashi, Rep. Asahi Glass Found.
Ind. Technol., 1978, 33, 31.

12 (a) J. Kizlink and I. Pastucha, Collect. Czech. Chem. Commun., 1995,
60, 687; (b) J. Kizlink and I. Pastucha, Collect. Czech. Chem.

Green Chemistry, 2002, 4, 230–234 233

D
ow

nl
oa

de
d 

on
 3

0 
O

ct
ob

er
 2

01
0

Pu
bl

is
he

d 
on

 1
6 

A
pr

il 
20

02
 o

n 
ht

tp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/B
20

06
23

P
View Online

http://dx.doi.org/10.1039/B200623P


Commun., 1994, 59, 2116; (c) J. Kizlink, Collect. Czech. Chem.
Commun., 1993, 58, 1399.

13 (a) Y. Ikeda, T. Sakahori, K. Tomishige and K. Fujimoto, Catal. Lett.,
2000, 66, 59; (b) K. Tomishige, T. Sakaihori, Y. Ikeda and K.
Fujimoto, Catal. Lett., 1999, 58, 225; (c) K. Tomishige, Y. Ikeda, T.
Sakaihori and K. Fujimoto, J. Catal., 2000, 192, 355.

14 T. Zhao, Y. Han and Y. Sun, Fuel Proc. Tech., 2000, 62, 187.
15 N. S. Isaacs, B. O’Sullivan and C. Verhaelen, Tetrahedron, 1999, 55,

11949.
16 D. Ballivet-Tkatchenko, O. Douteau and S. Stutzmann, Organome-

tallics, 2000, 19, 4563.
17 I. T. Horvàth and J. M. Millar, Chem. Rev., 1991, 91, 1339.

234 Green Chemistry, 2002, 4, 230–234

D
ow

nl
oa

de
d 

on
 3

0 
O

ct
ob

er
 2

01
0

Pu
bl

is
he

d 
on

 1
6 

A
pr

il 
20

02
 o

n 
ht

tp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/B
20

06
23

P
View Online

http://dx.doi.org/10.1039/B200623P


     

Selective partial oxidation in supercritical water: the
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The continuous selective oxidation of p-xylene (p-X) by O2 (generated by thermal decomposition of aqueous
H2O2) catalyzed by MnBr2 in supercritical H2O at ca. 400 °C is reported for the first time. The selectivity for
terephthalic acid (TA) is > 90%. Compared to existing industrial processes, the reaction has the potential for a
significant increase in energy efficiency and a substantial reduction in waste. This reaction is significant because
the presence of H2O lowers the catalytic activity of MnBr2 in the conventional route to TA via oxidation of p-X in
CH3COOH.

Introduction

Terephthalic acid, TA, is a major commodity chemical and an
important intermediate for the production of polyester poly-
mers. The various routes for the manufacture of TA have
recently been reviewed.1 Current state-of-the-art technology
involves the continuous liquid phase oxidation of p-xylene (p-
X) using molecular O2 in a lower (e.g. C2–C6) aliphatic
monocarboxylic acid, e.g. CH3CO2H, with a homogeneous
heavy metal catalyst system usually incorporating a promoter,
e.g. bromine. CH3CO2H is particularly useful as the solvent
since it is relatively resistant to oxidation and increases the
activity of the catalytic pathway. The reaction is typically
carried out on a very large scale in a stirred reactor at 150–250
°C and 0.6–3 MPa and the optimized process is highly selective
with a yield of TA of at least 95%. The oxidation is a free radical
process, the mechanism of which has been investigated in
detail;2 key intermediates include p-toluic acid (p-Tol) and
4-carboxybenzaldehyde (4-CBA). In addition, benzoic acid
(BA) can be formed via decarboxylation of TA and other
intermediates.

Generally, the TA obtained in the commercial oxidation is
insufficiently pure for direct use in polyester production since it
contains 4-CBA as a major impurity along with various colour-
forming precursors and coloured impurities. 4-CBA is usually
present because a substantial proportion of the TA precipitates
during the course of the reaction and, although 4-CBA may be
below its solubility limit, it tends to co-precipitate with TA.
Thus, the crude TA has to be purified before it can be used in
production of polyester. Purification typically involves dissolv-
ing the impure TA in water at high temperature, followed by
hydrogenation in the presence a supported noble metal catalyst.

This step reduces the 4-CBA to p-Tol and converts the various
coloured impurities to colourless products. The purified TA is
then recovered from solution by a series of crystallisation,
solid–liquid separation and drying steps. p-Tol is considerably
more soluble than TA in H2O and remains in the aqueous
mother liquor following crystallisation of TA.3,4

High purity TA can be obtained by carrying out the oxidation
in a different, continuous process5 with a high solvent:p-X ratio.
Co-precipitation of 4-CBA with TA is largely avoided since the
TA is not allowed to precipitate in any quantity during the
reaction. Furthermore, the conditions necessary to achieve this
also promote oxidation of 4-CBA and other intermediates to a
greater extent than conventionally. However, a continuous
process of this type necessarily involves using substantial
amounts of organic solvent. Such solvents are relatively costly
and, due to environmental restrictions, may require recovery
and recycling. In addition, CH3CO2H is flammable when mixed
with air or O2 under typical reaction conditions; this means that
a proportion of the organic solvent may be ‘lost’ due to
oxidation during the process.

Supercritical H2O, scH2O (Tc = 374 °C, pc = 22.1 MPa) has
been widely investigated as a medium for the total oxidation of
organic waste because of the relatively high solubility of many
organic compounds in scH2O and its complete miscibility with

Green Context
The use of supercritical or high temperature water as a
medium for the total oxidation of organics is well known as
a method of waste destruction. However, the selective
oxidation of hydrocarbons in this medium has received little
attention, despite the potential benefits of water as a
reaction medium. This article describes a very efficient and
high yielding continuous oxidation of p-xylene to tere-
phthalic acid using oxygen in supercritical water. The
selectivity to product is very high, and over-oxidation is not
a problem. In contrast to the current commercial process,
solvent oxidation does not occur, providing a clean and
effective route to this important product. DJM
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O2.6–8 In 1998, Holliday et al. described a batch process for the
synthesis of, inter alia, aromatic carboxylic acids from alkyl
aromatics in a reaction medium of sub-critical H2O using
molecular O2 as the oxidant.9 In particular, they reported that
TA could be generated at 564% yield by the selective oxidation
of p-X at 300–330 °C with O2 gas as the oxidant and MnBr2 as
the most effective catalyst. A recent paper by Dunn and
Savage10 confirms these findings and explored the reaction
conditions in greater depth. It also suggested that Holliday’s
analytical method might not have distinguished between TA
and other acids formed as part of the oxidation process. Both of
these studies9,10 were carried out in sealed autoclaves as batch
reactions and represent the first examples of selective oxidation
in near-critical or scH2O. If the reaction could be made
continuous and more selective, it would be potentially attractive
for the manufacture of TA, as the need for the CH3CO2H
solvent would be eliminated and the higher temperatures could
give enhanced energy recovery. Recently, one of the first
examples of continuous partial oxidation in scH2O was
reported;11 the oxidation of cyclohexane, which was relatively
unselective both uncatalysed and in reactors lined with noble
metals. Here we report the first results from a long-running and
successful project aimed at developing the continuous labo-
ratory scale selective oxidation of p-X by O2 in scH2O.

Initially, reactions were tested in a 3 mL batch reactor, made
from 316L grade stainless steel, similar to that described
elsewhere.12 These tests showed that, even without any added
catalyst, oxidation of p-X could yield up to 44% TA (10 min,
308 °C) and, with an MnBr2 catalyst, up to 70% TA could be
generated in H2O from p-X in the presence of a large excess of
O2 (p-X+O2 1+36; 10 min, 315 °C, 15.6 MPa). The high excess
of O2 may have been needed because the narrow bore of our
batch reactor impedes efficient mixing of the gas and liquid
phases. The major difference between our experiments and
Holliday’s9 was that we used lower concentrations of MnBr2

(1000 ppm of bromide as opposed to 7000 ppm) but our overall
concentration of p-X was also considerably lower.

The continuous oxidation of p-X by O2 was carried out in
H2O from 200–400 °C and 24–28 MPa with MnBr2 as the
catalyst. The exotherm was minimised by using relatively dilute
solutions ( < 5% organic w/w). Initial experiments were carried
out with compressed O2 but it was found to be difficult to
control the gas on the small scale required for this work.
Therefore, we have used aqueous H2O2, which decomposes in
the preheater to generate O2. Tester and co-workers have shown
that there are no significant differences in the oxidation of
MeOH in scH2O using either O2 or decomposed H2O2 as the
oxidant.13 The configuration of the system is shown in Fig. 1,
where the key feature is the cross-piece, X, where a mixture of
scH2O and O2 is contacted with separate streams of p-X and a
cold solution of MnBr2.14 In the conventional process, Mn2+

acts as a homogeneous catalyst.2 However, in scH2O, the Mn
catalyst can rapidly hydrolyse and dehydrate to form solid
oxides like many other transition metal salts.15–19 The arrange-
ment shown in Fig. 1 allows catalysis to occur before the Mn
catalyst has had time to decompose. To demonstrate the need for
this configuration, a control experiment was run mixing the
catalyst solution (1000 ppm bromide) with H2O and high
pressure gaseous O2 prior to preheating to 385 °C and 24 MPa.
With 1% p-X added downstream of the preheater, the maximum
carbon recovery in the solid product was 22–69% w/w with a
yield of TA only between 11–18%. Subsequent inspection of
the preheater showed significant corrosion to the internal
surface of the pipework with a black precipitate (MnO2 by
XRD) coating the pipework. By contrast, up to 90% of the
MnBr2 was recovered in the product solution (Mn: AAS, Br:
AgNO3 titration) by using the mixing arrangement shown in
Fig. 1.

The results from a selection of runs are summarised in Table
1. Taken together, the results demonstrate the selective

oxidation of p-X to TA can be achieved in scH2O. The yield of
TA is highly sensitive to a range of variables, including the
ratios p-X+O2 and p-X+catalyst, the reactor residence time, and
the reactor temperature. In general, the selectivities in optimized
runs were steady over a period of hours, see Fig. 2, but the
overall yields often fluctuated because of minor inconsistencies
in the performance of the various components, which are
inevitable in so small a reactor of this complexity. Nonetheless,
the best yields of TA (examples 10–13) have exceeded 90%,
close to those of the current optimized industrial process. The
purity of the best recovered samples of TA contained lower
levels of oxidation intermediates than commercial crude TA.

Run 1 is a typical unoptimized run with modest overall yield
and poor selectivity for TA. Doubling the residence time and
increasing the O2 feed, run 2, reduces the yield of solids but
increases the selectivity for TA over the key impurity 4-CBA.
By contrast, halving the residence time produces a striking
improvement in both the yield and the selectivity for TA, run 3.
Increasing the residence time and simultaneously reducing the
reactor temperature from 400 to 350 °C, run 4, still gave ca.
50% yield of solid with reasonable selectivity for TA. Reducing
the temperature further with low concentrations of catalyst, runs
5–7, almost completely stopped the reaction with no isolable
solid products. However, the yield at 300 °C could be restored
by increasing the catalyst concentration to 1632 ppm Br; even
45% of the stoichiometric amount of O2 gave modest amounts
of TA, run 8, and 178% O2 with the mixing zone heated to 378

Fig. 1 Diagram of the continuous reactor for oxidation of p-X. A solution
of H2O2 is pumped into a tee-piece where it is mixed with cold water. The
H2O2/H2O mixture is then heated to ca. 400 °C in the preheater, PH,
consisting of a 6 m coil of 1/4 inch o.d. stainless pipe cast into an aluminium
block where the H2O2 decomposes to O2.20 The O2 + H2O fluid now passes
through the cross-piece, X, where it is contacted with the p-X and solution
of MnBr2 catalyst, fed in from their own pumps (the precise mixing
geometry is important for the success of the process). The reaction mixture
is passed through the reactor, R, which is identical to PH (for short residence
times R can be replaced by a short length of Hastelloy tubing). After R, a 4%
solution of cold NaOH is injected to prevent precipitation of TA, before the
solution passes through the cooling coil, C, and back-pressure regulator,
BPR. Other components are labelled as follows:, valves (“P” indicates a
pressure release valve); F, 0.5 mm filter; NRV, non-return valves; P,
pressure transducer; Prod, products; T, thermocouple (the aluminium heater
blocks of PH and R also contain thermocouples, not shown); lagged
pipework is shown as a thicker line. Br2 rapidly induces stress–corrosion
cracking in stainless steel at high temperatures with corrosion rates being
highest in regions of steep thermal gradients.21 This effect is exacerbated in
small-scale apparatus because the temperature gradients are usually steeper
than in large equipment. Therefore, Hastelloy is used for the final section of
the catalyst feed-pipe and other areas of high corrosion. All pipe work liable
to corrosive failure is protected inside wider bore stainless steel pressure
tubing to contain any inadvertent leaks. (NB: the Figure is not drawn to scale
and safety trips connected to the more critical pressure transducers have
been omitted. NaOH would almost certainly not be needed in larger scale
apparatus, where the larger bore of the pipe work would reduce the
problems of blocking. The NaOH also causes precipitation of the Mn2+

which can be recovered from the filter, F, as metal oxide/hydroxides. The
absence of Mn2+ in the product solution was confirmed by atomic
absorption. The flow rate of NaOH is adjusted to match the expected flow
of TA with a 3 2 excess of NaOH. PH and R supplied by NWA GmbH;
Pumps, Gilson 305 or equivalent; BPR, Tescom, model 26-1722-24-090).

236 Green Chemistry, 2002, 4, 235–238
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°C, run 9, gave yields comparable to those observed by Holliday
et al.9 and by us in batch reactions at similar temperatures.

By contrast, the best yields and selectivities were obtained by
using a shorter reactor to give very short residence times, < 20
s. Runs 10–13 all demonstrate more than 90% selectivity for
TA, with no detectable 4-CBA or p-Tol. The yields are
relatively insensitive to changes in residence time and concen-
tration of O2 at these conditions. The only major impurity
identified is BA, which off-line experiments in our batch reactor
have shown can be formed in modest amounts by heating TA in
scH2O. Additional measurements were carried out to confirm
the overall mass balance for the continuous oxidation. Thus, a
solid product with a composition of 92.1% w/w TA and 7.9% w/
w BA was collected over a timed interval of 15 min in run 13.
In this period, 0.681 g of p-X was fed to the experimental unit
and the solid recovered was 1.009 g giving a measured carbon
recovery of 97.4%.

Our results suggest that the mechanism of oxidation of TA in
scH2O is similar to that in CH3COOH although the presence of

high amounts of water ( > 4–5%) is known2 to reduce the
activity of MnBr2 drastically at 200 °C. We suggest that the
catalyst is not deactivated so strongly in scH2O because the
polarity of the supercritical fluid is lower than that of liquid
H2O. The concentration of MnBr2 is substantially less than that
used by Holliday et al.9 but our concentration of p-X is also
substantially lower.

In this paper, we have shown for the first time that it is
possible to oxidize p-X continuously in scH2O with high
selectivity for TA. Most of the experimental difficulties
associated with the small-scale of our apparatus have been
overcome and a systematic investigation of reaction conditions
is now possible. Even without complete optimization, the
process generates almost no 4-CBA, one of the most problem-
atic impurities in current commercial processes for manufactur-
ing TA. Furthermore, the process totally eliminates the use of
organic solvents and has promise as a potentially cleaner route
to manufacture of TA.

Experimental

CAUTION: This type of oxidation is potentially extremely
hazardous, and must be approached with care and a thorough
safety assessment must be made.

Before each run, the apparatus was hydrostatically pressure
tested when cold, and was then heated with a flow of pure water
(5–10 ml min21). Once the operating temperature had been
reached, the pumps for p-X, H2O2, MnBr2 and NaOH were
started. Typically, an experiment was run for 4–8 h. The
products were collected for sequential periods of 15–60 min and
analysed. A weighed portion of the product solution was
acidified with 2 M HNO3 (alternatively H2SO4 or HCl could be
used) to precipitate TA and other components. The solid was
filtered off, washed with cold distilled H2O and air dried in a
dessicator over silica gel and weighed. Purity was verified
principally by HPLC. The TA was recovered and the yield
calculated as a percentage of the stoichiometric amount
expected from the measured amount of p-X pumped into the
apparatus.

As pointed out by Dunn and Savage,10 reproducible analysis
of TA is quite challenging. The selectivity was determined by

Table 1 Continuous oxidation of p-xylene in scH2O at 25.0 MPa

Results for product
Reactor conditions Feed

Analysis of productse

Run

Res. 
timea/
min T/°C p-Xb (%) O2

c (%)

MnBr2

Catalyst,
[Br2]/ppm

Yield of all
solidsd (%) TA (%) 4-CBA (%) p-Tol (%) BA (%)

By-prods.
(%)

1 1.09 400 0.58 87–93 1632 26–37 12.9–25.5 8.0–22.4 14.4–40.8 1.4–5.2 1.1–2.9
2 2.17 400 0.58 111 1632 13–30 9.3–21.3 0–1.6 5.9–12.0 4.9–7.9 0–0.9
3 0.54 400 0.58 115 1632 71 51.9–63.8 0 0–5.95 5.9–11.8 0–1.6
4 2.08 350 0.7 120 975 45–61 45.3–61.2 3.2 6.58–17.6 6.2–9.8 0
5 12.8 300 0.58 149 537 0 0.1–0.4 0 0 0 0.1
6 12.8 250 0.58 149 537 0 0–0.3 0 0–0.14 0 0.2–1.2
7 11.7 200 0.58 149 537 0 0 0 0–13.9 0 0–1.2
8 2.42 300 0.58 45 1632 13–98 13.0–26.4 8.5–11.5 35.4–64.1 2.4–3.7 4.3–5.6
9 2.43 300f 0.58 178 1632 42–81 71.6–81.8 0 0 4.9–7.1 0

10 0.3 400g 0.58 120 1640 72–100 91.8–94.1 0 0 5.8–8.2 0
11 0.3 400g 1.5 180 1640 69–95 92.1–93.8 0 0 6.3–8.0 0
12 0.15 400g 1.5 180 1640 74–90 93.5–95.3 0 0 4.7–6.5 0
13 0.15 400g 2.0 120 1640 79–85 92.1–95.1 0 0 4.9–7.9 0
a The residence time was defined as the total reactor volume divided by the volumetric flow-rate. The total volume was taken as the sum of the volume of
the tubular reactor, pipework and fittings between the mixing pieces; the first to mix the reactants to initiate the reaction and the second to quench the reaction
with the addition of NaOH. The volumetric flow-rate was based on the physical properties of H2O at the mixing conditions, as published in International
Steam Tables and by the US National Institute of Standards and Technology. b p-X concentration in reactor (w/w). c 3 mol of O2, the stoichiometric amount
needed to convert p-X to TA is taken to be 100%. d Yield calculated for aliquots collected over 30 min periods (every 15 min for runs 11–13). e Analysis
by HPLC of recovered solution (see Experimental section); maximum range of values found by analysing all of the samples collected during the course of
a particular run. f Mixing zone held at 378 °C. g Temperature at mixing piece, followed by a smaller volume reactor, constructed from a 50 cm length of 1⁄4
inch o.d. Hastelloy C276 pipework.

Fig. 2 Plot showing the variation in selectivity observed during a
continuous run. Samples were collected at 15 min intervals after the reactor
had reached stable conditions, as listed in run 13 in Table 1. Others refers

to the by-products as listed in the Experimental section.
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direct injection of the solution recovered from the reactor onto
an HPLC column using a method specially developed for these
experiments. Gradient elution with solvents CH3CN (16.7%)
and buffer (83.3 to 60% and back to 83.3%) was used. The stock
buffer solution was prepared by dissolving 15 g anhydrous
CH3CO2Na in 250 ml de-ionised water, before adding
CH3CO2H (50%, 100 ml). The pH was adjusted to 3.9 ± 0.01
with 5% CH3CO2H, before diluting to 500 ml. The dilute buffer
was prepared by diluting 30 mL of the stock buffer solution to
500 ml with de-ionised water. The injection volume with needle
wash was 1 mL. A Waters Xterra reverse phase C18 column,
maintained at 40 °C, was used ( flow rate 0.7 ml min21, run time
14 min; UV detection at 230 nm). The oxidation intermediates
analysed were 4-carboxybenzaldehyde (4-CBA), p-toluic acid
(p-Tol) and benzoic acid (BA). In addition, some samples were
analysed for minor by-products, including 2,6-dicarboxy-
fluorenone, isophthalic acid, benzene-1,2,4-tricarboxylic acid,
2,4A,5-tricarboxybiphenyl, diphenic acid, 4,4A-dicarboxybenzo-
phenone, 2,6-dicarboxyanthraquinone, 2,6-dicarboxyfluorene
and 2,6-dicarboxyanthracene. GC analysis was also used on
some samples to determine volatile components, e.g. unreacted
p-X.
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In this paper we report on the sol–gel synthesis and characterisation (by 29Si CPMAS and SPE MAS, 13C CPMAS
NMR and elemental analysis as well as nitrogen sorption porosimetry) of new aminopropylated
polysilsesquioxanes of types [(RO)3 2 nOn/2SiC6H4SiOn/2(OR)3 2 n]x[(RO)3 2 nSiOn/2(CH2)3NH2]y and
[(RO)3 2 nOn/2SiC6H4SiOn/2(OR)3 2 n]x[(RO)3 2 nSiOn/2(CH2)3NH2]y[(RO)4 2 nOn/2Si]z and
[(RO)6 2 2nOnSi2C6H4]x[(RO)3 2 nSiOn/2(CH2)2NH(CH2)2NH2]y. The catalytic activity of these new
polysilsesquioxane supported solid bases in Knoevenagel condensation reactions is described and compared with
related aminopropylated silica systems.

Introduction

The idea underpinning work in this paper was that homoge-
neously dispersed hydrophobic (organic) regions in poly-
silsesquioxanes, [(RO)3 2 nOn/2Si–Z–SiOn/2(OR)3 2 n]x where
Z is an organic spacer, might offer advantages over related
purely inorganic support materials e.g. mesoporous silicas, for
chemistry involving organic substrates. We report here on the
assessment of this idea using a new series of solid-bases,
aminopropylated polysilsesquioxanes, [(RO)3 2 nOn/2SiC6H4

SiOn/2(OR)3 2 n]x[(RO)3 2 nSiOn/2(CH2)3NH2]y, as a catalytic
model. Prior to undertaking this study we investigated the
relative efficiency of porous silicas and polysilsesquioxanes
[(RO)3 2 nOn/2SiCH2C6H4CH2SiOn/2(OR)3 2 n]x

1 for partition
of aromatic compounds from water (details below). The results
show that initial uptake is accomplished much faster by
hydrophobic porous polysilsesquioxanes than porous inorganic
silicas. The initial positive indications that polysilsesquioxanes
offer effective partition suggested that functional polysil-
sesquioxanes might offer effective catalytic media for organic
substrates. Macquarrie et al. have published extensively on
Knoevenagel condensation chemistry catalysed by aminopropyl
modified silicas.2–4 Given that these studies provide an
excellent basis for qualitative comparison, we set out to prepare
a related series of aminopropyl modified polysilsesquioxanes
and to use Knoevenagel condensation chemistry as a means of
assessing their base-catalytic activities.

Results and discussion

The presence of organic framework fragments Z in porous T-
functional polysilsesquioxanes [(RO)3 2 nOn/2Si–Z–SiOn/2-
(OR)3 2 n]x should provide pore environments which are more
lipophilic than is the case for purely inorganic porous silica. We
tested this idea in a simple experiment involving 10 cm3

aliquots of saturated aqueous naphthalene solution and 0.1 g of
a particular porous material. The UV spectrum of the solution

(filtered through 0.2 mm membrane) was recorded after 1 and 16
h. Porous materials used included microporous polysilsesquiox-
anes [(HO)3 2 nOn/2CH2SiC6H4CH2SiOn/2(OH)3 2 n]x , X1, (n
= 2.25) from deconvoluted NMR with average pore size 20 Å,
(X1 prepared from 1,4-bis(Cl3SiCH2)2C6H4),1 1,4-bis(trichlor-
osilylmethyl)benzene); microporous silica [(EtO)4 2 nOn/2Si]x

(543 m2 g21), average pore size 20 Å (from acid catalysed sol–
gel processed TEOS, (EtO)4Si, tetraethylorthosilicate) and the
commercial silica Merck K-100 (316 m2g21). The extent of
partition of naphthalene from the aqueous solution was
monitored by the change in absorbance of the p–p* transition.
The results are illustrated in spectra shown in Fig. 1.

While it is apparent that up-take of naphthalene by the porous
silicas investigated is slow even after 16 h, the naphthalene was
readily taken up by the polysilsesquioxane in the same period.
Thus the lipophilic characteristics of the pore environment in
the polysilsesquioxane apparently affords a pronounced parti-
tion effect. This observation suggested that comparisons of
catalytic behaviour between related functional silicas and
polysilsesquioxanes would be worthy of study. To assess this
we decided to prepare a series of aminopropyl modified
polysilsesquioxanes and to use Knoevenagel condensation
chemistry analogous to that already reported for aminopropyl
modified silicas, as a means of assessing their base-catalytic
activities.

Green Context
The development of efficient base catalysts is relevant to
providing clean C–C bond forming reactions. This article
describes some advances in the preparation of amine–silica
composite materials which are known to be good base
catalysts. The incorparation of organic groups in the walls of
the materials helps to promote mass transport to the active
site, and thus aids catalytic activity. DJM

This journal is © The Royal Society of Chemistry 2002
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Synthesis and characterisation of aminopropyl modified
polysilsesquioxane

A series of of aminopropyl modified polysilsesquioxanes
[(RO)3 2 nOn/2SiC6H4SiOn/2(OR)3 2 n]x[(RO)3 2 n-

SiOn/2(CH2)3NH2]y, APPS, were prepared using NH3 (aq)
catalysed co-polymerisation of the precusors 1,4-bis(triethoxy-
silyl)benzene, 1,4-((EtO)3Si)2C6H4, BTESB5 and aminopropyl-
triethoxysilane, AMPS. In addition the material EDEPS,
ethylenediaminoethyl modified polysilsesquioxane was pre-
pared from N-(3-trimethoxysilylethyl)ethylenediamine,
TMSEEDA, and BTESB (see Table 1).

For the sol–gel conditions studied using the BTESB+AMPS
system, high surface area materials were only obtained where a
BTESB+AMPS ratio of one or greater was used. Thus materials

APPS-4 and APPS-5 were found to have very low surface area
and were not further investigated. Spectroscopic details 13C and
29Si CP MAS NMR of APPS-1, APPS-3, APPSS-1 and
EDEPS-1 are summarised in Table 2.

The 13C data show the expected organic fragments. The
absence of residual ethoxy or methoxy groups (see Fig. 2)
indicates that hydrolysis is essentially complete.

In contrast to the efficient hydrolysis step the 29Si spectra
show T1, T2 and T3 environments for APPS and EDEPS aterials
and in addition Q3, and Q4 for APPSS-1, indicating that
condensation is incomplete. Deconvolution of the 29Si CP MAS
spectra (details in Table 3) allowed the overall levels of
condensation in these materials to be calculated and the values
of mostly ~ 70% are close to those reported for the un-
functionalised polysilsesquioxane itself prepared under base
catalysed conditions.5 Condensation of the T environments in
APPSS-1 (60%) was significantly lower than for materials
without added TEOS. The average formulae for the materials
given in Table 3 are based on measured levels of condensation
and measured percentages of carbon and nitrogen. Its note-
worthy that the measured mol% of components in the materials
after processing and washing is generally close to the mol% of
precursors taken. An exception is the Qn component of APPSS-
1 where the measured Qn mol% in the processed material (from
29Si SPE MAS NMR) represents half of that used. This implies
that some soluble Qn oligomers are removed at the washing
stage.

Textural studies

Specific surface area measurements were performed on all
materials and porosity measurements on samples of APPS-1,
APPS-3 and APPSS-1 using nitrogen sorption porosimetry. The
results are summarized in Table 4 with isotherms and pore size
distributions depicted in Figs. 3 and 4.

For the BTESB+AMPS series the specific surface areas
decrease as mol% of AMPS employed increased. Addition of
TEOS to the mixture apparently altered this trend with APPSS-
1 having a significantly higher surface area than APPS-3. The
porosity studies show that materials with large micropores are
formed. For APPSS-1 a typical type E hysteresis,6 suggesting
ink-bottle shape pore structure, is seen and the pore size
distribution is relatively narrow. APPS-1 and APPS-3 show a
bimodal distribution of pores. It is noteworthy that the bimodal

Fig. 1 (a) UV–vis saturated aqueous naphthalene over porous silicas and
polysilsesquioxane, X1 (0.1 g) after 1 h and (b) after 16 h.

Table 1 Xerogels used in this studya

Xerogel APPS-1b APPS-2b APPS-3b APPS-4b APPS-5b APPSS-1c EDEPS-1d PPSe

Ratios 1+4 1+2 1+1 2+1 4+1 1+1+1 1+4 1+4
a Precursor ratios given with BTESB last. Solvent THF, catalyst NH3 (aq); see experimental section for conditions used. b APPS = aminopropylated
polysilsesquioxane from 3-aminopropyl(triethoxy)silane (AMPS) and 1,4-bis(triethoxysilyl)benzene (BTESB). c APPSS prepared from AMPS, TEOS
(tetraethoxysilane) and BTESB. d EDEPS = ethylendiaminoethyl modified polysilsesquioxane from N-(3-trimethoxysilylethyl)ethylenediamine
(TMSEEDA) and BTESB. e PPS = n-propyl modified polysilsesquioxane prepared from n-propyltriethoxysilane and BTESB.

Table 2 Solid state NMR spectroscopic data

NMR Assignments APPS-1 APPS-2 APPS-3 APPSS-1 EDEPS-1

29Si CP MAS T1 263.24 263.70 259.54 262.92 263.172
T2 270.75 270.78 269.58 270.55 271.863
T2 279.03 278.20 279.52 279.69 279.441
Q3 2100.84
Q4 2109.87

13C CP MAS ArC 133.51 133.74 134.51 133.61 133.85
NH2CH2CH2NH — — — — 48.9
NHCH2CH2Si — — — — 21.77
CH2NH2 43.37 43.54 44.03 43.23 39.00
CH2CH2CH2 24.99 25.09 24.81 24.95 —
SiCH2 10.31 11.09 10.40 10.40 11.22

240 Green Chemistry, 2002, 4, 239–244
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distribution is increasingly evident for the higher aminopropyl
loading. In contrast APPSS-1 from BTESB+AMPS+TEOS,
1+1+1, has a narrow pore size distribution.

A scanning electron micrograph of APPS-1 is shown in Fig.
5 and indicates a loose nano-particulate type surface texture.
This contrasts with the rough polymeric surface texture of acid
catalysed polysilsesquioxanes from BTESB and is in keeping
with expected differences in textural properties of acid and base
catalysed sol–gel processing.7

Knoevenagel condensation reactions catalysed by APPS-1

Of the many reports in the literature on heterogeneous catalysis
of Knovenagel condensations of aldehydes ketones,8 the work
by Macquarrie and Clark using g-aminopropylsilica2 and
aminopropyl functionalised MCMs3 is most relevant to this

Table 3 Average stoichiometric formula from deconvoluted 29Si CP MAS NMR spectra and elemental analysis

C+N

Material Formula from deconvoluted 29Si NMR and C+N ratios aa bb Calc. Found

Loading of
amino groups/
mmol g21

APPS-1 [(RO)62 2nOnSi2C6H4]x[(RO)32 nSiOn/2(CH2)3NH2]y
c

[(RO)1.62O2.19Si2C6H4]x[(RO)0.81SiO1.10(CH2)3NH2]y
d 73

[(HO)1.62O2.19Si2C6H4]3.77[(HO)0.81SiO1.10(CH2)3NH2]e 22.00 22.00
C25.62H30.09O16.31Si8.54N 1.2

APPS-3 [(RO)62 2nOnSi2C6H4]x[(RO)32 nSiOn/2(CH2)3NH2]y
c

[(RO)1.8O2.1Si2C6H4]x[(RO)0.9SiO1.05(CH2)3NH2]y
d 70

[(HO)1.8O2.1Si2C6H4]0.86[(HO)0.9SiO1.05(CH2)3NH2]e 7.00 7.01
C8.16H13.89O5.30Si2.70N 3.5

APPSS-1 [(RO)62 2nOnSi2C6H4]x[(RO)32 nSiOn/2(CH2)3NH2]y[(RO)42 nOn/2Si]z
c

[(RO)2.4O1.8Si2C6H4]x[(RO)1.2SiO0.9(CH2)3NH2]y[(RO)0.72O1.64Si]z
d 60 82

[(HO)2.4O1.8Si2C6H4]0.99[(HO)1.2SiO0.9(CH2)3NH2][(HO)0.72O1.64Si]0.5
e 7.66 7.66

C8.94H15.9O7.44Si3.48N 2.8
EDEPS-1 [(RO)62 2nOnSi2C6H4]x[(RO)32 nSiOn/2(CH2)3NH(CH2)2NH2]y

c

[(RO)1.8O2.1Si2C6H4]x[(RO)0.9SiO1.05(CH2)3NH(CH2)2NH2]y
d 70

[(HO)1.8O2.1Si2C6H4]3.75[(HO)0.9SiO1.05(CH2)3NH(CH2)2NH2]e 11.78 11.78
C27.5H35.65O16.58Si8.5N2 1.1

a FT2a = Overall% condensation of Tn sites. b b = Overall% condensation of Qn sites. c General formula of materials. d Formula incorporating degrees of
condensation. e Formula incorporating degrees of condensation and fitted to measured C+N and Tn/Qn ratios for APPSS-1.

Fig. 2 13C CPMAS NMR spectrum of APPS-3.

Table 4 Porosity measurement results

Entry
BET SA/m2

g21

Micropore SA
(t-method)/m2

g21

Total pore
volume/cm
g21

Average pore
diameter/Å

APPS-1 741 602 0.54 29
APPS-2 525 — — —
APPS-3 281 212 0.2 28
APPS-4 21 — — —
APPS-5 6 — — —
APPSS-1 529 513 0.52 39
EDEPS-1 366 288 0.31 35

Fig. 3 Nitrogen sorption–desorption isotherms and pore size distribution
for APPS-1, APPS-3 and APPSS-1.

Fig. 4 Nitrogen sorption–desorption isotherms and pore size distribution
for APPS-1, APPS-3 and APPSS-1.

Green Chemistry, 2002, 4, 239–244 241
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paper. These authors point out that for many available catalysts
conversions are relatively poor for the most demanding reaction
partners, for example, when aromatic ketones are involved.
They found g-aminopropylsilica and aminopropyl function-
alised MCMs to be excellent catalysts for condensations
involving aliphatic aldehydes and ketones (e.g. yields > 90%
for R,RA = c-C5H10) and reasonably effective catalysts when
aromatic aldehydes and ketones are employed (yields
~ 55–68% for R = Ph, RA = Me). In addition Macquarrie
reported that a catalyst prepared from AMPs, phenyl triethox-
ysilane and TEOS gave significantly better conversions than the
aminopropylated silicas for the substrates ethylcyanoacetate/
acetophenone (86%) as well as ethylcyanoacetate/pentan-3-one
(96%).4 The new aminopropyl polysilsesquioxane materials
APPS-1, APPSS-1 and EDEPS-1 described in this paper were
assessed as catalysts for the range of Knoevenagel substrates
shown in Table 5.

In order to rule to out possible contributions to the catalysis
from trace ammonium hydroxide retention after materials
processing and washing (although there was no evidence for
this from infrared spectra), a blank catalyst, PPS, was prepared

using the base catalytic conditions described for APPS-1 but
with BTESB and propyltriethoxysilane instead of BTESB and
AMPS. This material was found to be completely inactive for
Knoevenagel condensation of benzaldehyde and ethylcyanoa-
cetate.

Yields of condensed products compare well with those
reported for aminopropyl modified silicas and are particularly
good for some aromatic ketones. In particular the conversion for
acetophenone (94%) is higher than that reported for either
aminopropylated silica or MCMs and compares well with
results on silica modified with aminopropyl and phenyl groups.4
The reaction profile for entry 7, Table 5, is shown in Fig. 6. The
reaction appears to go somewhat slower than that reported for
the catalyst based on silica modified with aminopropyl and
phenyl groups.4

We recorded very high turnover numbers for the catalyst
APPS-1 with benzaldehyde and cyanoethylacetate without any
loss in activity observed after sixteen runs. The catalyst
appeared to be equally active for these reagents in toluene at 20
and 110 °C. It is noteworthy that APPS-4 which has sub-
stantially lower surface area than APPS-1 gave a significantly
lower conversion with benzaldehyde and cyanoethylacetate
compared to APPS-1.

It is also noteworthy that conversion decreased when EDEPS
was used as catalyst. The effect of solvent polarity on catalytic
activity of APPS-1 (see Fig. 7) followed previously observed

Table 5 Results for Knoevenagel condensation reactions (20 mmol quantities of reagents and 0.2 g catalyst, either in refluxing toluene (20 cm3) with
removal of water or at room temperature as indicated) catalysed by APPS-1, APPSS-1, or EDEPS

(1)

Entry R RA X Y Catalyst t/h T/°C Yield (%)a mp/°Cb Lit.9 mp/°C 
TONc (No.
runs)

1 Ph H CN CO2Et APPS-1d 3 20/110 98 52–53 51–53 1363 (16)
APPSS-
1(3)110 3 110 99 177 (5)
EDEPS-1 3 110 98
APPS-4 24 110 33
PPS 48 110 0

2 Ph H MeCO CO2Et APPS-1 24 20 70 58–59 59–60 —
3 Ph H MeCO PhCO APPS-1 24 110 90 98–110 99–100 —
4 Ph H MeCO MeCO APPS-1 24 110 89 — — —
5 Ph Me CN CO2Et APPS-1 48 110 94 45–46 46–47 245 (3)

APPSS-1 48 110 92
EDEPS-1 48 110 66

6 Ph Ph CN CO2Et APPS-1 48 110 53 98–99 97–99 —
7 Et Et CN CO2Et APPS-1 24 110 94 — — 326 (4)

APPSS-1 24 110 89
EDEPS-1 24 110 75

8 C5H10 CN CO2Et APPS-1 24 110 98 — — —
9 Ph H CN CN APPS-1 8 110 98 81–82 83 572 (7)

APPSS-1 6 110 99
EDEPS-1 6 110 73

10 Et Et CN CN APPS-1 8 110 80 — — —
a Conversions were measured using GC–MS. b Melting points of isolated products. c TONs shown reflect mol of product per mol NH2 for the number of runs
shown. Each run was carried in refluxing toluene for the times shown and with removal of water. No loss or increase of activity was observed from one run
to the next. d This reaction was also shown to be complete within 5 min at room temperature.

Fig. 5 Scanning electron micrograph of APPS-1.

Fig. 6 The reaction progress between 3-pentanone and ethyl cyanoacetate
(with removal of water) (Table 5, entry 7).
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trends for aminopropylated silica catalysts with more polar
solvents leading to higher conversions.

Further work on these aminopropyl polysilsesquioxanes and
related systems is now in progress.

Experimental

Reagents obtained commercially were used without any further
purification. Manipulations of moisture-sensitive compounds
were carried out under an atmosphere of dinitrogen using
standard Schlenk-line techniques. Solvents were refluxed over
an appropriate drying agent and degassed prior to use. Solution
state NMR spectra were recorded in CDCl3 solutions using a
Jeol EX-270 MHz NMR Spectrometer, with tetramethylsilane
as the internal standard. All solid state NMR spectra were
recorded on a Bruker MSL 300 MHz spectrometer, spinning
speed 4.7 kHz. (29Si CPMAS, frequency 59.6 MHz; 13C CP
MAS NMR, frequency 75.5 MHz; Typical conditions for CP
MAS were (29Si: 5 ms contact time, 1 s delay, 90° pulse for 4.5
ms, 13C: 1 ms contact time, 2 s delay, 90° pulse for 4.8 ms. 29Si
SPE MAS spectra were acquired using a 1 min recycle delay,
with 40° pulse. Elemental analyses were obtained from the
analytical services at Queen Mary, University of London.
Surface area measurements were recorded using a Micro-
meritics Flowsorb II 2300 Surface area Analyser and nitrogen
sorption porosimetry measurements were preformed using a
Quanta Chrome Autosorb 1MP system. The xerogels were
ground into fine powders then degassed for several hours prior
to analysis. Surface areas were determined by the BET
method.10 Pore size distributions in the mesopore region were
determined by the BJH method.11 The de-Boer t-method12 was
used to evaluate the micropore volume.

Starting reagents (EtO)3SiC6H4Si(OEt)3, 1,4-bis(triethox-
ysilyl)-benzene (BTESB) and 1,4-bis(Cl3SiCH2)2C6H4)
1,4-bis(trichlorosilylmethyl)benzene, were synthesised as pre-
viously described.1,4

Preparation of APPS-1 [co-polymerization of
AMPS/BTESB (1+4)]

The reagents 1,4-bis(triethoxysilyl)benzene (2.99 g, 7.45
mmol), 3-aminopropyl(triethoxy)silane (0.41 g, 1.86 mmol),
THF (37 ml) and conc. NH3 (aq) (1.0 cm3) and water (2 cm3)
were combined under N2. The mixture was stirred for 30 min to
give a clear solution. The sol was left under dinitrogen for 48 h

at room temperature. The gel obtained was air-dried for 1 week
and then dried at 60 °C in an oven for 24 h. A transparent glass
was produced, which was washed with water (50 cm3), ethanol
(50 cm3) and ether (50 cm3) and then dried at 60 °C in an oven
for 24 h. The glass was crushed to fine powder and heated to 120
°C under vacuum for several hours to remove any volatiles (SA
= 741 m2 g21).

Preparation of APPS-3 [co-polymerization of
AMPS/BTESB (1+1)]

The material was prepared as described for APPS-1 using
1,4-bis(triethoxysilyl)benzene (2.99 g, 7.45 mmol) and 3-ami-
nopropyl(triethoxy)silane (1.64 g, 7.45 mmol) (SA = 281 m2

g21).

Preparation of APPSS-1 [co-polymerization of
AMPS/BTESB/TEOS (1+1+1)]

The reagents 1,4-bis(triethoxysilyl)benzene (2.99 g, 7.45
mmol), 3-aminopropyl(triethoxy)silane (1.64 g, 7.45 mmol),
tetraethoxysilane (1.55 g, 7.45 mmol) THF (37 cm3) and
concentrated NH3 (aq) (1.0 cm3) and water (2 cm3) were
combined under N2. The mixture was stirred for 30 min to give
a clear solution. The sol was left under dinitrogen for 24 h. The
gel obtained was air dried for 1 week and then dried at 60 °C in
an oven for 24 h. An opaque glass was produced, which was
washed with water (50 cm3), ethanol (50 cm3) and ether (50
cm3) and then dried at 60 °C in an oven for 24 h. The glass was
crushed to a fine powder and heated to 120 °C under vacuum for
several hours to remove any volatiles (SA = 529 m2 g21).

Preparation of EDAPPS-1 [co-polymerization of
BTESB/DAPTS (4+1)]

The reagents 1,4-bis(triethoxysilyl)benzene (2.99 g, 7.45
mmol), N-(3-trimethoxysilylethyl)ethylenediamine, (0.41 g,
1.86 mmol), THF (37 cm3), concentrated NH3 (aq) (1.0 cm3)
and water (2 cm3) were combined under N2. The mixture was
stirred for 30 min to give a clear solution. The sol was left under
dinitrogen for 48 h, but since there was no sign of gelation
additional NH3 (aq) (1.0 cm3) was added. After 24 h the gel
obtained was air dried for 1 week and then dried at 60 °C in an
oven for 24 h. A transparent glass was produced, which was
washed with water (50 cm3), ethanol (50 cm3) and ether (50
cm3) and then dried at 60 °C in an oven for 24 h. The glass was
crushed in to fine powder and heated to 120 °C under vacuum
for several hours to remove any volatiles (SA = 359 m2

g21).

Preparation of PPS-1 (propylpolysilsesquioxane)
[co-polymerisation of BTESB–propyltriethoxysilane (4+1)]

The reagent 1,4-bis(triethoxysilyl)benzene (2.99 g, 7.45 mmol,
3.33 cm3), propyltriethoxysilane (0.38 g, 1.86 mmol, 0.43 cm3),
THF (37 cm3) and concentrated NH3 (aq) (1.0 cm3) were
combined under N2. The mixture was stirred for 30 min to give
a clear solution. The sol was left under dinitrogen for 24 h. The
gel obtained was air dried for 1 week and then dried at 60 °C in
an oven for 24 h. A transparent glass was produced, which was

Fig. 7 Effect of solvent polarity on % conversion for Knoevenagel
reaction (1) with APPS-1.
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washed with distilled water (50 cm3), ethanol (50 cm3) and ether
(50 cm3), then dried at 60 °C in an oven for 24 h. The glass was
crushed in to fine powder and heated to 120 °C under vacuum
for several hours to remove any volatiles.

General procedure for the Knoevenagel condensation
reactions

A typical Knoevenagel reaction was carried out as follows: 20
mmol of the two reactants and catalyst (0.20 g) were combined
in 20 cm3 of toluene. The mixture was either heated to reflux
(with a Dean and Stark trap for the removal of water) or simply
stirred at room temperature. Samples for GC–MS analysis were
taken at intervals. Standard work-up and purification was
carried out in most cases and product identity further confirmed
by NMR and mp.
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2-Aryl-1,2,3,4-tetrahydroquinazolines are synthesised by direct reaction of 2-aminobenzylamine and benzaldehyde
derivatives by mixing of the reagents either neat, or as an aqueous slurry. Excellent conversion of starting
materials is achieved and no catalysts, derivatisation or auxiliary reagents are required to effect the conversion.
Where reaction is sluggish or extent of conversion poor, application of gentle heating to achieve a melt phase
results in rapid and clean conversion to the desired tetrahydroquinazoline product.

Introduction

Many quinazolines 6 and tetrahydroquinazolines 4 are bio-
logically active1 and derivatives of these are of interest as
dihydrofolate reductase inhibitors,2 antitubercular3 and anti-
bacterial agents.4

1,2,3,4-Tetrahydroquinazolines have been prepared by the
condensation of 1,3-diamines 1 and p-substituted aldehydes
such as 2 in refluxing benzene or xylene with azeotropic water
removal,5a in refluxing ethanol/acetic acid mixtures5 and by
reaction in alkali media.6 Alternative methods require the
conversion of aldehydes, in situ, to N-(1-chloroalkyl)pyr-
idinium chlorides using thionyl chloride and pyridine followed
by reaction with 2-aminobenzylamine to yield hydrochloride
salts of 4.7 More recently the synthesis of tetrahydroquinazo-
lines by the condensation of 2-aminobenzylamine with aromatic
aldehydes in ionic liquids followed by extraction into diethyl
ether has been described.8

Given the large number of similar condensation reactions that
have been reported to proceed readily under solvent-free
conditions9 and the observation that condensation reactions,
with suitable thermodynamics, may even proceed in aqueous
slurry media,10 we proceeded to examine the synthesis of
tetrahydroquinazolines under simple solvent-free or AneatA
reaction conditions and as aqueous slurries.

These conditions are so simple as to be considered almost
facile yet generate product of high purity in excellent conver-
sion and yield. No organic solvents are utilised, no auxiliaries
required and energy consumption is kept to a minimum.

Results and discussion

1,2,3,4-Tetrahydroquinazolines substituted by aryl groups at the
2 position (4) are accessible in almost quantitative yield via
simple mixing of 2-aminobenzylamine 1 and benzaldehyde
derivatives 2 directly as solids or as solid plus liquid (Scheme
1). Remarkably many of the product tetrahydroquinazolines
may also be prepared by the simple method of slurrying the
reagents together in water at ambient temperature in a similar
manner to that described by Tanaka and Shiraishi in the
synthesis of aromatic Schiff bases.10b The reaction occurs at a
reasonable rate in spite of the poor aqueous solubility of both
reagents. Of the reactions carried out using water as the reaction
medium, aldehydes containing an ortho-hydroxide substituent
resulted in further reaction leading to the di-condensation
product 5. The identities of all products were confirmed by
analysis of spectral data and yields and reaction conditions are
summarised in Table 1. Clearly, where almost quantitative
conversion is achieved under solvent-free reaction conditions,
no further purification is required and yield and extent of
conversion are interchangeable terms. Isolated yields are thus
quoted only for the reactions carried out in aqueous slurries.
These are almost certainly related to the scale of the reactions
(typically a few hundred milligrams) and higher isolated yields
would be expected on scale-up.

In addition, single crystal structures of a number of products
were obtained to allow direct identification of the product phase
without resort to solution phase spectroscopic analysis (thus

Green Context
Many quinazolines are biologically active and their deriva-
tives have widespread applications. Their synthesis is via a
typical condensation reaction method involving a refluxing
solvent (e.g. benzene) with azeotropic water removal. Green
chemistry teaches us to avoid or at least minimise the use of
hazardous solvents including VOCs and the simplest
solution, where possible, is to avoid a solvent altogether.
Here, remarkably simple and effective solventless methods
for quinazoline synthesis are described. No solvents are
utilised and no auxiliaries are required. JHC

This journal is © The Royal Society of Chemistry 2002
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avoiding the possibility that reaction to the product occurs on
dissolution). Comparison of the calculated powder X-ray
diffraction pattern with that obtained for a solid sample of 4a
from an aqueous slurry reaction indicates that the product
isolated is of the same phase as that obtained post recrystallisa-
tion as is illustrated in Fig. 1. To ensure that 5 was not an artifact
of a further reaction occurring in solution, a sample of 3e was
monitored by 1H NMR spectroscopy over a period of one week.
No change was noted and the possibility of 5 rapidly forming
from 4, as a result of the reversible nature of the Schiff base
formation, thus discounted.11

The formation of tetrahydroquinazolines is formally a
condensation of the aldehyde and amine to form a Schiff base,
3, which is in tautomeric equilibrium with the heterocycle, 4. In
products from 2 lacking an ortho-hydroxy group, the hetero-
cyclic tautomer (Fig. 2(a)) dominates and no Achain-tautomerA is
detected by solution phase 1H NMR analysis, (unlike the
analogous benzoxazine derivatives12). In products synthesized
from 2 with a hydroxy function ortho to the aldehyde
substituent the ‘chain’ or Schiff base type tautomer 3 is
identified from the single crystal structures, Fig. 2(b). This is in
accordance with 1H NMR data. The bis-imine 5 (see Fig. 2(c))
is readily distinguished from 4 (or 3) by 1H NMR analysis. A
short intramolecular O–H…N hydrogen bond is noted in the

solid-state structure of 3h, (and 5e and 5h). Should this persist
in solution, it is likely to stabilize the imine or ‘chain open’
tautomer relative to the heterocyclic form.12 This in turn,
renders the second amine group open to attack by excess
aldehyde and results in preferential formation of the bis-imine
products 5.

As noted previously, grinding of solid reagents yields a
viscous liquid melt phase,13 which may contain dispersed solid
material corresponding to one of the reagents. In only one case,
3h, is no visible phase change noted, and the reaction may be
accurately described as a solid–solid reaction. In cases where
the reaction is sluggish at ambient temperature, or there remains
a significant quantity of solid reagent post mixing, heating the
reaction mixture until a melt is obtained results in rapid and
almost quantitative conversion to product. Thus the reaction of
1 and 2j is complete within 10 min at 50 °C but requires 2 d at
ambient temperature to achieve a similar extent of conversion.
Thermogravimetric analysis (TGA) and simultaneous differ-
ential scanning calorimetry (DSC) of reaction mixtures, which
convert slowly at room temperature, reveal a distinct endo-
thermic event associated with an increased rate of weight loss as
illustrated in Fig. 3. This allows for rapid estimation of the
requisite reaction temperature. The products obtained from
elevated temperature AmeltA reactions were often glassy on

Scheme 1

Table 1 Solvent free synthesis of 2-aryl-1,2,3,4-tetrahydroquinazolines

Solvent-free

Ground
(ambient temp.) Ground and heateda Aqueous slurry (ambient temp.)

R RA RB RAB t/min
Conv.b
(%) T/°C t/min

Conv.b
(%) Product t/min

Yield
(conv.b) (%) Product

2a H H H H 3 99 55 5 99 4a 10 92 (99) 4a
2b NO2 H H H 45 88 80 10 99 4b 30 86 (95) 4b
2c H NO2 H H 180 96 55 10 99 4c 120 82 (99) 4c
2d H H NO2 H 18 h 90 60 10 99 4d 18 h 88 (90) 4d
2e OH H H H 15 99 55 10 99 3e 18 h 92 (99) 5ec

2f H H OH H 24 h 80 55 4 h 75 4f 30 77 (99) 4f
2g OH OH H H 12 h 99 55 20 99 3g 120 92 (99) 5gc

2h OH H H Br 12 h 88 65 60 93 3h 5 96 (99) 5hc

2i OH OCH3 H H 18 h 99 55 10 99 3i 18 h 60 (99) 5ic
2j H OCH3 OCH3 H 2 d 71 52 5 99 4j 18 h 85 (88) 4j
2k H H Br H 18 h 99 55 20 98 4k 180 84 (99) 4k
2l H Cl H H 2 d 92 50 80 99 4l 24 hd — (88)e 4l
2m Cl Cl H H 18 h 95 55 2 97 4m 2 d 74 (95) 4m
a Reactants ground separately prior to heating to melt in oil bath. b Determined from 1H NMR integrated values and based on consumption of the aldehyde.
c Yield of the di-condensation product based on limiting reagent. d The extent of conversion was determined after 24 h but may have reached this extent
significantly earlier. e Product did not solidify and could not be isolated except by extraction.
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cooling and required crushing or recrystallisation to yield
powdered or crystalline material.

Remarkably the reaction proceeded to a high degree of
conversion in an aqueous slurry in spite of the extremely low
aqueous solubility of all reagents and products. The time
required for the reaction was similar to that noted in the neat
reaction at ambient temperature, implying that the reaction
proceeds via a similar route. While the concept of carrying out
a condensation reaction in aqueous media may, initially, appear
to be counterintuitive, there are a growing number of examples
that indicate that many condensation reactions proceed with
great facility in aqueous slurries.10 The advantages of this
methodology are obvious: handling of powdered reagents
(particularly toxic compounds such as 2-aminobenzylamine) is
facilitated, mixing is readily achieved by agitation and heat
transfer and thus control (should a reaction prove exothermic) is
no different from that used in more traditional solution phase
methods. In all the cases tested, except one (4l), the product
separates from the slurry as a solid which may be isolated by
simple filtration followed by drying (clumping may occur
necessitating a crushing step prior to filtration—this is readily
achieved by choosing an appropriate method of agitation).

In conclusion, a preparatively useful method for the synthesis
of tetrahydroquinazolines (or related tautomeric Schiff bases) in
exceptionally high yields and at moderate temperatures has
been developed. In addition, the optimum reaction temperature
is readily determined from simple, quick measurement of the
onset temperature of the reaction endotherm by DSC analysis.

Experimental

Molecular characterisation:

1H NMR (300 MHz) and 13C NMR (75 MHz) spectra were
recorded on a Varian Mercury 300 MHz spectrometer in CDCl3
or d6-DMSO solution with TMS as reference. Melting points
were recorded on an Electrothermal digital melting point
apparatus.

X-Ray diffraction data were collected on an Enraf Nonius
CCD diffractometer at 123 K using graphite monochromated
Mo-Ka radiation (l = 0.71073 Å). Structures were solved by
direct methods using the program SHELXS-9714 and refined by
full matrix least squares refinement on F2 using the programs
SHELXL-9715 and Xseed.16 Non-hydrogen atoms were refined
anisotropically and hydrogen atoms inserted at geometrically
determined positions with temperature factors fixed at 1.2 times
that of the parent atom except for methyl hydrogen atoms where
the temperature factors were constrained to equal 1.5 times that
of the parent carbon atom. Hydrogen atoms associated with
parent N-atoms were located in electron density difference
maps and were refined with simple bond length restraints where
required. Where these could not be reliably located they were
omitted from the model.

CCDC reference numbers 177047–177053. See http://
www.rsc.org/suppdata/gc/b2/b202729c/ for crystallographic
data in CIF or other electronic format.

Powder XRD analysis was performed on a Syntag PAD5
diffractometer at 294 K using Cu-Ka radiation (l = 1.54059 Å)
in the range 6–36° 2q. The calculated powder X-ray diffraction
pattern obtained from a solid sample of reaction product 4a was
compared with that generated from single crystal data using the
program LAZYPULVERIX17 to verify that the product pre-
pared by solvent-free reaction methodology was of the same
phase as that obtained post recrystallisation.

Fig. 1 Comparison of powder XRD patterns of 4a immediately after
reaction (top) and generated from single crystal diffraction data (below).
(Pattern generated from single crystal data is corrected for differences in
temperature after determination of unit cell parameters at 294 K.)

Fig. 2 Molecular diagrams, derived from single crystal data, of (a) 4f, (b)
3h and (c) 5h. Ellipsoids are represented at the 50% probability level and
intramolecular hydrogen bonds indicated as dotted lines.

Fig. 3 Simultaneous TGA and DSC analysis of reaction mixtures of 1 and
(a) 2i and (b) 2h. In each case, no significant weight loss is noted at
temperatures less than that of the onset temperature (Ton) of the first
endotherm. As the reaction under study is a condensation reaction weight
loss is associated with the evolution of water. An endotherm corresponding
to Tfusion is only noted in the case of formation of 3h and it is thus reasonable
to postulate that the second endotherm noted (Ton = 77.6 °C) is due to
product crystallization (whether this is a phase change from solid reagents
to solid products is, as yet, unknown).
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Synthetic procedures

All reagents were of 98% purity or greater and used as
purchased from the supplier unless noted otherwise. Grinding
experiments were performed with porcelain mortar and pestles,
which were acetone rinsed and dried prior to use. Extent of
conversion of reagents to products was determined by compar-
ison of integrated values of well-defined product and reagent
peaks in 1H NMR analysis prior to any purification.

Method A. Equimolar quantities of solid 1 and the
appropriate benzaldehyde derivative 2 (ca. 250–500 mg scale)
were ground together in a mortar and pestle at ambient
temperature. In most cases a mutual solution or melt phase
formed which hardened with time yielding solid 3. The time
required for product formation varied dependent on the
benzaldehyde derivative used and reaction times are recorded
below. Extent of conversion was determined by comparison of
integrated areas of suitably resolved reagent and product
resonances in 1H NMR analysis and, where required, the
product was recrystallised from an appropriate solvent.

Method B. Equimolar quantities of solid 1 and the appro-
priate benzaldehyde derivative 2 (ca. 100–500 mg scale) were
placed in a glass vessel immersed in a preheated oil bath. The
temperature varied from 50 to 75 °C and specific temperatures
and heating times are recorded below. The melts so formed
became progressively more viscous often hardening to a glassy
mass as quantitative conversion was achieved. Extent of
conversion was determined as described above and, where
required, the product was recrystallised from an appropriate
solvent.

Method C. Equimolar quantities of powdered solid 1 and the
appropriate benzaldehyde derivative 2 (ca. 100–500 mg scale)
were slurried together in 1 mL of distilled water. Samples of the
reagents and products were isolated by filtration and the extent
of conversion to product determined as above. In some cases the
reagents formed a sticky mass which was broken up by vigorous
agitation. Products were isolated by filtration, washed with
water, and dried in vacuo over silica gel.

2-Phenyl-1,2,3,4-tetrahydroquinazoline, 4a

A. 1 (1.021 g, 8.35 mmol) and 2a (0.85 mL, 8.37 mmol)
formed a viscous brown liquid which hardened, within 3 min,
yielding 4a in > 99% conversion.

B. 1 (0.1959 g, 1.60 mmol) and 2a (0.1771 g, 1.67 mmol),
heated together at 55 °C, yielded, after 5 min, 4a in > 99%
conversion.

C. 1 (0.2617 g, 1.77 mmol) and 2a (0.175 mL, 1.72 mmol)
yielded, after 5 min, an off-white precipitate, 0.3227 g (92%
yield) > 99% pure 4a.

White crystalline material, mp 98.1–101.5 °C (toluene), lit.
98–100 °C5

dH(CDCl3): 1.87 (1H, br, NH), 4.00 (1H, d, J = 16.8 Hz),
4.27 (1H, d, J = 16.8 Hz), 4.78 (NH, s), 4.98 (NH, s), 5.25 (1H,
s), 6.58–7.51 (Ar-H); dC(CDCl3): 46.7 (–CH2–), 69.9 (–N–CH–
N–), 115.3, 118.4, 121.5, 126.4, 126.8, 127.5, 128.7, 128.9,
141.8, 143.9; ESI-MS: m/z 211.0 [M + H+]; microanalysis: calc.
(found): C 79.97 (79.92), H 6.71 (6.58), N 13.32 (13.57);
Crystal data for 4a: C14H14N2, Mr = 210.27, triclinic, space
group P1̄, a = 9.4360(5), b = 10.4454(5), c = 12.0165(8) Å,
a = 99.837(2), b = 98.858(2), g = 101.754(4)°, V = 1120.4(1)
Å3, Z = 4, m(Mo-Ka) = 0.075 mm21. Of 6463 reflections

measured, 4502 were unique with 2658 I > 2s(I), R indices [I
> 2s(I)] R1 = 0.0822, wR2 = 0.2063, GoF on F2 = 1.031 for
297 refined parameters. As hydrogen atoms associated with
N13 and N23 could not be located in electron density difference
maps these were omitted from the model.

2-(2A-Nitrophenyl)-1,2,3,4-tetrahydroquinazoline, 4b

A. 1 (0.4091 g, 3.35 mmol) and 2b (0.5103 g, 3.38 mmol)
formed a sticky pale brown melt which yielded, after 45 min, 4b
in 88% conversion.

B. 1 (0.0589 g, 0.48 mmol) and 2b (0.0936 g, 0.48 mmol)
heated together at 52 °C, yielded, after 5 min, 4b in > 99%
conversion.

C. 1 (0.2102 g, 1.72 mmol) and 2b (0.2600 mL, 1.72 mmol)
yielded, after 30 min, solid yellow 4b in 95% conversion.

Orange crystalline material, mp 117.6–119.2 °C (acetone).
dH(CDCl3): 2.8 (1H, br, NH), 3.65 (1H, d, J = 16.5 Hz), 3.96

(1H, d, J = 16.5 Hz), 4.84 (NH, s), 5.10 (NH, s), 5.83 (1H, s),
6.45–8.20 (Ar–H); dC(CDCl3): 44.9 (–CH2–), 64.7 (–N–CH–
N–), 115.5, 118.7, 121.8, 124.7, 126.5, 127.7, 129.0, 129.1,
132.8, 136.1, 142.8, 149.5; ESI–MS: m/z 256.1 [M + H+];
microanalysis (%): calc. (found): C 65.87 (65.80), H 5.13
(5.07), N 16.46 (16.46), O 12.54 (12.61); Crystal data for 4b:
C14H13N3O2, Mr = 255.27, monoclinic, space group P21/c, a =
12.1392(2), b = 7.7897(2), c = 13.5753(3) Å, b = 111.140(8),
V = 1197.30(5) Å3 , Z = 4, m(Mo-Ka) = 0.098 mm21. Of 9206
reflections measured, 2769 were unique with 2184 I > 2s(I), R
indices [I > 2s(I)] R1 = 0.0450, wR2 = 0.1307, GoF on F2 =
1.133 for 180 refined parameters.

2-(3A-Nitrophenyl)-1,2,3,4-tetrahydroquinazoline,18 4c

A. 1 (0.2010 g, 1.65 mmol) and 2c (0.2549 g, 1.68 mmol)
formed a sticky pale brown melt which yielded, after 45 min, 4c
in 96% conversion.

B. 1 (0.2051 g, 1.68 mmol) and 2c (0.2543 g, 1.68 mmol)
heated together at 55 °C formed a melt which became
progressively more viscous, yielding, after 3 h of heating, 4c in
> 99% conversion.

C. 1 (0.2038 g, 1.67 mmol) and 2c (0.2504 g, 1.66 mmol)
yielded, after 2 h, orange solid 4c in 99% conversion
recrystallised from acetone.

Orange crystalline material, A: mp 96.8–98.8 °C (acetone);
B, C: mp 81.9–85.2 °C (ethyl acetate)—the different melting
points are due to the occurrence of two polymorphic forms
resulting from crystallistion from different solvents. This is
confirmed by X-ray powder diffraction analysis: 2q/° (relative
intensity %), Form A: 12.35 (52), 12.50 (47), 14.09 (39), 14,17
(34), 14.75 (22), 15.41 (67), 18.07 (27), 19.04 (62), 19.84 (78),
20.61 (43), 21.36 (33), 22.43 (34), 22.67 (26), 22.80 (27), 23.76
(20), 24.00 (25), 24.06 (29), 24.46 (84), 25.45 (100). Form B:
13.34 (79), 14.66 (57), 14.82 (51), 17.81 (33), 21.53 (46), 24.42
(100).
dH(CDCl3): 3.94 (1H, d, J = 16.5 Hz), 4.23 (1H, d, J = 16.5

Hz), 5.38 (1H, s), 6.66–8.44 (Ar–H); dC(CDCl3): 45.7 (–CH2–),
68.6 (–N–CH–N–), 115.7, 119.0, 121.6, 122.2, 123.6, 126.4,
127.7, 129.8, 133.4, 142.9, 144.1, 148.8; ESI-MS: m/z 256.1 [M
+ H+]; microanalysis (%): calc. (found): C 65.87 (65.92), H 5.13
(5.18), N 16.46 (16.50), O 12.54 (12.49).
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2-(4A-Nitrophenyl)-1,2,3,4-tetrahydroquinazoline, 4d

A. 1 (0.2018 g, 1.65 mmol) and 2d (0.2504 g, 1.66 mmol)
formed a sticky pale brown melt which yielded, after 45 min,
4d, in 90% conversion.

B. 1 (0.2022 g, 1.66 mmol) and 2d (0.2519 g, 1.67 mmol)
heated together at 60 °C, yielded, after 3 h, 4d in > 99%
conversion.

C. 1 (0.2035 g, 1.67 mmol) and 2d (0.2554 g, 1.69 mmol)
yielded, after 18 h, bright yellow solid 4d in 90% conversion.

Orange–yellow crystalline material, mp 97.1–102.0 °C (ethyl
acetate), lit. 100–102 °C5a

dH(CDCl3): 3.88 (1H, d, J = 16.5 Hz), 4.16 (1H, d, J = 16.5
Hz), 5.39 (1H, s), 6.65–8.27 (Ar–H); dC(CDCl3): 45.7 (–CH2–),
68.7 (–N–CH–N–), 115.7, 119.0, 121.7, 124.1, 126.6, 127.8,
128.2, 142.9, 148.9; ESI-MS: m/z 256.1 [M + H+], compound
previously reported5a with little spectral data.

2-[(2A-Aminobenzylimino)methyl]phenol, 3e

A. 1 (0.1919 g, 1.57 mmol) and 2e (0.1989 g, 1.63 mmol)
formed a sticky straw coloured melt which yielded, 3e, 99%
conversion.

B. 1 (0.0855 g, 0.7 mmol) and 2e (0.0805 g, 0.7 mmol) heated
together at 55 °C yielded, after 30 min, 3e in 99% conver-
sion.

Bright yellow crystals, mp 94.1–98.6°C, (benzene).
dH(CDCl3): 4.75 (2H, s), 6.78–7.39 (Ar–H), 8.40 (1H, s,

–NNCH); dC(CDCl3): 60.0 (–CH2–), 116.2, 117.2, 118.9, 119.0,
119.1, 122.6, 129.1, 129.9, 131.7, 132.6, 144.8, 161.1, 165.9;
ESI-MS: m/z 227.1 [M + H+]; microanalysis (%): calc. (found):
C 74.31 (74.19), H 6.24 (6.17), N 12.38 (12.28), O 7.07
(7.13).

N-2-[(Salicylideneimino)benzyl]salicylideneimine, 5e

C. 1 (0.1431 g, 1.17 mmol) and 2e (0.1463 g, 1.20 mmol)
yielded, after 2 h, bright yellow solid 5e in 99% conversion.

Yellow crystals, mp 102.8–105.8 °C (dichloromethane/
dimethylsulfoxide), lit. 82–83.5 °C.19

dH(CDCl3): 4.97 (2H, s), 6.66–7.45 (Ar–H), 8.48 (1H, s,
–NNCH), 8.59 (1H, s, –NNCH), 13.08 (1H, s, br, –OH), 13.29
(1H, s, br, –OH); dC(CDCl3): 41.2 (–CH2–), 59.9, 117.2, 117.5,
118.6, 118.8, 119.0, 119.4, 127.4, 128.9, 129.3, 131.7, 132.2,
132.5, 132.7, 133.7, 147.5, 161.2, 163.8, 166.4; ESI-MS: m/z
331.2 [M + H+]; compound previously reported19 with little
spectral data, Crystal data for 5e: C21H18N2O2, Mr = 330.37,
monoclinic, space group P21/c, a = 9.7200(2), b = 14.0370(2),
c = 12.2058(1) Å, b = 97.056(2), V = 1652.74(4) Å3, Z = 4,
m(Mo-Ka) = 0.086 mm21. Of 24372 reflections measured,
4542 were unique with 2820 I > 2s(I), R indices [I > 2s(I)] R1

= 0.047, wR2 = 0.107, GoF on F2 = 0.987 for 228 refined
parameters.

2-(4A-Hydroxyphenyl)-1,2,3,4-tetrahydroquinazoline, 4f

A. 1 (0.2031 g, 1.66 mmol) and 2f (0.2034 g, 1.67 mmol)
formed a sticky straw coloured melt which eventually solidified
and ground into a yellow powder of 4f, 80% conversion.

B. 1 (0.1950 g, 1.60 mmol) and 2f (0.1959 g, 1.60 mmol)
heated together at 55 °C yielded 4f in 75% conversion.

C. 1 (0.2014 g, 1.65 mmol) and 2f (0.2015 g, 1.65 mmol)
yielded, after 30 mins, pale brown solid 4f in 99% conver-
sion.

Pale brown crystalline material, mp 154.2–155.4 °C (di-
chloromethane/dimethylsulfoxide).
dH(DMSO): 3.73 (1H, d, J = 16.5 Hz), 3.98 (1H, d, J = 16.5

Hz), 4.98 (1H, s), 6.46–7.76 (Ar-H), 9.34 (1H, br, –OH);
dC(CDCl3): 45.1 (–CH2–), 67.8 (–N–CH–N–), 114.1, 114.7,
115.7, 120.5, 125.5, 125.5, 126.3, 127.9, 133.0, 144.6, 156.7;
ESI-MS: m/z 227.1 [M + H+], 210.0 [M–OH]; microanalysis
(%): calc. (found): C 74.31 (74.17), H 6.24 (6.16), N 12.38
(12.36), O 7.07 (7.12). Crystal data for 4f: C14H14N2O, Mr =
226.27, orthorhombic, space group Pbca, a = 11.3431(4), b =
8.7088(2), c = 23.4287(5) Å, V = 2314.4(1) Å3, Z = 8, m(Mo-
Ka) = 0.083 mm21. Of 13743 reflections measured, 2867 were
unique with 2074 I > 2s(I), R indices [I > 2s(I)] R1 = 0.048,
wR2 = 0.112, GoF on F2 = 1.045 for 174 refined parame-
ters.

2-[(2A-Aminobenzylimino)methyl]-3-hydroxyphenol, 3g

A. 1 (0.2064 g, 1.69 mmol) and 2g (0.2338 g, 1.69 mmol)
formed a sticky orange–brown coloured melt which eventually
solidified and ground into a deep orange powder of 3g, 99%
conversion.

B. 1 (0.2021 g, 1.66 mmol) and 2g (0.2288 g, 1.66 mmol)
heated together at 60 °C yielded, after 20 min heating, 3g in
99% conversion.

Bright orange crystalline material, mp 136.5–137.9 °C
(dichloromethane).
dH(CDCl3): 4.73 (2H, s), 6.67–7.16 (Ar–H), 8.21 (1H, s,

–CNN–), 13.38 (1H, br, –OH), 13.68 (1H, br, –OH); dH(CDCl3):
30.1 (–CH2–), 58.1 (–N–CH–N–), 116.7, 117.0, 117.1, 118.1,
119.4, 122.6, 129.7, 130.3, 165.7; ESI-MS: m/z 242.3 [M + H+];
microanalysis (%) calc. (found): C 69.41 (69.26), H 5.82 (5.79),
N 11.56 (11.39), O 13.21 (13.24).

N-2-[3A-Hydroxysalicylideneimino)benzyl]-
3B-hydroxysalicylideneimine, 5g

C. 1 (0.2047 g, 1.68 mmol) and 2g (0.2337 g, 1.69 mmol)
formed, after 2 h, deep orange solid 5g in 99% conversion, mp
118.0–122.4 °C. (decomp.)
dH(CDCl3): 4.04 (2H, s), 6.49–7.03 (Ar–H), 7.81 (1H, s,

–CNN–), 7.87 (1H, s, –CNN–); ESI-MS: m/z 363.2 [M + H+];
compound previously reported20 with little spectral data.

2-[(2A-Aminobenzylimino)methyl]-4-bromophenol, 3h

A. 1 (0.2030 g, 1.66 mmol) and solid 2h (0.3361 g, 1.67
mmol) yielded, after 12 h, bright yellow 3h, in 88% conver-
sion.

B. 1 (0.2062 g, 1.69 mmol) and 2h (0.3335 g, 1.66 mmol)
heated together at 65 °C yielded, bright yellow 3h in 93%
conversion.

Yellow crystals, mp 147.1–152.3 °C (dichloromethane or
ethyl acetate).
dH(CDCl3): 4.76 (2H, s), 6.76–7.36 (Ar–H), 8.30 (1H, s,

HCNN–), 13.20 (1H, br, –OH); dC(CDCl3): 59.9 (–CH2–),
110.4, 116.3, 119.3, 120.5, 126.8, 130.2, 130.7, 132.6, 133.9,
135.3, 145.2, 160.3, 164.6; ESI-MS: m/z 305.1 [M + H+], 288.0
[M–OH]; microanalysis (%): calc. (found): C 55.10 (55.16), H
4.29 (4.26), N 9.18 (9.19), O 5.24 (5.30); Crystal data for 3h:
C14H13N2OBr, Mr = 305.17, monoclinic, space group P21/c, a
= 24.9478(9), b = 6.0316(2), c = 8.3285(3) Å, b = 98.391(1),
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V = 1239.82(8) Å3 , Z = 4, m(Mo-Ka) = 3.304 mm21. Of 5161
reflections measured, 2494 were unique with 2155 I > 2s(I), R
indices [I > 2s(I)] R1 = 0.042, wR2 = 0.106, GoF on F2 =
1.051 for 172 refined parameters.

N-2-[5A-bromosalicylideneimino)benzyl]-
5B-bromosalicylideneimine, 5h

C. 1 (0.2030 g, 1.66 mmol) and 2h (0.3353 g, 1.67 mmol)
yielded, after 10 min, bright yellow solid 5h in 99% conver-
sion.

Yellow crystals, mp 150.2–151.9 °C (ethyl acetate).
dH(CDCl3): 4.71 (2H, s), 6.61–7.27 (Ar–H), 8.14 (1H, s,

–CNN–), 8.27 (1H, s, –CNN–), 12.80 (1H, br, –OH); dC(CDCl3):
58.81 (–CH2–), 109.1, 109.8, 117.4, 118.0, 118.3, 119.1, 119.5,
126.6, 128.1, 128.4, 130.5, 132.5, 133.4, 134.0, 135.2, 146.0,
159.0, 159.1, 161.3, 164.0; ESI-MS: m/z 488.96 [M + H+];
microanalysis (%): calc. (found): C 51.67 (51.69), H 3.30
(3.28), N 5.74 (5.80), O 6.55 (6.61). Crystal data for 5h:
C21H16N2Br2O2, Mr = 488.18, monoclinic, space group P21/c,
a = 24.8822(8), b = 4.6291(2), c = 16.5755(5) Å, b =
106.263(2), V = 182.8(1) Å3, Z = 4, m(Mo-Ka) = 4.443
mm21. Of 4997 reflections measured, 4997 were unique with
2316 I > 2s(I), R indices [I > 2s(I)] R1 = 0.050, wR2 =
0.076, GoF on F2 = 0.901 for 252 refined parameters.

2-[(2A-Aminobenzylimino)methyl]-3-methoxyphenol, 3i

A. 1 (0.2029 g, 1.66 mmol) and 2i (0.2536 g, 1.67 mmol)
formed a sticky orange–brown coloured melt which, after 18 h,
solidified and ground into a deep orange powder of 3i, 99%
conversion.

B. 1 (0.2008 g, 1.64 mmol) and 2i (0.2510 g, 1.65 mmol)
heated together at 60 °C yielded, after 10 min, 3i in 99%
conversion.

Deep orange crystals, 98.9–102.4 °C (dichloromethane).
dH(CDCl3): 3.91 (3H, s, 2OCH3), 4.75 (2H, s) 6.75–7.15

(Ar–H), 8.39 (1H, s, HCNN–), 13.59 (1H, br, –OH); dC(CDCl3):
56.3 (–CH2–), 59.9 (–NNC–), 111.9, 114.3, 115.8, 118.2, 118.9,
123.3, 126.7, 127.8, 129.2, 129.9, 144.8, 166.0; ESI-MS: m/z
257.1 [M + H+], 240.1 [M–OH]; microanalysis (%): calc.
(found): C 70.29 (71.61), H 6.29 (6.60), N 10.93 (10.47), O
12.48 (11.35).

N-2-[3A-(Methoxysalicylideneimino)benzyl]-
3B-methoxysalicylideneimine, 5i

C. 1 (0.2007 g, 1.64 mmol) and 2i (0.2511 g, 1.65 mmol)
formed, after 18 h, orange solid 5i in 99% conversion.

Dull orange solid, mp 94.5–99.9 °C, lit. 101–102 °C.21

dH(CDCl3): 3.85 (3H, s, –OCH3), 4.75 (2H, s) 6.75–7.03
(Ar–H), 8.48 (1H, s, –CNN–),8.62 (1H, s, –CNN–), 13.59 (1H,
br, –OH), 13.61 (1H, br, –OH); ESI-MS: m/z 391.4 [M + H+],
257.1, 240.1[M 2 OH].

2-(3A,4A-Dimethoxyphenyl)-1,2,3,4-tetrahydroquinazoline,
4j

A. 1 (0.3344 g, 2.74 mmol) and 2j (0.5641 g, 2.90 mmol)
forming a tan coloured liquid which solidified to a hard, glassy
material after 15 min. The extent of conversion to 4j did not
increase beyond 71% even after 2 d.

B. 1 (0.0589 g, 0.48 mmol) and 2j (0.0936 g, 0.48 mmol)
heated at 52 °C yielded, after 5 min, 4j in > 99% conversion.

C. 1 (0.1516 g, 1.24 mmol) and 2j (0.2480 g, 1.28 mmol)
yielded, after 19 h, a white solid, 4j (0.2781 g, 85.4% yield, 88%
purity).

White crystals, m.p 89.1–98.7 °C, (acetone).
dH(CDCl3): 3.88 (3H, s), 3.90 (3H, s), 4.01 (1H, d, J = 16.5

Hz), 4.27 (1H, d, J = 16.5 Hz), 4.73 (NH, s), 4.95 (NH, s), 5.17
(1H, s), 6.55–7.49 (Ar–H); dC(CDCl3): 46.8(–CH2–),
56.1(–OCH3–), 56.2, (–OCH3–), 69.7(–NH–CH–NH–), 109.3,
111.4, 115.2, 118.4, 118.9, 121.4, 126.4, 127.5, 134.5, 143.9,
149.4, 149.5; ESI-MS: m/z 271.2 [M + H+]; microanalysis (%):
calc. (found): C 71.09 (71.01), H 6.71 (6.76), N 10.36 (10.30),
O 11.84 (11.85). Crystal data for 4j: C16H18N2O2, Mr =
270.32, orthorhombic, space group Pna21, a = 20.4722(3), b =
13.2281(2), c = 20.7521(4) Å, V = 5619.8(2) Å3, Z = 16,
m(Mo-Ka) = 0.085 mm21. Of 30579 reflections measured,
13156 were unique with 7466 I > 2s(I), R indices [I > 2s(I)]
R1 = 0.0639, wR2 = 0.0959, GoF on F2 = 1.032 for 761
refined parameters.

2-(4A-Bromophenyl)-1,2,3,4-tetrahydroquinazoline, 4k

A. 1 (0.2017 g, 1.65 mmol) and 2k (0.3067 g, 1.66 mmol)
formed a tan coloured melt which became tacky and solidified
to a hard, glassy material after 18 h and was ground into a pale
brown powder of 4k, 99% conversion.

B. 1 (0.2030 g, 1.66 mmol) and 2k (0.3093 g, 1.67 mmol),
heated together at 55 °C, yielded, after 20 min, 4k in 98%
conversion.

C. 1 (0.2033 g, 1.66 mmol) and 2k (0.3086 g, 1.67 mmol)
yielded, after 3 h, pale brown solid 4k, 99% conversion.

Pale brown crystalline material, m.p 82.2–84.9 °C, (ethyl
acetate).
dH(CDCl3): 3.93 (1H, d, J = 16.5 Hz), 4.16 (1H, d, J = 16.5

Hz), 5.22 (1H, s), 6.60–7.75 (Ar–H); dC(CDCl3): 46.0 (–CH2–),
69.1 (–NH–CH–NH–), 115.4, 118.6, 121.5, 122.6, 126.5, 127.6,
128.7, 132.0, 140.9, 143.5; ESI-MS: m/z 2.91.1 [M + H+].

2-(3A-Chlorophenyl)-1,2,3,4-tetrahydroquinazoline, 4l

A. 1 (1.000 g, 8.29 mmol) and 2l (0.93 mL, 8.21 mmol)
yielded, after 2 d, 4l in 92% conversion.

B. 1 (0.2019 g, 1.65 mmol) and 2l (0.20 mL, 1.77 mmol),
heated together at 50 °C, yielded a sticky mass in 80 min. 1H
NMR analysis (%) revealed 4l in 99% conversion.

C. 1 (0.2067 g, 1.69 mmol) and 2l (0.2378 g, 1.69 mmol)
yielded, after 24 h, 4l, 88% conversion, this product was
difficult to isolate as in solution it is a very viscous liquid.
dH(CDCl3): 3.96 (1H, d, J = 16.8 Hz), 4.23 (1H, d, J = 16.5

Hz), 4.57 (NH, s), 4.98 (NH, s), 5.23 (1H, s), 6.55–8.00 (Ar–H);
ESI-MS: m/z 245.0 [M + H+].

2-(2A,3A-Dichlorophenyl)-1,2,3,4-tetrahydroquinazoline, 4m

A. 1 (0.1583 g, 1.30 mmol) and 2m (0.2295 g, 1.31 mmol)
formed a tan coloured liquid which became tacky and solidified
to a hard, glassy material after 18 h ground into a pale brown
powder of 4m, 95% conversion.

B. 1 (0.1712 g, 1.4 mmol) and 2m (0.2458 g, 1.4 mmol),
heated together at 55 °C yielded, after 20 min, 4m in 95%
conversion.
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C. 1 (0.1298 g, 1.06 mmol) and 2m (0.1867 g, 1.07 mmol)
yielded, after 3 h, pale brown solid 4m, 99% conversion.

Pale brown crystals, 111.6–114.3 °C (ethyl acetate).
dH(CDCl3): 3.93 (1H, d, J = 16.5 Hz), 4.21 (1H, d, J = 16.5

Hz), 5.67 (1H, s), 6.61–7.58 (Ar–H); ESI-MS: m/z 279.2 [M +
H+]; microanalysis (%): calc. (found): C 60.23 (60.27), H 4.33
(4.29), N 10.03 (10.01).
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Owing to economic advantages in addition to the potential for improved process robustness and to reduce the
pollution load on the environment, particularly in water treatment applications in developing countries, an
investigation with biodegradable and eco-friendly naturally occurring seed gum as coagulant was undertaken.
Naturally occurring Cassia angustifolia (CA) seed gum was evaluated against the chemical coagulant
polyaluminium chloride (PAC) for its coagulation ability to remove colour from synthetic dye solutions. Three
groups of dyes: Acid Sendula Red, Direct Kahi Green and Reactive Remazol Brilliant Violet were chosen for the
case study. For optimum results the variables studied were pH and dosage. CA was found to be a good working
substitute alone or in conjunction with a very low dose of PAC for decolourisation of acid and direct, but not for
reactive dye solutions. The performance of PAC was better with direct dye and that of CA was better with that of
acid dye.

Introduction

Textile wastewaters present major environmental and health
implications. Colour is the first contaminant to be recognized in
textile wastewaters and has to be removed before discharging
into the receiving water body. The colour if not properly dealt
with can have a strong negative impact on the aquatic
environment. Hence decolourisation has become an integral
part of the textile waste treatment process. Dyestuffs are highly
structured polymers1 with low or no biodegradability. Most of
the dyes are hard to degrade2 by biological means alone and
chemical methods like coagulation-flocculation3 using syn-
thetic coagulants like alum and PAC offer good promise for
primary treatment.

Alum is presently the most widely used coagulant. Due to its
proven performance in treating wastewater of different charac-
teristics and its low cost, it is extensively used in the drinking
water and wastewater treatment. Recently polyaluminium
chloride (PAC), a polymerised form of alum, has been
increasingly used at treatment plants throughout the world. The
advantage of this preformed polymeric aluminium over alum
may be due to the partial elimination of polymerisation process
that occurs after the coagulant is added to the water.4

Though chemical coagulation by alum and PAC may be a
method of choice for treating waste waters before being fed to
the biological treatment unit, it too has its drawbacks5 as the
effectiveness is strongly pH dependent and finished water may
have high residual aluminium concentrations and significant
amounts of sludge are produced which complicates handling
and disposal procedures. Besides the possibility of Alzheimer’s
disease due to aluminium, the long-term effects of these
chemicals on human health is not known. Further in many
developing countries, the cost of importing alum and other
required chemicals for conventional treatment might be high
and at times prohibitive. To minimize these drawbacks, natural
polyelectrolytes,6–8 which are extracted from plant or animal
life can be workable alternatives to synthetic polyelectrolytes.
They are biodegradable, safe to human health and have a wider
effective dosage range of flocculation for various colloidal
suspensions.

Examples of the use of natural polyelectrolytes in drinking
water clarification have been recorded throughout human
history. Sanskrit writings from India reported that the seeds of
Nirmali tree (Strychnos potatorum) were used to clarify9 turbid
surface water over 4000 years ago and in the last century
Sudanese women discovered clarifying properties in the seeds
from Moringa oleifera10 a tree found pantropically throughout
India, Asia, sub Saharan Africa and Latin America. Nirmali
seeds11 were found to be anionic polyelectrolytes that destabi-
lize particles in water by interparticle bridging and Moringa
oleifera has active particle destabilisation proteins. Experiments
with extracts from the pulverized stalks, pods, leaves, roots and
seeds of the okra12,13 plant also yielded improved clarification
over alum at high turbidity. The reduction in kaolin turbidity by
Mesquite bean and Cactus latifaria is also comparable to alum
coagulation at moderate turbidities. The water soluble proteins,
a fraction of which are polar, perhaps contribute to the
coagulation ability of the cactus extracts.14

Although most seeds contain starch as the principal food
reserve, many contain other polysaccharides15 and have some
industrial utility. The first seed gums used commercially were
quince, psyllium, flax and locust bean gum.16 Harvesting of
these gums is expensive, but harvesting from annual plants costs
much less than from perennial plants or trees. This is clearly
demonstrated by the tremendous increase in the use of guar, a
gum that is extracted from an annual leguminous plant. Since

Green Context
The presence of coloured contaminants in textile waste-
waters is a major environmental problem and dyes are hard
to degrade. Synthetic coagulants are now popular but there
are serious health concerns associated with one of the most
popular of these, polyaluminium chloride. Here, natural
chemical coagulants are tested. It is shown that cassia seed
gum can be an effective coagulant and for some dyes can act
as a partial or full substitute for synthetic chemical
coagulants such as aluminium compounds. JHC
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the beginning of commercial production in 1953, the use of guar
gum17 has risen rapidly, more so in wastewater treatment
technologies. The application of tarota (Cassia tora) as
coagulant aid has been found18 to improve treated water
turbidity in conjunction with a much lower dosage of alum.
With the advent of time and awareness about the hazards of
pollution caused by chemicals used to treat wastewater, efforts
to explore more seed gums effective for water treatment are
underway.

Results and discussion

Cassia (Caessalpiniacea) is a common annual plant grown in
tropical countries and is abundantly available in India. The
plants of genus Cassia are known to possess medicinal value
and are a good source of mucilages, flavonoids, anthraquinones
and polysaccharides. The seed gum of Cassia angustifolia was
investigated for the first time for its potential as a coagulant in
wastewater treatment alone and/or in conjunction with PAC.
The structure of the polysaccharides obtained from the seeds of
C. angustifolia has been well elucidated.19 The polysaccharide
was soluble in water and had an ash content of 0.4%. A water-
soluble galactomannan consisting of D-galactose and D-man-
nose in the molar ratio 3+2 has been isolated from the seeds of
C. angustifolia. The main chain of galactomannan (Fig. 1) was
found to consist of (1?4)-linked mannopyranosyl units having
b-glycosidic bonds while (1?6)-linked a-glycosidically
bonded galactopyranosyl units form the branching points.

A study on the chemical precipitation technique has been
carried out to decolourise different dye solutions on a laboratory
scale. In this study the coagulation–flocculation test was carried
out with aqueous solutions of three synthetic dyes ASR, DKG
and RRV to determine the chemicals dosage, pH and dose of
cassia alone or in conjunction with PAC, required to obtain
optimum results. Coagulation dose and coagulation pH were
found to be two of the most important factors influencing the
types of hydrolysis products and hence the mechanism of
coagulation.

Effect of pH on decolourisation studies

Since pH is an important factor in the flocculation studies,
experiments with different dyes were carried out both in acidic
(pH 2.5) and basic (pH 10.5) medium. At pH 2.5 the colour
removal with 1 ml of PAC stock solution, was 35%, 22% and
16% for acidic, direct and reactive dye, respectively. Decolour-
isation efficiency was much enhanced under similar conditions
but at pH 10 with almost 80%, 99% and 45% for acid, direct and
reactive dyes, respectively. Hence all further studies were
carried out in basic medium at pH 10.

Effect of coagulant dosage on decolourisation of dye
solutions

Colour removal increased with increase in dosage of coagulant
used (Fig. 2). With 2 ml PAC dosage, almost 100% decolourisa-
tion was attained for ASR and DKG dyes but not for RRV dye.
Similarly CA was effective for ASR and DKG dye but not for
RRV dye. The results with the hydrolysed RRV dye were also

not encouraging. RRV in both the hydrolysed and unhydrolysed
state formed very poor and light weighted flocs, which settled
with difficulty. The colour removal with PAC was in the order
DKG > ASR > RRV and with CA was in the order ASR >
DKG > RRV. CA was found to work only at a dosage of 1 ml
or above. CA was not found to be effective for removal of RRV
dye.

CA as a coagulant aid in conjunction with low dose of
PAC

The colour removal by using CA along with a very small dose
of PAC (0.1 ml) was studied (Fig. 3). Colour removal
enhancement with an added 1.5 ml dose of CA was from 47 to
70% and 67 to 83% for ASR and DKG dyes, respectively. Not
much change was observed in the case of reactive RRV dye.
The hydrolysed RRV dye showed no colour removal at all. CA
was found to be effective only with DKG and ASR dyes (more
so with ASR) attaining almost 84% colour removal at 2 ml dose
in conjunction with 0.1 ml dose of PAC. For the DKG dye the
enhancement in decolourisation on increasing the CA dose was
not substantial and no further change was observed on further
increasing the dose of CA beyond 2 ml. Perhaps the free OH
groups in CA interact with the ASR and DKG dye functional-
ities but not with that of RRV having vinyl sulfone groups.

Experimental

Isolation of C. angustifolia seed gum

The crushed and dried milled seeds (1 kg) were defatted with
light petroleum (60–80 °C) and decolourised with ethanol, and
then suspended in 1.5% acetic acid for 24 h. The polysaccharide
was precipitated by pouring the mucilaginous extract in an

Fig. 1 Chemical structure of Cassia angustifolia

Fig. 2 Decolourisation efficiency of PAC and CA with respect to the three
dyes.

Fig. 3 CA as a coagulant aid in conjunction with a low dose of PAC.
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excess of 95% ethanol and the collected polysaccharide was
dried over fused calcium chloride under reduced pressure. The
desiccated polysaccharide was again dissolved in water and
shaken well with chloroform; the denatured protein in the form
of gel that collected at the water/chloroform interface was
removed. The procedure was repeated four times to obtain
polysaccharide free from protein.20 It was then further purified
by complexation with Fehling’s solution. The complex thus
formed was centrifuged, washed with dilute Fehling’s solution
and decomposed with 1 M HCl. The polysaccharide was
regenerated by pouring the solution into an excess of ethanol
with constant stirring. The powdered gum so obtained was used
for color removal studies.

PAC–2010 was procured from DSCL (DCM Shriram
Consolidated Ltd), N.Delhi India) and the dyes were commer-
cially obtained. PAC was of industrial grade and NaOH used
was of reagent grade. Dye stock solutions (20 mg in 1 litre of tap
water) of commercially available Direct Kahi Green (DKG),
Acid Sandolan Red RSNI (ASR) and Reactive Remazol
Brilliant Violet 5R (RRV) dye were prepared. The dyes studied
are all commercial dyes and were used without further
purification. RRV, a vinyl sulfone dye was purchased from
Colour-chem Ltd, Mumbai, ASR from Clariant whereas DKG
was obtained as a sample from a local dyeing unit in Panki,
Kanpur involved in thread dyeing. Since reactive dyes are used
after hydrolysis, RRV dye was also studied in its hydrolysed
form. Stock solutions of the coagulant PAC and coagulant aid
were prepared. The PAC solution (equivalent to 85 mg l21 of
Al2O3) was further diluted ten times. The stock solution (1 g
l21) of gum was prepared by dissolving 0.1 g of powder in 100
ml of distilled water. To make it completely water-soluble it
was first blended for 5 min, kept in the ultrasonicator for a
further 10 min, and then stored in refrigerator.

The dye concentrations were measured at a wavelength
corresponding to the maximum absorbance, lmax by means of a
UV–Vis spectrophotometer (Shimadzu UV-160A). The per-
centage of colour removal was calculated by comparing the
absorbance value of the supernatant to the standard curve
obtained from a known dye concentration. The pH of the
solution was measured with a Digital pH meter (MK VI
Systronics). The absorbance, wavelength and pH measured for
20 ppm of acid, direct and reactive dyes were 0.32, 502.2, 7.9;
0.33, 379, 7.86 and 0.25, 559, 7.54, respectively.

150 ml graduated glass bottles were used in the study. Each
bottle contained 100 ml of 20 ppm dye stock solution. A period
of 1 min was allowed for the flash mixing of the coagulant,
NaOH and the dye sample at 100 rpm followed by 20 min of
slow agitation at 20 rpm. The solution was then allowed to settle
and the time of settlement (approximately 1 h) was recorded.

After 1 h the supernatant was taken for colour analysis by the
spectrophotometer.

Conclusions

It may be concluded that Cassia seed gum can be an effective
coagulant aid for direct and acid dyes. It can act as a working
substitute, partially or fully, for synthetic chemical coagulants
such as PAC. This can, not only reduce the amount of toxic
sludge formed after treatment which is difficult to handle and
dispose, but also make use of our natural resource in a very
constructive and efficient way. There is a need to explore more
of such natural resources, which can substitute chemicals for
wastewater treatment technologies.
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A facile and efficient synthesis of 1,1-diacetates from aldehydes with acetic anhydride has been carried out in
excellent yield in the presence of H2NSO3H.

Introduction

1,1-Diacetates are synthetically useful as protecting groups for
aldehydes due to their stability and easy conversion into parent
aldehydes.1–6 They are also important building blocks for the
synthesis of dienes for Diels–Alder cycloaddition reaction.7
Usually, they are synthesized from aldehydes and acetic
anhydride using strong proton acids such as sulfuric acid,
phosphoric acid, methanesulfonic acid,8 Nafion-H9 and Lewis
acids such as zinc chloride,10 ferric chloride,6 phosphorus
trichloride11 or LiBr12 as catalysts. These methods have not
been entirely satisfactory owing to such drawbacks as low
yields (4% in the case of 4-nitrobenzaldehyde11) long reaction
times (up to 120 h in the case of 2-furaldehyde11), problems of
corrosion, effluent pollution and non-recoverable catalysts.
Consequently, it is very necessary to develop alternative
methods for the synthesis of 1,1-diacetates from aldehydes
under mild and environmentally friendly conditions. In recent
years, b-zeolite,13 sulfated zirconia,14 montmorillonite clays,15

expansive graphite,16 trimethylchlorosilane/sodium iodide,17

scandium triflate18 and TiO2/SO4
22 solid superacid19 have been

used for the purpose to obtain relatively better results. More
recently microwave irradiation has been applied to accelerate
this condensation reaction.20

In last three decades, ultrasound has increasingly been used in
organic synthesis.21 Compared with traditional methods, this
method is more convenient and easily controlled. As a good
solid catalyst, H2NSO3H has been used in many organic
reactions.22–24 Herein we wish to report a fast and efficient
procedure for the synthesis of 1,1-diacetates from aldehydes
catalyzed by H2NSO3H under ultrasonic irradiation or through
conventional method (Scheme 1).

Results and discussion

When aldehydes 1 were treated with acetic anhydride 2 in the
presence of H2NSO3H under ultrasound irradiation or through a
conventional method, the corresponding 1,1-diacetates 3 were
obtained in excellent yields. All of the results are shown in
Table 1.

According to the results we have obtained in Table 1, what
satisfied us was that aromatic aldehydes containing electron-
withdrawing groups or donor groups (1b–k and 1m), benzalde-

hyde (1a) and cinnamaldehyde (1l) gave the corresponding
1,1-diacetates in near quantitative yields in short times (from 2
to 40 min through method B and from 10 to 90 min through
method A) using H2NSO3H as catalyst.

Mention must be made here that phenol groups were also
protected as acetates in hydroxyl containing aromatic aldehydes
(1c and 1g) under these conditions. It is also worth nothing that
ketones, such as cyclohexanone and acetophenone, did not give
any 1,1-diacetates under the same reaction conditions and this
suggested that chemoselective protection of an aldehyde in the
presence of a ketone could be achieved. Additionally, 4-dime-
thylaminobenzaldehyde (1o) failed to give the corresponding
1,1-diacetate and the starting materials were quantitatively
recovered under the same conditions. The explanation for this
result may be due to the strong electron donating dimethyl-
amino group in 1o which will reduce the reactivity. A degree of
tautomerisation may occur in 1o with formation of a quininoid
structure and thus decrease the reactivity of the aldehyde group
(Scheme 2).

In conclusion, we provide a facile and efficient method for
the preparation of 1,1-diacetaes from aldehydes. Owing to its
operational simplicity, high yields, short reaction time as well as
non-corrosive and non-pollutive aspects, this method will be
better than many other existing ones.

Experimental

Melting point are uncorrected.1H NMR spectra were deter-
minded on a Varian VXR-300S spectrometer using CDCl3 as
solvent and tetramethylsilane (TMS) as internal reference. The

Scheme 1

Scheme 2

Green Context
While protecting groups are generally undesirable from a
green chemistry standpoint, the protection of aldehyde
functions is often necessary due to their high reactivity
under a range of conditions. Here a simple and general
method for the formation of 1,1-diacetates is presented.
Unlike existing protocols, this method is fast and high-
yielding for a range of substrates, and often can be carried
out neat under mild conditions, with or without ultrasound.

DJM
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reaction flask was located at the maximum energy area in the
cleaner and addition or removal of water was used to control the
temperature of the water bath. The products were also
characterized by comparison of their melting point with
literature values.

General procedure for the preparation of 1,1-diacetates
through method A

A mixture of the aldehyde (5.00 mmol), acetic anhydride (15.0
mmol) and H2NSO3H (200 mg) was stirred under different
conditions for the length of time given in Table 1. For the
reactions with solvent CH2Cl2 (5 ml) was also added. The
progress of the reaction was monitored by TLC. After
completion, Et2O (5 ml) was added to the reaction mixture and
the catalyst was filtered off. The catalyst was washed with Et2O
(2 3 5 ml) and then the filtrate was washed with 5% HCl (10
ml), 5% NaHCO3 (10 ml) and brine (2 3 10 ml) successively
and dried with MgSO4. The solvent was evaporated under
reduced pressure and the residue was chromatographied on
silica gel (light petroleum (bp 60–90 °C) as eluent).

General procedure for the preparation of 1,1-diacetates
through method B

A mixture of the aldehyde (5.00 mmol), acetic anhydride (15.0
mmol) and H2NSO3H (200 mg) was put into a conical reactive
flask. The flask was located at the maximum energy area in the
cleaner and addition or removal of water was used to control the
temperature of the water bath. Sonication was performed in a
ShangHai Branson-CQX ultrasonic cleaner with a frequency of
25 kHz and a nominal power of 500 W. For the reactions with
solvent CH2Cl2 (5 ml) was also added. The progress of the
reaction was monitored by TLC. After completion of the
reaction, the subsequent steps were the same as in method A.

3c: dH 2.09 [6H, s, ArCH(O2CCH3)2], 2.33 (3H, s,
2-CH3CO2), 7.05–7.69 (4H, m, C6H4), 7.89 [1H, s, ArCH-
(OAc)2].

3g: dH 2.11 [6H, s, ArCH(O2CCH3)2], 2.29 (3H, s,
4-CH3CO2), 3.85 (3H, s, OCH3), 7.00–7.10 (3H, m, C6H3), 7.65
[1H, s, ArCH(OAc)2].

3h: dH 2.15 [6H, s, ArCH(O2CCH3)2], 7.28–7.53 (3H, m,
C6H3), 7.93 [1H, s, ArCH(OAc)2].

3m: dH 2.02 [6H, s, ArCH(O2CCH3)2], 5.87 (2H, s, OCH2O),
6.65–6.93 (3H, m, C6H3), 7.51 [1H, s, ArCH(OAc)2].
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Table 1 Conversion of aldehydes into 1,1-diacetates in the presence of H2NSO3H under ultrasound irradiation or through conventional method

Time/min Yieldsab (%) Mp/°C

Entry Aldehyde Solvent A B Temp. A B Found Reported

1 Benzaldehyde (1a) Neat 60 10 r. t. 90 94 44–45 44–454

2 Anisaldehyde (1b) Neat 90 23 r. t. 96 98 64–65 64–6515

3 Salicylaldehyde (1c) Neat 30 20 r. t. 92 92 104–105 103–10415

4 m-Nitrobenzaldehyde (1d) CH2Cl2 90 25 Reflux 96 97 65–66 64–6615

5 p-Nitrobenzaldehyde (1e) CH2Cl2 60 20 Reflux 98 96 125–127 125–12615

6 o-Nitrobenzaldehyde (1f) CH2Cl2 50 13 Reflux 97 97 90–91 9025

7 Vanillin (1g) CH2Cl2 50 28 Reflux 98 95 92–93 90–9115

8 2,4-Dichlorobenzaldehyde (1h) CH2Cl2 90 40 Reflux 99 98 101–102
9 3-Chlorobenaldehyde (1i) Neat 40 2 r. t. 96 97 64–65 65–6615

10 4-Chlorobenaldehyde (1j) CH2Cl2 10 8 r. t. 92 95 82–83 81–8219

11 p-Tolualdehyde (1k) Neat 25 12 r. t. 98 98 81–82 81–825

12 Cinnamaldehyde (1l) Neat 20 15 r. t. 98 97 85–86 84–864

13 Piperonal (1m) CH2Cl2 40 20 r. t. 94 96 79–80 79–8019

14 Furfuraldehyde (1n) Neat 30 18 r. t. 87 86 52–53 52–5413

15 p-Dimethylaminobenaldehyde (1o) CH2Cl2 240 180 r. t. 0 0

A: without ultrasound irradiation B: under ultrasound irradiation.a Yield of pure isolated products. b Products characterized by 1H NMR spectroscopy and
comparison with authentic samples
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The n-butane isomerization reaction on sulfated zirconia (SZ) supported on MCM-41 mesoporous molecular sieve
(SZ/MCM-41) was studied at various reaction temperatures in the presence of hydrogen. The catalytic activity was
significantly improved with the addition of an appropriate amount of gallium as a promoter. The best conversion
was achieved when the catalyst was promoted by 1.7 wt% gallium and calcined at 680 °C. Although the
deactivation of these catalysts in the initial stage was observed the deactivated Ga-promoted SZ/MCM-41 catalysts
(SZG/MCM-41) could be completely regenerated in air at 450 °C. The Pt-impregnated SZG/MCM-41 catalyst
exhibited higher steady conversion compared with the Pt-free form. These halogen-free catalysts have advantages
over other strong acid catalysts, in overcoming corrosion and environmental problems.

Introduction

As an acid-catalyzed reaction, the isomerization reaction of
straight-chain hydrocarbons to branched hydrocarbons is an
important process for the production of clean-burning fuels in
the petrochemical refining industry. For example, isobutene
from butane is a key component for the manufacture of valuable
gasoline additives such as methyl butyl ether (MTBE) to boost
gasoline octane ratings. The current technology for n-butane
isomerization is based on the Pt/chlorided Al2O3 catalyst, which
operates at elevated temperatures and requires constant addition
of alkyl chlorides to recover acid functionalities. Owing to the
increasingly strict environmental regulations, researchers have
paid more attention to solid superacid catalysts to search for
stable and environmentally friendly catalysts. Among the solid
superacids, sulfated metal oxides, especially sulfated zirconia
(SZ), have attracted considerable attentioninterest because they
are more environmentally benign, and more active and selective
for the transformation of hydrocarbons.1–4 According to
Parvulescu, et al.,5 factors affecting the catalytic activity of SZ
are their surface area and the sulfur content on the surface. Well
prepared SZ catalysts can achieve surface areas around 100–120
m2 g21. Recently, Wolf and Risch6 obtained SZ catalysts with
high mesopore volume by prolonged reflux treatments. They
found higher conversion in n-butane isomerization with this
catalyst compared to results with a conventional catalyst with
low mesopore volume. Hence, the preparation of SZ catalysts
with high surface and high mesoporous volume is advantageous
for n-butane isomerization. Thus it would be highly interesting
to prepare SZ catalysts supported on mesoporous materials such
as M41S with high surface area.7 In this family, MCM-41 is an
excellent support because of its uniform hexagonal array of
mesopores and very high surface area (typically around 1000 m2

g21 or higher).8–11 A number of research groups have recently
reported on the preparation of SZ on MCM-41,12 SBA-1513 and
FSM-1614 with various zirconium compounds as the precursors.
However, the resulting catalysts were much inferior to the
unsupported SZ owing to their lack of superacidity. They were,
however, more suitable for medium strong and weak acid
catalyzed reactions. Arata et al.15 reported that zirconium

sulfate calcined at 725 °C shows strong acidity. Using
zirconium sulfate as the precursor, SZ/MCM-41 was prepared
in our previous paper.16 However, the catalytic activities of SZ/
MCM-41 for n-butane isomerization were very low. When Al
was introduced into SZ/MCM-41, we found interesting strong
acidity and good catalytic activities for n-butane isomerization.
In this report, we continue our search for good promoters for SZ
supported on MCM-41. With zirconium sulfate as the precursor,
gallium-promoted SZ supported on pure siliceous MCM-41 was
prepared by the direct impregnation method. The textural
properties as well as acidities of the modified catalysts were
characterized by X-ray powder diffraction (XRD), N2 adsorp-
tion, and diffuse reflectance infrared fourier transform (DRIFT)
spectroscopy. Their catalytic behaviors for n-butane isomeriza-
tion in a flow system were studied. Very good improvements of
catalytic activities were observed on the gallium-promoted SZ/
MCM-41 catalysts. The influence of platinum addition was also
considered.

Results and discussion

For all the catalysts studied the ZrO2 content was set at 50 wt%,
which is close to the dispersion threshold of zirconia sulfate on
MCM-41.16 The samples were labeled according to their
ingredients and the respective weight percent loading of

Green Context
The search for highly active, stable and/or regenerable solid
acids continues to be an important goal relevant to a range
of processes. Sulfated zirconia has been proposed as a
versatile highly acidic material with several possible appli-
cations. This article discusses the preparation of a form of
sulfated zirconia on a high surface area support, and
indicates that gallium in small amounts has a very beneficial
effect in an important reaction type. DJM
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gallium. For example, a promoted sulfated zirconia catalyst
with 1.7% Ga is denoted as SZG(1.7)/MCM-41.

The structural characteristics of the SZG/MCM-41 catalysts
with pore structure was confirmed by XRD. The strongest peak
was at 2q ca. 2.3° corresponding to the (100) reflection,
characteristic of ordered porous structure in MCM-41 materials.
The catalysts gave a set of broad, weak reflections between 2q
= 10 and 70° that can be indexed as reflections from the
tetragonal ZrO2 phase. BET analyses in Table 1 show that in
comparison with those of the parent MCM-41, the surface area
and pore volume over the modified MCM-41 was substantially
decreased. The pore diameter of the modified samples was also
decreased. These results suggest the presence of sulfated
zirconia inside the pore channels of MCM-41. The sulfur
contents of the modified MCM-41 are also listed in Table 1. The
sulfur contents of SZG/MCM-41 catalysts are much higher than
that of SZ/MCM-41. DRIFT spectra of adsorbed pyridine on
SZ/MCM-41 samples before and after promotion with gallium
were recorded. Under our experimental conditions, the pyridine
adsorption bands for both sets of samples appeared only at 1607,
1490 and 1445 cm21, with no band at 1540 cm21. These data
showed that Lewis acidity was dominant in both samples.

The isomerization reaction of butane was carried out at 250
°C. The material obtained by decomposition of Zr(SO4)2·4H2O
was also tested. Decomposition of Zr(SO4)2·4H2O was per-
formed by calcination at 680 °C for 3 h and the resultant sample
is denoted Z680. The conversion of n-butane isomerization for
Z680, SZ/MCM-41 and SZG(1.7)/MCM-41 catalysts is given
in Table 2. SZ/MCM-41 has a similar activity to Z680.
However, great improvements were observed in catalytic
activities over SZG(1.7)/MCM-41. The initial catalytic activity
of SZG(1.7)/MCM-41 was improved up to 43%. The selectivity
to isobutene was also improved up to around 88%. Fig. 1
showed the effect of various amounts of Ga incorporated in SZ/
MCM-41 catalysts on n-butane isomerization at 250 °C. The n-
butane conversion increased with the Ga content up to 1.7 wt%,
and then decreased as the Ga content was further increased.

Although, the activity of each SZG/MCM-41 sample decreased
in the initial stage, the steady activity values of these SZG/
MCM-41 samples were still higher than that of the SZ/MCM-41
catalyst.

For comparison, the results of other previous studies17,18 are
also listed in Table 2. We found much a higher initial activity in
butane isomerization at 250 °C with time on stream with our
SZG/MCM-41 catalyst compared to results with bulk SZ, SZ/g-
Al2O3, SZ/SiO2 and Al-promoted SZ/MCM-41(denoted SZA/
MCM-41) catalysts. The initial activity of SZG(1.7)/MCM-41
is three times that of bulk SZ. In comparison with bulk SZ, SZ/
g-Al2O3 and SZ/SiO2 catalysts, great improvements were
observed in both initial activities and steady activities of SZG/
MCM-41. Previously, it was reported that aluminium is a good
promoter for the SZ-catalyzed butane isomerization.17,18 We
observe from Table 3 that gallium is an even better promoter
than aluminium under comparable conditions.

The calcination temperature used for the preparation of SZG/
MCM-41 catalysts has a significant effect on the catalytic
activities for n-butane isomerization. Fig. 2 shows the depend-

Table 1 Textural and physical properties of the parent MCM-41 and
modified MCM-41 catalysts

Sample SBET/m2 g21
Pore
volume/cm3 g21

Pore
diameter/nm

SO3

content
(wt%)

MCM-41 1010 1.10 2.86 —
SZ/MCM-41 442 0.31 2.15 2.3
SZG(0.57)/
MCM-41 438 0.32 2.23 3.2
SZG(1.70)/
MCM-41 480 0.36 2.26 3.6
SZG(2.84)/
MCM-41 357 0.27 2.24 4.1

Table 2 n-Butane conversion and product selectivity at 250 °C over Z680,
SZ/MCM-41 and SZG/MCM-41 catalysts

Selectivity (%)

Catalyst Time/min
Conversion
(%) C3 i-C4 i-C5 n-C5

Z680 5 4.26 9.86 81.1 4.93 1.81
60 3.67 10.9 76.2 6.81 3.11

360 — — — — —
SZ/MCM-41 5 5.17 9.16 80.8 4.02 1.49

60 4.72 10 79 4.91 1.53
360 — — — — —

SZG(1.7)/
MCM-41 5 43.85 5.47 87.5 3.92 1.44

60 29.10 5.26 89.4 2.71 1.03
360 20.44 4.62 89.8 2.6 1.02

Fig. 1 Catalytic activity of catalysts (ZrO2 content 50 wt%) calcined at
680 °C with the following Ga loadings: (a) 0.0 wt%, (b) 0.57 wt%, (c) 1.7
wt%, (d) 2.84 wt%.

Table 3 n-Butane isomerization activities of various catalysts at 250 °C

Catalyst Time/min
Activity/
mmol g21 h21 Reference

SZG(0.57)/MCM-41 5 2.91 This study
360 1.32

SZG(1.7)/MCM-41 5 3.92
360 1.825

SZG(2.84)/MCM-41 5 3.47
360 1.875

60%SZ/g-Al2O3 2 2.24 17
360 1.425

SZA/MCM-41 5 2.46 18
360 1.6

90%SZ/SiO2 2 0.46 17
360 0.10

SZ 2 1.125 17
360 0.55

Fig. 2 Effect of calcination temperature on butane conversion at time-on-
stream of 5 min over the catalyst SZG(1.7)/MCM-41 at 250 °C (ZrO2+50
wt%, Ga+1.7 wt%): (1) 630 °C, (2) 680 °C, (3) 720 °C.
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ence of butane conversion on calcination temperature. The
initial conversion was above 43% on the catalyst calcined at 680
°C while catalysts calcined at 630 and 720 °C have low
activities. When the catalyst was calcined at 720 °C, the initial
conversion decreased to 26.5%.

The variation of the conversion vs. time on stream for
SZG(1.7)/MCM-41 at several reaction temperatures are given
in Fig. 3 from which it is observed that higher reaction
temperatures gave higher initial activity. When the reaction was
run at 220 °C, though the initial activity was lower, the activity
became more stable with time on stream. When the reaction was
run at 250 °C, the initial conversion (t = 5 min) of around 44%
fell to approximately 20% after 6 h on stream. After a fast initial
deactivation, the isomerization activity declined at a lower rate.
Though fast initial deactivation was observed, the catalyst could
be completely recovered. The regeneration property of the
catalyst is shown in Fig. 4. The catalyst after reaction on stream
for 6 h can be regenerated by heating in dry air at 450 °C for 3
h. The regenerated catalyst has almost the same activity as the
fresh catalyst. Possible deactivation of the SZ solid superacid
catalyst is due to the loss of sulfur or to coking on the catalyst
surface. From our experimental result it seems that coking may
be the predominant factor.

The conversion vs. time curves obtained over the Pt-
impregnated SZG/MCM-41 and SZG/MCM-41 catalysts are
shown in Fig. 5. For the Pt-impregnated catalyst, a steady
regime was attained. The conversion at 5 min was slightly lower
than for the Pt-free form, whereas the steady conversion and
selectivity to isobutane were enhanced. The steady conversion
was improved up to around 28%.

In summary, the Ga-promoted SZ/MCM-41 catalyst is a new
kind of solid acid catalyst with substantial mesoporous volume.
An environmentally friendly catalyst, unlike liquid superacid
catalysts, such as HF + SbF5 and HCl + AlCl3, it has a high
catalytic activity for n-butane isomerization and can be
completely regenerated.

Experimental

As-synthesized pure siliceous MCM-41 was synthesized using
the delayed neutralization process reported by Lin et al.19 The
gel was crystallized in static conditions at 100 °C for 5 days.
Then the solid product was filtered off, washed with deionized
water, and dried in air. The as-synthesized mesoporous material
was impregnated with a desired amount of Zr(SO4)2 in
methanol and stirred at room temperature for about 10 h. The
resulting sample was dried at 80 °C. Finally, it was calcined at
680 °C for 3 h in air. Ga-promoted samples were prepared in the
same way with the desired amount of zirconium sulfate and
gallium sulfate. The Pt-impregnated SZG/MCM-41 catalyst
was prepared by impregnating H2PtCl6 solution with SZG/
MCM-41. The concentration of the solution was adjusted in
order to obtain 0.5% Pt on the final catalyst. After impregnation,
the sample was held for 4 h at room temperature. Then it was
dried at 110 °C overnight and calcined in the reactor at 450 °C
in an air stream for 3 h. Before reaction, the catalyst was
reduced in a H2 stream for 1 h at 250 °C.

XRD measurements were carried out on a Bruker D8
Advance instrument with Cu-Ka radiation at 40 kV and 30 mA.
BET surface areas of the samples were acquired on a
Micromeritics ASAP 2010 automatic adsorption instrument
using N2 as the adsorbent. DRIFT spectra of the adsorbed
pyridine were recorded using a BOMEM MB155 FT-IR/Raman
spectrometer. The sample was pre-heated at 300 °C for 3 h
under 1026 mbar vacuum before pyridine vapor was introduced
at room temperature, followed by evacuation at 400 °C for 1 h.
Sulfur content in the catalysts was detected by a chemical
method. The sulfate was converted into BaSO4 and determined
by gravimetric method.

The isomerization of n-butane to isobutene was performed in
a fixed-bed continuous flow reactor operated at atmospheric
pressure. The catalyst samples were pelletized and sized to
20–60 mesh. Approximately 0.6 g of the catalyst was loaded
into the reactor and then pretreated in flowing dry air (20 ml
min21) at 450 °C for 3 h. The reactor temperature was then
lowered to the reaction temperature of 250 °C or other desired
temperature. After thermal equilibrium was established, the
reaction was started by feeding an n-butane–H2 mixture (1+10

Fig. 3 Influence of reaction temperature on conversion over the catalyst
SZG(1.7)/MCM-41 (ZrO2+50 wt%; Ga: 1.7 wt%): (1) 250 °C, (2) 220 °C,
(3) 180 °C.

Fig. 4 Regeneration of the catalyst SZG(1.7)/MCM-41 (ZrO2+50 wt%;
Ga+1.7 wt%): (1) fresh catalyst, (2) regenerated catalyst. Regeneration
conditions: heating in dry air at 450 °C for 3 h.

Fig. 5 Catalytic activity of catalysts for the Pt-free and Pt-impregnated
SZG/MCM-41 (ZrO2+50 wt%; Ga+1.7 wt%) at 250 °C: (5,2) Pt-
impregnated SZG/MCM-41 (Pt+0.5 wt%), (:,Ω) SZG/MCM-41.

Green Chemistry, 2002, 4, 257–260 259

D
ow

nl
oa

de
d 

on
 3

1 
O

ct
ob

er
 2

01
0

Pu
bl

is
he

d 
on

 1
3 

M
ay

 2
00

2 
on

 h
ttp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/B

20
13

61
B

View Online

http://dx.doi.org/10.1039/B201361B


v/v) at an n-butane weight hourly space velocity (WHSV) 0f
0.52 h21 through the catalyst. An on-line gas chromatograph
equipped with FID was used to analyze the reaction products.
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Further attempts were made to find a more environmentally friendly method of dyeing cotton as an alternative to
standard reactive dyeing processes that require high levels of water, salt and alkali and produce high levels of
effluent contamination. Pre-treatment with a polymeric cationic quaternary ammonium compound enabled dyeing
of the fibre with 1+2 (M+L) metal complex acid dyes without salt at neutral/slightly acidic pH values. In
comparison with standard reactive dyeing processes, both the time taken for the dyeing process to be completed
and the volume of water required could be dramatically reduced. The dyeings secured using the pre-treatment
method displayed high colour strength values, good to very good wash fastness and excellent light fastness.

Introduction

The first paper in this series1 discussed attempts made to find a
more environmentally friendly method of dyeing cotton as an
alternative to standard reactive dyeing processes that require
high levels of water, salt and alkali and produce high levels of
effluent contamination. By employing a pre-treatment method,
salt and alkali could be completely eliminated from the dyeing
process and, in comparison with standard reactive dyeing
processes, the time taken for the dyeing process to be completed
could be significantly reduced and the volume of water required
could be halved.

The work in this paper concerns another green method of
dyeing cotton without the need for salt or alkali and using
considerably less water. Currently, the Jarofast system2 is used
to achieve the popular ‘washed out’ look of modern cellulosic
garments. In this process 100% cotton is pre-treated with
Jarofix 391, a cationic agent, then subsequently dyed with
Jarasol dyes, which are water-soluble, anionic, C. I. Solubilised
Sulphur dyes containing thiosulfonic acid (Buntë salt; –SSO3

2)
groups. Dye-fibre substantivity arises primarily from ionic
interactions between the anionic dyes and the cationic pre-
treated substrate, negating the need for electrolyte in the
dyebath. However, this system has several disadvantages
associated with it, namely that it has a limited number of dyes
(15) that can be used in the system, it confers generally poor
wash fastness and gives low light fastness ratings.

It was thought that it would be possible to develop a Jarofast-
type dyeing system with improved light and wash fastness that
could be applied to cotton. In this context it was decided to pre-
treat cotton fabrics with a cationic polymer, which has
substantivity for cellulose.

Following this pre-treatment, 1+2 (M+L) metal complex acid
dyes were to be applied as they furnish a full range of shades and
display very high light fastness and good wash fastness on
polyamide substrates such as wool, nylon and silk.3–5 They are
not currently supplied for application to cotton due to a lack of
substantivity for the fibre,3 but it was thought that the use of a

Jarofast-type system would enable their application to cotton
without the need for salt, alkali or a wash-off procedure.

Experimental

General structure of pre-treatment agent

It was postulated that incorporation of cationic sites within a
polymer, which could then be applied to cotton, could enable
dyeing with metal complex acid dyes to be carried out in a more
efficient manner at neutral/slightly acidic pH values without salt
or alkali.

The pre-treatment agent employed is a developmental
polymer and as such specific details of its structure cannot be
disclosed. In general, it has a plurality of cationic centres and is
made by polymerisation of monomers containing cationic
centres. Desirably the cationic centres are quaternary ammo-
nium groups. Generally, the most effective polymers have a
degree of cationicity that is at least one cationic, particularly
quaternary ammonium, centre per 500 g mol21, with desirably
at least 1 cationic centre per 5 monomer residues in the polymer.
The polymer has a molecular weight in the region of
10000–30000 g mol21. The cationic pre-treatment agent used in
this study is a polymer of 4-vinylpyridine quaternised with
chloroethane at a concentration to give 50% quaternisation of

† Part 1 is ref. 1.

Green Context
The dyeing industry is a large consumer of chemicals and a
very large producer of waste, typically as aqueous waste
which is very difficult to deal with. This article is another
step forward in trying to reduce the environmental impact
of this industry. It is demonstrated that pre-treatment of
cotton with cationic polymer enables dyeing that has
acceptable wash fastness and avoids salt and alkali, and
consumes less water. Processing times are also shorter.
Overall this represents a significantly greener alternative to
standard reactive dyeing processes for cotton. JHC
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the pyridine residues leaving 50% unquaternised as free
pyridine rings attached to the polymer (Fig. 1). The polymer has
a molecular mass in the region of 16000 g mol21.

Operation of the pre-treatment system in dyeing with 1+2
metal complex acid dyes

The pre-treatment agent is highly substantive to cellulosic fibre,
in the case of poly(4-vinylpyridine) quaternary ammonium
compounds this is through a combination of ion–ion forces,
strong hydrogen bonding and van der Waals forces. Adsorption
of the pre-treatment agent onto cotton arises through ion–ion
interactions operating between the cationic groups in the agent
and the anionic carboxylic acid groups in the substrate,6,7 which
owing to their relatively low pKa values will be ionised at the pH
values of application (pH 6–7).

Strong H-bonding would be expected to contribute to agent–
fibre attraction through so-called Yoshida forces8 operating
between the electron deficient hydrogen atom of the hydroxyl
groups in the fibre and the p-electron system of the un-
quaternised pyridine rings in the pre-treatment agent. In
addition, further ion–dipole interaction may be expected
between the positively charged nitrogen atom of the pyridinium
rings and the lone pair electrons on the oxygen atom of the
cellulosic hydroxyl groups (Fig. 2).

Once the agent has been adsorbed onto the cotton, 1+2 metal
complex acid dyes are introduced. The anionic dye molecules
are attracted to the cationic sites in the polymer through ionic
association and the extended p-electron systems of both dye and
pre-treatment agent have high levels of interaction and
association. This enables adsorption of the dye without the need

for adding salt at neutral or slightly acidic pH. The mechanism
of how the pre-treatment agent works is shown schematically in
Scheme 1.

Materials

The 1+2 metal complex acid dyes used in the study and their
Colour Index generic names are shown in Table 1. Crompton &
Knowles, France generously supplied samples of each of the
dyes. Commercially available 1+2 metal complex acid dyes are
supplied as unsulfonated (Neutrilan K), monosulfonated (Neu-
trilan S) and disulfonated (Neutrilan M) types. The structure of
C. I. Acid Violet 90 is given in Fig. 3 and the structure of C. I.
Acid Blue 193 is given in Fig. 4.9 The manufacturers do not
disclose the detailed structures of the other seven dyes used, but
in general they are complexes of two monoazo dye residues co-
ordinated in an octahedral arrangement around a central CrIII

atom. The dyes are unsulfonated, monosulfonated or dis-
ulfonated as a result of the number of sulfonic acid groups on
the whole complex and the complexes may be either symmetric,
where the two dye residues are the same, or asymmetric, where
the two dye residues are the different. By definition, mono-
sulfonated 1+2 metal complex acid dyes are asymmetric.

Bleached, scoured, fluorescent brightener free, woven cotton
(150 g m22) was supplied by Whaley’s, Bradford, UK.
Uniqema supplied the pre-treatment agent. All other chemicals
were of general laboratory grade.

Dyeing by pre-treatment method

Cotton samples were pre-treated and dyed in sealed stainless
steel dyepots of 300 cm3 capacity, housed in a laboratory-scale
Roaches Pyrotec S dyeing machine. At the end of dyeing the
samples were removed and dried in the open air. The method
used for each of the dyes shown in Table 1 is displayed
graphically in Fig. 5. The pH of application was in the range pH
6–7, this being achieved without any adjustment through
addition of the pre-treatment agent alone to the water of
application. For comparison purposes, untreated cotton samples
were dyed under the same conditions.

Fig. 1 Poly(4-vinyl-N-ethylpyridine) quaternised polymer.

Fig. 2 (a) Ion–dipole interactions between cellulose hydroxy groups and pyridinium residues of the pre-treatment polymer and (b) Yoshida H-bonding
between cellulose hydroxy groups and pyridine residues in the pre-treatment polymer.

Scheme 1 Mechanism of pre-treatment of cotton and dyeing with 1+2 metal complex acid dyes.
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Wash fastness testing

Samples were subjected to the ISO 105:C06/A2 wash test (40
°C) using SDC (Society of Dyers & Colourists) multifibre
fabric as adjacent.10 After washing the samples were visually
assessed using grey scales according to the ISO 105:A02 and
ISO 105:A03 test protocols10 to determine the degree of
washdown and cross staining, respectively. The grey scale
ranges from 5 for no shade change (or no stain on the adjacent
fibres) down to 1 for a severe shade change (or staining), with
half points in between.

Light fastness testing

Samples were subjected to the ISO 105:B02 light fastness test
(xenon arc, artificial light) using SDC blue wool standards 1 to
8 as reference.10 The blue wool scale ranges from 8 for excellent
light fastness down to 1 for very poor light fastness.

Colour measurement

The samples were measured using a Match-Rite™ colour
spectrophotometer attached to a personal computer. From the
reflectance values at the lmax of the dyeings (R), the colour
strength (K/S) of the sample was calculated using the Kubelka–
Munk equation (eqn. (1)).11

K/S = (1 2 R)2/2R (1)

Results and discussion

Colorimetric analysis of dyed samples

Table 2 shows the colour strength (K/S) values obtained for
untreated and pre-treated cotton samples dyed with 1+2 metal
complex acid dyes. It is evident that dyeings with high K/S
values, up to 18 units, could be secured on cotton that had

Fig. 3 C. I. Acid Violet 90. Fig. 4 C. I. Acid Blue 193.

Fig. 5 Method of pre-treatment and application of reactive dyes to cotton.

Table 1 1+2 metal complex acid dyes used

Commercial name C. I. Generic name

Neutrilan Yellow K-3R C. I. Acid Yellow 137
Neutrilan Bordeaux K-RL C. I. Acid Red 182
Neutrilan Black K-BL C. I. Acid Black 107
Neutrilan Orange S-R C. I. Acid Orange 144
Neutrilan Rubine S-2R None ascribed
Neutrilan Navy S-B C. I. Acid Blue 284
Neutrilan Yellow M-3R C. I. Acid Brown 384
Neutrilan Bordeaux M-B C. I. Acid Violet 90
Neutrilan Navy M-BR C. I. Acid Blue 193

Green Chemistry, 2002, 4, 261–265 263
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previously been treated with the cationic polymer. In contrast,
cotton samples that had not received any pre-treatment prior to
dyeing displayed very low K/S values. It could be surmised that
the pre-treatment agent rendered the fabric substantive to the
1+2 metal complex acid dye molecules. The K/S values secured
with the pre-treatment system are generally higher than those
observed for standard reactive dyeing processes dyed at 2% omf
(on mass of fibre) depth of shade (4–11 units). In addition, the
1+2 metal complex acid dyes used enable dyeing of cotton in
shades that normally require a high concentration and/or a
mixture of reactive dyes to achieve.

Wash fastness assessment

Table 3 shows the wash fastness grey scale ratings for the dyes
on the pre-treated cotton. It can be seen that, in general, the wash
fastness ratings are good to very good, usually above grey scale
4, which is certainly superior to the wash fastness results
secured with the Jarofast system and equal, if not superior, to
the wash fastness ratings on polyamide fabric such as wool and
Nylon-6,6 under normal dyeing processes.

It was observed that in the context of the staining of adjacent
Nylon-6,6, the three dye types clearly differed in that fastness of
the 2% omf dyeings decreased in the order:

unsulfonated < monosulfonated < disulfonated

However, in terms of the change in shade that occurred during
washing, the opposite was observed, in that the fastness of the
2% omf dyeings increased in the order:

unsulfonated > monosulfonated > disulfonated

These observations can be explained in terms of the differing
water-solubility (or hydrophobicity) of the three types of dye
insofar as, the unsulfonated (Neutrilan K) dyes displayed
smallest shade change because of their lower aqueous solubility
(and thus greater hydrophobicity), whilst the disulfonated
(Neutrilan M) dyes exhibited the greatest shade change because
of their greater aqueous solubility. In contrast, the hydro-
phobicity of the unsulfonated dyes was responsible for their
high staining of the relatively hydrophobic Nylon-6,6 fibre,
whilst the high aqueous solubility of the hydrophilic dis-
ulfonated dyes was responsible for them having imparted little
staining to adjacent Nylon-6,6 material. This is in agreement
with the authors’ findings in previous work carried out on the
wash fastness of 1+2 metal complex acid dyes on Nylon-6,6
fibre.12

Light fastness assessment

Table 4 shows the light fastness values for the 1+2 metal
complex acid dyes on the pre-treated fabric; it was observed that
the light fastness values secured were excellent, as is typical of
1+2 metal complex acid dyes on polyamide. This would suggest
that the pre-treatment has no significant detrimental effect upon
the light fastness of the dyes that can occur with other pre-
treatment or after-treatment systems. Also, importantly, the
light fastness values are in excess of those observed typically for
standard reactive dyeings on cotton (typically 4–5).

Comparison of the different dyeing processes

A summary of the differences between the pre-treatment system
discussed here and the dyeing processes used in the previous
paper1 is given in Table 5. It was observed that the pre-treatment
method vastly reduced the total time of the dyeing operation in
comparison with standard reactive dyeing processes and even
reduced time in comparison with the previously detailed pre-
treatment system.

The amount of water used is calculated using eqn. (2) by a
summation of the water used in each separate process; where the
liquor ratio (LR) is given as a ratio of liquor to fibre, e.g. a 25+1
liquor ratio is 25 l of water per kg of fibre used.

volume water used (l/kg fibre) = LR (dyeing) + LR(pretreat-
ment) + LR (washoff 1) + LR (washoff 2) + … (2)

Each of the standard reactive dyeing processes used over 100
l of water per kg of fabric dyed, with most of the water
consumed in wash-off processes, however, the pre-treatment
method (Fig. 4) consumed less than half the volume, with only
30 l of water per kg of fabric used.

A high amount of salt (up to 1.6 kg per kg of fabric dyed) and
alkali (0.5 kg Na2CO3 per kg of fabric) is consumed in the
standard reactive dyeing processes, but by employing the pre-

Table 2 K/S values for 1+2 metal complex acid dyes applied to pre-treated
(PT) and untreated cotton

Dye % omf Untreated/PT K/S

Neutrilan Yellow K-3R 2 Untreated 2.1
2 PT 14.4

Neutrilan Bordeaux K-RL 2 Untreated 1.8
2 PT 18.0

Neutrilan Black K-BL 2 Untreated 2.3
2 PT 15.8

Neutrilan Orange S-R 2 Untreated 1.5
2 PT 12.3

Neutrilan Rubine S-2R 2 Untreated 1.7
2 PT 17.3

Neutrilan Navy S-B 2 Untreated 1.9
2 PT 16.1

Neutrilan Yellow M-3R 2 Untreated 0.8
2 PT 15.7

Neutrilan Bordeaux M-B 2 Untreated 1.4
2 PT 16.3

Neutrilan Navy M-BR 2 Untreated 1.7
2 PT 13.8

Table 3 Wash fastness grey scale ratings of pre-treated 1+2 metal
complex acid dyeings on cotton following ISO 105:C06/A2 wash test

Dye S D C N P A W

Neutrilan Yellow K-3R 5 5 5 4/5 5 5 5
Neutrilan Bordeaux K-RL 5 5 5 4 5 5 5
Neutrilan Black K-BL 4/5 5 5 4 5 5 5
Neutrilan Orange S-R 4/5 5 5 4/5 5 5 5
Neutrilan Rubine S-2R 4 5 5 4/5 5 5 5
Neutrilan Navy S-B 4/5 5 5 4/5 5 5 5
Neutrilan Yellow M-3R 4 5 5 5 5 5 5
Neutrilan Bordeaux M-B 4 5 5 5 5 5 5
Neutrilan Navy M-BR 4 5 5 5 5 5 5

S, shade change; staining to D diacetate; C, cotton; N, nylon; P, polyester;
A, acrylic; W, wool.

Table 4 Light fastness ratings of pre-treated 1+2 metalcomplex acid
dyeings on cotton following ISO 105:B02 test

Dye
Light fastness
rating

Neutrilan Yellow K-3R 7
Neutrilan Bordeaux K-RL 6
Neutrilan Black K-BL 7
Neutrilan Orange S-R 6
Neutrilan Rubine S-2R 6
Neutrilan Navy S-B 6
Neutrilan Yellow M-3R 6
Neutrilan Bordeaux M-B 6
Neutrilan Navy M-BR 7
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treatment method both salt and alkali were completely elimi-
nated from the dyeing process.

Considering the other chemicals used in the dyeing proc-
esses, the pre-treatment agent was applied in relatively low
concentration and it is suggested that it would have high
exhaustion values, hence, its presence in the effluent would be
expected to be in extremely low concentrations. It would be
expected that the agent would not be removed during laundering
due to the high affinity for cellulose. In addition, the agent is
polymeric and as such poses minimal environmental impact.
Although there is no definitive toxicological analysis at present
for the agent, preliminary testing suggests that the agent is non-
toxic. The cost to dyers of the pre-treatment agent is expected to
be between £2.50 and £3.50 per kilogram, which is regarded as
minimal when considering the potential cost savings.

With certain dyes it was possible to achieve complete
exhaustion of the dyebath. For those that did not exhaust fully,
the possibility exists for recycling as the dyebath contained only
dye and water at the start of the dyeing cycle, thus the bath may
be recharged with further dye and water to original levels and a
new dyeing cycle commenced. The dyeing is a simple process
requiring no costly and time-consuming wash-off procedures.
Although there is concern over the use of metals in dyeing, the
metal complex acid dyes used in this system contain the metal
(typically chromium) as an integral part of the dye, which is not
removed during processing and so is not released in any
effluent.

Conclusions

It has been demonstrated that the pre-treatment of cotton with
cationic polymer enables the dyeing of uniform shades with
high colour strength values, good to very good fastness to the
ISO 105:C06/A2 wash test and excellent fastness to the ISO
105:B02 light fastness test.

Whilst it is accepted that the wash fastness of the dyeings
secured is slightly inferior to those obtained with standard

reactive dyeing processes, the benefits of no salt, no alkali,
considerably less water consumption, less processing time,
minimal effluent, possibility of recycling dyebaths, deeper
shades and higher light fastness values make this pre-treatment
system a highly viable, greener alternative to standard reactive
dyeing processes on cotton.
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The condensation reaction of 4-oxo-(4H)-1-benzopyran-3-carbaldehydes and of aromatic aldehydes with
3-methyl-1-phenylpyrazolin-5-(4H)-one were carried out in an ionic liquid, ethylammonium nitrate, at room
temperature in shorter times with higher yields of 78–92 and 70–75%, respectively, than found using conventional
procedures.

Introduction

The Knoevenagel condensation reaction between carbonyl
compounds and active methylene compounds have largely been
studied in heterogeneous media. These reactions are also
facilitated by various catalysts.2

Because of their solvent properties, ionic liquids3,4 are
attracting increased attention. They afford significant environ-
mental benefits and can contribute to green chemistry. As the
introductions of cleaner technologies have become a major
concern throughout industry and academia, the search for
alternatives to the most damaging solvents has become a high
priority. Solvents are at higher position in the list of damaging
chemicals because of their requirement in large amounts and
their volatility.

Publications to date show that replacing organic solvents by
an ionic liquid can lead to remarkable improvements in well
known procedures.3–5

The condensation reactions of 4-oxo-(4H)-1-benzopyran-
3-carbaldehyde with compounds containing active methylene
groups are well known.6–11 These condensation reactions
require acid or base catalysts with a prolonged heating period.
The condensation reactions of 3-methyl-1-phenylpyrazolin-
5-(4H)-one are also known; they require microwave irradia-
tion12 or prolonged heating13 and the products are obtained in
low yields (33–47%).

Results and discussion

In continuation of work on 4-oxo-(4H)-1-benzopyran-3-carbal-
dehydes12,14 and 3-methyl-1-phenylpyrazolin-5-(4H)-one,12 we
have developed a newer route for the condensation of various
3-formyl chromone and aromatic aldehydes with active methy-
lene compounds such as 3-methyl-1-phenylpyrazolin-5-(4H)-
one in an ionic liquid, ethylammonium nitrate, carried out at
room temperature with constant stirring (Tables 1 and 2). The
substrate, 4-oxo-(4H)-1-benzopyran-3-carbaldehyde has three
active sites: the a,b unsaturated carbonyl group i.e. the pyrone
ring, a carbon–carbon double bond and a formyl group. Of
these, the formyl group has the highest reactivity towards active
methylene compounds. In this methodology, reactions were
completed in a shorter time and with higher yields as compared
to the reported methods. In addition, the conditions applied for
the reactions are very mild. The condensed products are isolated

(a) by pouring the reaction mixture in cold water, which
precipitates the solid product, filtering the obtained solid and
recrystallizing from the appropriate solvent or (b) by extraction
with diethyl ether, during which the ionic liquid separates and
can be re-used. Products 3a and 3b are also isolated by distilling
out the solvent under reduced pressure leaving the product in the
reaction flask.

Conclusions

The ionic liquid ethylammonium nitrate acts as an excellent
solvent for Knoevenagel condensation reactions. In this reaction
no additional catalyst is required for the condensation of 4-oxo-
(4H)-1-benzopyran-3-carbaldehydes or aromatic aldehydes
with 3-methyl-1-phenylpyrazolin-5-(4H)-one i.e. the ionic
liquid acts as both solvent and catalyst. The liberated water
during the reaction was adsorbed by the ionic liquid and hence
the reactions proceed well. The condensation reactions were
completed in very short time compared to reported methods. For
4-oxo-(4H)-1-benzopyran-3-carbaldehyde, which has three ac-
tive sites, the reactions selectively occurred at the formyl group.
All the reactions were carried out at room temperature with
constant stirring i.e. using mild reaction conditions. Using this
method the yields of the condensed products were high. (Tables
1 and 2).

Experimental

Melting points were measured in open capillaries in a paraffin-
bath and are uncorrected. The reactions were monitored via
TLC [silica, light petroleum–EtOAc (8+2)]. IR spectra were
recorded as Nujol mulls on an FTIR instrument.1H NMR

† See ref. 1.

Green Context
The Knoevenagel condensation reaction is a simple and
effective method for forming carbon–carbon bonds. It has
been widely studied in the context of green chemistry as a
reaction that can be catalysed by solid bases, for example,
but these systems generally require a solvent and a catalyst.
Here we see how an ionic liquid can replace both the solvent
and the catalyst, giving a simpler system—a good example of
green chemistry reductions. JHC

This journal is © The Royal Society of Chemistry 2002
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spectra were recorded at 300 MHz with CDCl3 as solvent and
TMS as an internal standard. Elemental analyses were con-
sistent with the structures.

Spectral data of principal compounds

3d. IR/cm21: 3057(–C–H, Ar–H), 1788 (CNO, pyrazolinyl),
1687 (CNN, pyrazolinyl),1580 (CNC), 1095 and 750 (C–O–
C).

The 1H NMR spectrum showed characteristic signals at d
2.35 (s, 3H,–CH3), 3.89 (s, 3H, –OCH3), 6.98 (d, 2H, aromatic),
7.17 (t, 1H, aromatic), 7.32 (s, 1H, olefinic), 7.40 (t, 2H,
aromatic), 7.95 (d, 2H, aromatic), 8.58 (d, 2H, aromatic).

Mass spectrum: m/z 293 (M + 1) and 292 (M+), 251, 224, 185,
168, 149, 137, 110, 91, 81, 71, 69, 57 (base peak), 55.

5a. The IR spectrum showed characteristic absorption bands
(cm21) at 3063 (–C–H, Ar–H), 1790 (CNO, pyrazolinyl), 1685
(CNN, pyrazolinyl), 1654 (CNO, chromone), 1460 (g-pyrone),
750 (C–Cl).

The 1H NMR spectrum showed characteristic signals at d 2.4
(s, 3H,–CH3 ), 7.1–7.9 (m, 8H, aromatic and olefinic protons),
8.2 (d, 1H, J = 2.4 Hz, R4 = H), 10.8 (s, 1H, C2–H of chromone
moiety).

Typical experimental procedure

A mixture of 4-oxo-(4H)-1-benzopyran-3-carbaldehyde or
aromatic aldehyde (10 mmol) and active methylene compound
3-methyl-1-phenylpyrazolin-5-(4H)-one (10 mmol) in an ionic
liquid; ethylammonium nitrate (20 mmol) were stirred at room

temperature for 20–30 min. The progress of the reaction was
monitored by TLC. After completion of the reaction, the
following three methods were used to isolate the products.

(a) 3a–e and 5a–e: The above stirred reaction mixture was
poured in to crushed ice, the solid separated out, filtered off,
recrystallized from an appropriate solvent, and melting point
recorded.

(b) 3a–e and 5a–e: diethyl ether was added to the reaction
mixture, the organic layer separated, dried over sodium sulfate
and the diethyl ether evaporated to obtain the solid product. The
other layer consists of the ionic liquid.

(c) 3a and 3b: the solvent was distilled under reduced
pressure to leave the product.
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An environmentally benign method for the synthesis of biphenylurea (BPU) in the presence of ecofriendly
catalysts has been reported. Catalytic activity of various metal aluminophosphates, M-AlPO4 (M = V, Fe, Co, Ni
and Cu) and cobalt supported on hydrated Al2O3, SiO2 and ZrO2 has been investigated in the synthesis of BPU
from aniline and dimethyl carbonate (DMC). All the catalysts used are amorphous. The catalytic activity studies
have been carried out in the liquid phase under refluxing conditions. Formation of BPU is found to depend on the
type of the catalyst, the molar ratio of aniline to DMC and the duration of the reaction. N-Methylaniline and
methyl -N-phenylcarbamate are formed as by-products of the reaction. Of all the catalysts used, Co-AlPO4 has
been found to yield the highest percentage of BPU whereas cobalt supported hydrated Al2O3, SiO2 and ZrO2

failed to give any BPU.

Introduction

Biphenylurea (BPU) and its derivatives are important fine
chemicals. They have found extensive useful applications as
tranquilizers and antibiotic drugs, antioxidants in gasoline,
corrosion inhibitors and herbicides.1 Accordingly there have
been numerous attempts to produce biphenylurea. However, the
methods adopted to synthesize BPU involve either hazardous
chemicals (SeO2) or expensive metal (Zr, Mo, Pt, Rh) or in
some cases the reactant (phosgene) itself is highly toxic.2–4 In
this article we present the use of metal aluminophosphates as
inexpensive and ecofriendly catalysts for the synthesis of
biphenylurea viz., alkylation of aniline using DMC. Dimethyl
carbonate (DMC) which is used as one of the reactants in this
work is produced by reacting phosgene with methanol.
Enichem, however, have developed a non-phosgene DMC
production route on an industrial scale based on one step
oxycarbonylation of CH3OH.5,6

In the area of heterogeneous catalysis, alkylation of aniline
has been extensively studied, as this reaction yields chemicals
used as intermediates in dyes and pharmaceuticals. This
reaction has been investigated using different alcohols7 and
dimethylcarbonate (DMC)8,9 as the alkylating agents in the
presence of various solid acids and bases as catalysts.10,11 It is
reported that in the presence of solid acid/base catalysts,
alkylation of aniline using alcohol or DMC as alkylating agents,
only C- and/or N-alkylated products are obtained. However, we
have observed in our present investigation that BPU is formed
as one of the major products in alkylaltion of aniline by DMC in
the presence of amorphous metal aluminophosphate catalysts.

The aim of the present investigation was to measure the
activity of various matal aluminophosphates and cobalt contain-
ing hydrated Al2O3, SiO2 and ZrO2 in alkylation of aniline by
DMC to give BPU. The effect of variation of reaction
parameters such as duration of the reaction, molar ratio of the
reactants etc., on the yield of BPU have also been investigated.
In this paper we highlight the use of amorphous M-AlPO4 (M =
Fe, Co, Ni and Cu) as ecofriendly and inexpensive catalysts in
the synthesis of BPU in the liquid phase from aniline and
DMC.

Experimental

Preparation of the catalysts

Preparation of AlPO4 and M-AlPO4. Aluminophosphate
(AlPO4) and M-AlPO4 (M = V, Fe, Co, Ni, Cu,) were prepared
by a precipitation method using aqueous ammonia (28%) as the
precipitating agent as described in the literature.12 The precip-
itate after washing with deionised water was initially dried
overnight at 120 °C and finally calcined at 550 °C for 5 h.

Preparation of catalysts containing Co on hydrated
Al2O3, SiO2 and ZrO2. Al(OH)3 gel was initially prepared by
adding dropwise aqueous ammonia (28%) to a hot aqueous
solution of aluminium nitrate containing 50 g of the salt per 500
cm3 of the solvent. The precipitate was separated by filtration,
washed free from the anions, dried at 120 °C in an air oven for
24 h, and calcined at 550 °C for 5 h to obtain hydrated Al2O3.
Similarly, hydrated ZrO2 was obtained starting from zirconium
oxychloride using aqueous ammonia (28%)13 as the precipitat-
ing agent. Hydrated SiO2 was obtained starting from sodium
silicate. Concentrated nitric acid was used as the precipitating
agent.14

Green Context
Traditional syntheses of many important chemical inter-
mediates suffer from the use of hazardous reagents and the
simultaneous production of large volumes of waste. The
synthesis of biphenylureas is a good example of this and can
involve such undesirable chemicals as phosgene and sele-
nium oxide. Clean synthesis is about simplified routes, non-
hazardous chemicals and low waste production. Here we see
a cleaner synthetic route to these useful ureas. Dimethyl
carbonate and anilines are reacted together with solid
M-AlPO4 type catalysts. Under careful control of the
reaction conditions, good selectivity to the desired ureas can
be achieved. JHC

This journal is © The Royal Society of Chemistry 2002
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The hydrated metal oxides were separately mixed with cobalt
acetate solution (5 ml per 10 g of the oxide) so as to have 5% Co
in the oxide. The mixture was ground well using a pestle and
mortar, dried overnight at 120 °C and calcined at 550 °C for 5
h.

Characterization of catalysts

All catalysts were analyzed for their chemical composition.
XRD patterns of these samples were recorded on a Philips
PW1349/30 diffractometer. The total acidity of the samples was
measured by the n-butylamine back titration method15–18 and
the surface area by the BET technique using NOVA-1000 Ver:
3.7 instrument.

Catalytic activity studies

Catalytic activity studies were carried out at ambient pressure in
the liquid phase under refluxing conditions. AlPO4 and M-
AlPO4 were used as the catalysts in the reaction between aniline
and DMC. The reaction parameters such as duration of reflux
and aniline/DMC molar ratio were altered to check their effect
on the product selectivity. In every case a blank parallel reaction
was carried out in the absence of any catalyst. After a given
period of time the reaction mixture was cooled and filtered, to
separate the catalyst from it. The filtrate was analyzed by GC,
using 10% Apeizonal + 10% KOH on Chromosorb W-AW, 2 m
stainless steel column coupled with FID. The products were
identified by comparing with standards. The solid product if
any, was separated from the catalyst using hot ethanol. Purity of
the solid product was checked by TLC and its melting point and
further characterized by GC-mass, mass, 1H NMR, 13C NMR,
IR and UV-Vis spectral analysis.

Results and discussion

Surface acidity and the BET surface of all the catalyst samples
are given in the Table 1. The surface area is found to be in
agreement with the values reported in the literature for the
corresponding samples so also the surface acidity values.

Analysis of the reaction mixture obtained by refluxing a
solution (20 ml) of 1+5 mol/mol aniline/DMC for 2 h in the
presence of 0.5 g of AlPO4 or M-AlPO4 indicated that no
reaction occurred between aniline and DMC to yield either N-
or C-alkylated products. However, when the reaction mixture
was refluxed for 4 h, N-methylaniline (NMA) and methyl N-
phenylcarbamate were selectively formed but to an extent of
only around 3 and 18%, respectively. Further increase in the
duration of the reaction to 6 and also to 8 h resulted no change
in the nature and the percentage of the respective products.

Expecting a better conversion of aniline, a reaction mixture
containing a higher concentration of aniline i.e., a 1+1 mol/mol
aniline–DMC solution, was refluxed for 4 h in the presence of
the solid catalysts. The results were as expected but still the
selectivity towards the nature of the products remained

unchanged (Table 2). The catalytic activity of various catalysts
towards the formation of carbamate was found to be in the
order:

Co-AlPO4 ≈ Ni-AlPO4 ≈ Cu-AlPO4 > V-AlPO4

> Fe-AlPO4 > AlPO4

These results prompted us to check the effect of further
increase in the concentration of aniline and duration of the
reaction on the percentage conversion of aniline and the nature
of the products. For this purpose Co-AlPO4 was selected as this
catalyst showed highest activity in these experiments.

When a reaction mixture of 1+1 mol/mol aniline–DMC and
the catalyst was refluxed for 6 h, very interestingly, needle like
crystalline solid product appeared in the reaction mixture, in
contrast to what has been reported. TLC analysis of this solid
product and its sharp melting point indicated a high purity of the
solid. Mass, 1H NMR, 13 C NMR, IR and UV–Vis spectral
analysis and a comparison with a standard revealed that the
solid was N,N-biphenylurea, BPU (carbanilide). The results of
further investigations carried out on Co-AlPO4 using 2+1
aniline/DMC varying the duration of the reaction (2, 4, 6 and 8
h) were informative. With increasing the reaction time carba-
mate formation totally disappeared and that of N,NA-biphenyl-
urea increased. This indicates that the carbamate is the reaction
intermediate in the formation of carbanilide.

Finally, the catalytic activity of all the other M-AlPO4

catalysts was investigated for the formation of carbanilide. The
reactions were carried out using 1+1 and 2+1 mol/mol aniline–
DMC solutions keeping the reaction time constant as 4 h. The
results are presented in Table 3. It is noticed that when 1+1
solution was used all the catalysts were found to give NMA and
carbamate. However 2+1 solutions led to only NMA and
carbamate in the presence of AlPO4 and V-AlPO4 catalysts but
other M-AlPO4 (M = Fe, Co, Ni and Cu) did not lead to any
carbamate but only carbanilide in the product mixture. Thus, M-
AlPO4 catalysts are found to be active as well as selective for the
synthesis of biphenylurea in liquid phase alkylation of aniline
by DMC.

The catalytic activity of cobalt aluminophosphates was
compared with cobalt supported on hydrated Al2O3, SiO2 and
ZrO2.It was obseverd in the latter cases that only N-methylani-
line was formed to a considerable extent and carbamate was
obtained as only a minor product. However, none of the
catalysts showed any activity towards formation of BPU (Table

Table 1 Surface acidity (total) and BET surface area of catalysts

Catalyst
Total surface
acidity mmol/g

BET surface
area/m2 g21 Catalyst

Total surface
acidity mmol/g21

BET surface
area/m2 g21

AlPO4 0.41 172.0 Al2O3 0.37 201
V-AlPO4 0.39 160.3 Co-Al2O3 0.42 190
Fe-AlPO4 0.38 161.0 SiO2 0.53 105
Co-AlPO4 0.46 159.0 Co-SiO2 0.58 115
Ni-AlPO4 0.32 171.0 ZrO2 0.62 98
Cu-AlPO4 0.34 168.0 Co-ZrO2 0.59 98

Table 2 Aniline conversion and the distribution of products formed in
liquid phase alkylation of aniline with DMC over metal aluminophosphates
(reaction time 4 h and 1+1 mol/mol aniline–DMC)

Product yield (%)

Catalysts
Aniline
conversion (%) NMA Carbamate

AlPO4 10 2 8
V-AlPO4 37 8 29
Fe-AlPO4 24 8 16
Co-AlPO4 48 13 35
Ni-AlPO4 45 10 35
Cu-AlPO4 38 4 34
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4). Preliminary investigations on the reaction of substituted
anilines (toludines and chloroaniline) and DMC (1+1 and 2+1)
in the presence of Co-AlPO4 did not give any C- or N-alkylated
anililines or substituted BPU.

The results indicate that there is no correlation between the
surface acidity of the solid catalysts used and their catalytic
activity towards BPU formation. This indicates that it may not
the strong acidity or basicity of the solids used as catalysts that
is the only factor that determines their activity in the formation
of BPU. A more detailed explanation based on the surface
properties of M-AlPO4 including acid–base and redox behavior
awaits further investigation. It can however be stated that M-
AlPO4 catalysts may be used for the synthesis of N,N-
biphenylurea under very mild conditions in place of envir-
onmentally hazardous and expensive catalysts. The present
study is the first of its kind with respect to the use of M-AlPO4

catalysts for BPU synthesis.

Conclusion

In the presence of amorphous M-AlPO4 (M = V, Fe, Co, Ni and
Cu) as catalysts, aniline and dimethyl carbonate (DMC) react
under refluxing conditions to yield N-methylaniline, methyl N-
phenylcarbamate and N,N-biphenylurea (BPU). The nature of
the products depends not only on the type of the catalyst used
but also on the duration of the reaction and the aniline+DMC
molar ratio. At higher concentration of aniline i.e., 2+1 mol/mol
aniline–DMC, the conversion to BPU is very good. Of all the
catalysts used Co-AlPO4 led to the highest yield of BPU. A
comparison of the catalytic activity of M-AlPO4 with cobalt
containing hydrated Al2O3, SiO2 and ZrO2 revealed that the
latter samples are inactive in the formation of BPU. No
correlation between the surface acidity of the catalyst and their
catalytic activity in the formation of BPU was observed.
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Table 3 Product distribution in the reaction between aniline and DMC in the presence of M-AlPO4 catalysts (M = V, Fe, Co, Ni and Cu; reaction time
4 h)

Catalyst
Aniline+DMC molar
ratio

Aniline conversion
(%) NMA (%) Carbamate (%)

Carbanilide
(%)

AlPO4 1+1 10 2 8 —
2+1 29 13.5 15 —

V-AlPO4 1+1 37 8 29 —
2+1 38 17 30 —

Fe-AlPO4 1+1 25 8 16 —
2+1 77 22 — 54.5

Co-AlPO4 1+1 48.5 13 35 —
2+1 92 24 — 68

Ni-AlPO4 1+1 46 10 36 —
2+1 83 23 — 59.5

Cu-AlPO4 1+1 43 9 35 —
2+1 75 24 — 50.5

Table 4 Activity of oxides and cobalt containing hydrated metal oxides in the reaction between aniline and DMC (reaction time 4 h)

Catalyst Aniline+DMC Aniline conversion NMA (%) Carbamate (%) BPU (%)

Al2O3 1+1 7 3 4 —
2+1 28 14 14 —

Co-Al2O3 1+1 11 4 7 —
2+1 49 29 20 —

SiO2 1+1 — — — —
2+1 4 4 — —

Co-SiO2 1+1 12 11 1 —
2+1 14 12 2 —

ZrO2 1+1 — — — —
2+1 4 4 — —

Co-ZrO2 1+1 — — — —
2+1 8 8 — —
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It has been found that the ionic liquid 1-butyl-3-methylimidazolium hexafluorophosphate is a good substitute
solvent for CH2Cl2 to conduct the enantioselective cyanosilylation of aldehydes to their silylated cyanohydrins,
using trimethylsilyl cyanide as reagent and a Schiff base vanadyl complex as catalyst. The mass balances ( > 90%),
conversions ( > 80%) and enantiomeric excess (88% < ee < 90%) were high and comparable to those achieved in
CH2Cl2. The ionic liquid containing the catalyst can be reused at least four times without loosing activity.

Introduction

It is very well known that the medium, and specifically the
solvent, plays a dramatic influence on the outcome of a
chemical reaction. In recent years there has been an increasing
interest in exploiting the potential of ionic liquids as reaction
media aimed to develop green chemistry, avoiding the use of
volatile organic solvents1 and allowing reuse of the catalyst.2
Ionic liquids being aprotic solvents combine a relative high
polarity estimated between acetonitrile and methanol3 with a
broad capacity to dissolve organic compounds. In two pioneer-
ing reports, it was been shown that ionic liquids of the N,NA-
dialkylimidazolium type can be good solvents to perform
enantioselective catalytic reactions such as alkene epoxida-
tions4 and asymmetric ring opening of epoxides.5As a follow up
of these studies, herein we report our study on the asymmetric
synthesis of cyanohydrins catalysed by a chiral vanadyl Schiff
base.

The reaction under study is shown in eqn. (1) and uses
trimethylsilyl cyanide (TMSCN) as the nucleophilic reagent.
Enantiomerically pure mandelonitrile is currently produced in
multi-hundred ton scale, being one of the highest-production
volume compounds in asymmetric catalysis. This reaction is
therefore very important from the synthetic and commercial
point of view6 and has recently been studied in dichloro-
methane,7 a chlorinated solvent that is clearly unsatisfactory
due to enviromental concerns. In addition, the high cost of the
chiral catalyst and the need of reuse require of a more suitable
reaction medium. Based on the precedents reporting the use of
Mn and Cr Schiff base complexes as catalysts in ionic liquids
for other enantioselective reactions, we anticipate that they
could also be advantageous for the asymmetric synthesis of
cyanohydrins.8

Results and discussion

In a first stage, we used benzaldehyde as the substrate and
selected four different imidazolium melts as solvents in which
the alkyl substituent as well as the counter anion were varied.

(1)

The results obtained as well the reaction conditions are
indicated in Table 1. For the sake of comparison we have also
included one result (entry 1) in dichloromethane under
comparable experimental conditions. The conversion and
enantiomeric excess (ee) obtained by us in CH2Cl2 agrees
relatively well with the original results reported in the literature
(100% conversion and 94% ee).7a Comparing entries 2–5 of the
Table 1, it can be seen that hexafluorophosphate is much more
convenient than chloride or tetrafluoroborate as counter anion.
Related precedents in which the nature of counter anion also
plays an important role in the results achieved for a catalytic

† Dedicated to Prof. W. Adam on the occasion of his 65th birthday.

Green Context
The use of ionic liquids as involatile solvents for organic
chemistry is a major area of green chemistry research. In
this article, an asymmetric synthesis using an ionic liquid–
catalyst system is described. The conversions, enantiameric
excess and mass balances are all high. Of particular note is
the demonstration of good reusability of the catalyst–solvent
system. JHC

This journal is © The Royal Society of Chemistry 2002
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reaction in ionic liquids can be found in the literature.5 Although
not fully understood, the influence of the counter anion can be
due, at least in part, to the difference in viscosity of the ionic
liquids. Preliminary work from our laboratory has shown that
the ee values achieved in this reaction are very sensitive to the
solvent.9 On the other hand, the performance of [bmim][PF6]
and [emim][PF6] are very similar, although the latter shows
consistently higher conversion and enantioselectivity than the
butyl analogue [bmim]. Subsequent studies were, therefore,
carried out in [emim]PF6.

With these results we extended our study to other aldehydes,
namely cinnamaldehyde, 2-fluorobenzaldehyde and hexanal.
The results obtained (see Table 2) show, for all the compounds
under study, high conversions and good recoveries but,
importantly, excellent enantioselectivities.

When dealing with reactions in ionic liquids one important
point that requires attention is the mass balance of the recovered
material after the reaction. Surprisingly no data concerning the
mass balance have been reported in the precedents describing
the use of ionic liquids in enantioselective reactions. In fact the
main advantage of the use of ionic liquid is that once the
reaction is complete the product should be recoverable by
simple liquid–liquid extraction using a solvent immiscible with
the ionic liquid. The success of this approach depends on the
recovery of the reaction products while the catalyst remains in
the ionic liquid.

In our hands using nitrobenzene as external standard the mass
balances of the recovered material after extraction of the

reaction mixture in ionic liquids with hexane were excellent
(see Tables 1 and 2) except for the case of [bmim][Cl], for
which lower values were obtained. It is also observed that, when
the reaction is complete and the products extracted, the ionic
liquid [emim][PF6] containing the chiral catalyst could be
reused four times without significant variations in the conver-
sion, mass balance and enantioselectivity (see Table 3). Control
experiments have shown that vanadyl salen complex is almost
totally insoluble in hexane and highly soluble in ionic liquids.

In conclusion, we have found, as an alternetive to dichloro-
methane, that the ionic liquid [emim][PF6] is a very convenient
reaction medium for the enantioselective formation of cyanohy-
drins. The enantiomeric excesses achieved are very high and
comparable to those obtained in CH2Cl2. The products can be
recovered by extraction with hexane and the ionic liquid reused
several times. Our communication constitutes another example
of the advantages of ionic liquids in enantioselective cataly-
sis.

Experimental

The ionic liquid [emim]PF6 was prepared according to the
procedures reported in the literature.11 The ionic liquids
[bmim]PF6 and [bmim]Cl were purchased from Solvent
Innovation. The ionic liquid [bmim]BF4 was synthesized from
[bmim]Cl and NH4BF4 in dry acetonitrile at 60 °C for 20 h
under N2.

Before starting the reaction the ionic liquids (1 ml) were dried
by heating at 50 °C under reduced pressure for 12 h (0.1 Torr).
The vanadyl salen complex (10 mg) was added and the liquid
stirred at room temperature for 15 min until dissolution of the
solid was complete. The vanadyl salen complex was prepared
using vanadyl sulfate and (R,R)-(2)-N,N’-bis(3,5-di-tert-bu-
tylsalicylidene)-1,2-cyclohexanediamine12 in ethanol–water
(1+1) following the reported procedure.13 Aldehyde (1,64
mmol) and TMSCN (1.1 eq.) were added to the ionic liquid
containing dissolved catalyst and the mixture stirred at room
temperature under N2 for 24 h. After this time the ionic melt was
extracted with hexane (2 3 10 ml). To determine the mass
balance, a given amount of ionic liquid was taken, weighed and
dissolved with dichloromethane. To this solution nitrobenzene
(5 ml) was added as external standard and the solution injected
in a GC (TRB5, capillary column). The enantiomeric excess
was determined in a chiral GC column (Chiraldex g-TA, 30 m,
0.25 mm). By analogy with the literature,7 all products have an
excess of the (S)-enantiomer of the cyanohydrin derivative.
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Table 1 Enantioselective synthesis of the benzaldehyde cyanohydrin
catalyzed by chiral vanadyl salen complex using differents ionic liquids as
solvents.a

Entry Solvent
Viscosityb/
cP

Conversionc

(%) Eed (%)
Mass
balancee (%)

1 CH2Cl2f — 90 90 —
2 [emim]PF6 — 85 89 95
3 [bmim]PF6 312 83 85 93
4 [bmim]Clg Solid 40 35 70
5 [bmim]BF4 154 63 5 90
a All reactions were run for 24 h in an N2 atmosphere: benzaldehyde (1.64
mmol), TMSCN (1.1 eq.), catalyst (1 mol%) and ionic liquid (1 ml). b See
ref. 10. c Determined in a GC column (TRB5, 30 m, 0.25 mm).
d Determined in a chiral GC column (Chiraldex g-TA, 30 m, 0.25 mm).
e Determined using nitrobenzene as external standard. f t = 3 h, CH2Cl2 (1.9
ml). g Temperature = 75 °C.

Table 2 Enantioselective synthesis of different cyanohydrins catalyzed by
a chiral vanadyl salen complex using [emim]PF6 as solvent.a

Aldehyde Cyanohydrin
Conv.b
(%) Eec (%)

Mass
balanced (%)

85 89 95

76 98 87

81 86 84

97 83 94

a All reactions were run for 24 h in an N2 atmosphere: aldehyde (1.64
mmol), TMSCN (1.1 eq.), catalyst (1 mol%) and [emim]PF6 (1 ml).
b Determined in a GC column (TRB5, 30 m, 0.25 mm). c Determined in a
chiral GC column (Chiraldex g-TA, 30 m, 0.25 mm). d Determined using
nitrobenzene as external standard.

Table 3 Recycling of the [emim]PF6 and vanadyl salen complex in
synthesis of the benzaldehyde cyanohydrina

Run Conversionb (%) Eec (%)
Mass balanced

(%)

1 85 89 95
2 79 88 96
3 89 90 99
4 80 88 93
5 83 89 95

a All reactions were run for 24 h in an N2 atmosphere: benzaldehyde (1.64
mmol), TMSCN (1.1 eq.), catalyst (1 mol %) and [emim]PF6 (1 ml).
b Determined in a GC column (TRB5, 30 m, 0.25 mm). c Determined in a
chiral GC column (Chiraldex g-TA, 30 m, 0.25 mm). d Determined using
nitrobenzene as external standard.
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Perfluorocarbons have been used effectively as solvents and bulking agents in the reactions of toluene, benzene,
phenol, benzyl chloride and chlorobenzene with nitric acid or dinitrogen pentoxide to yield highly nitrated
products. Reactions are carried out in a single stage, at lower temperatures, and producing smaller amounts of
waste acid than in traditional processes.

Introduction

Nitration is one of the key processes in synthetic chemistry and
is widely used industrially.1,2 Despite the recent use of solid
supports, including zeolites3–5 and claycop,6 particularly for the
regiospecific nitration of aromatic compounds, and the effective
use of dinitrogen pentoxide as a nitrating agent,7 the most
commonly used medium is still nitric acid in sulfuric acid
(mixed acid). This system is used in the polynitration of toluene,
benzene and phenol to produce energetic materials.

A major environmental problem with the use of mixed acid is
the disposal of the spent materials. Here we report on the
effective use of perfluorocarbons as bulking agents to reduce
the quantity of waste products. Compounds, including per-
fluoromethylcyclohexane 1, perfluorodecalin 2, perfluoro-
perhydrophenanthrene 3 and perfluoroethers 4, are now com-
mercially available. They are not ozone depleters and are
chemically inert and immiscible with most organic solvents and
aqueous media. This inertness has led to their previous use as
solvent replacements or bulking agents8,9 for reactions includ-
ing halogen exchange10 and transesterification.11 In the nitra-
tions we describe the solvents may be recycled without
decomposition or measurable decrease in volume so that there is
minimal loss to the gas phase.

Results and discussion

We examined the nitrations of toluene 5, benzene 6, phenol 7,
benzyl chloride 8 and chlorobenzene 9, using three nitrating
systems: A, pure nitric acid, B, nitric acid and 98% sulfuric acid,
and C, dinitrogen pentoxide, N2O5. Water has an extremely low
solubility, < 10 ppm, in the perfluorocarbons and nitric and
sulfuric acids are virtually insoluble. However N2O5 has

appreciable solubility,12 ca. 1 mol dm23. Hence systems A and
B consisted of two phases while system C was homogeneous.
There is a paucity of inert organic solvents in which N2O5 may
be safely handled and an important aspect of our results is that
they show that system C is a very effective medium for carrying
out nitrations of arenes.

Typically the arene, 5–9 was dissolved in the perfluorocarbon
solvent to give a saturated solution at the reaction temperature
and the nitrating agent was added. For systems A and B, where
the acid formed the upper layer, the mixture was heated with
stirring under a reflux condenser for the required time. After
cooling, water was added and the upper layer was separated and
neutralised with sodium hydrogen carbonate. A solid separated
which was filtered off, washed with water and dried. Compar-
ison of the 1H NMR spectrum in [2H6]-DMSO with spectra of
authentic samples of the expected products allowed identifica-
tion, and the integration of appropriate bands allowed the
composition to be determined. Chemical shifts are in Table 1.

Use of perfluorocarbon, recycled without purification was
equally effective. No discolouration occurred on continued use
and the infrared spectra of 4 measured before and after use were
identical, indicating the absence of decomposition. The volume
loss on solvent recycling was < 3%.

In the case of system C the mixture was homogeneous and
because of the decomposition of N2O5 at higher temperatures
reactions were carried out either at 0 °C or ambient temperature
(ca. 25 °C). The usual method of product separation was by
extraction with water followed by neutralisation and filtration.
An alternative was to extract with dichloromethane (three

Green Context
Aromatic nitration is one of the most troublesome function-
alisations in the context of green chemistry. Traditional
processes employ large volumes of dangerous strong acid
and lead to large volumes of waste. Despite some break-
throughs based on the use of solid catalysts and the use of
dinitrogen pentoxide as a nitrating agent, major problems
remain especially when polynitration is required (for the
production of energetic materials). Here the novel use of
perfluorocarbons in polynitration reactions is described.
Very good yields of polynitroaromatics can be achieved with
much smaller quantities of hazardous mineral acids than
are normally employed. The perfluorocarbons are easily
and efficiently recovered for reuse. JHC
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DOI: 10.1039/b200627h Green Chemistry, 2002, 4, 275–278 275

D
ow

nl
oa

de
d 

on
 3

1 
O

ct
ob

er
 2

01
0

Pu
bl

is
he

d 
on

 2
1 

M
ay

 2
00

2 
on

 h
ttp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/B

20
06

27
H

View Online

http://dx.doi.org/10.1039/B200627H


times) which is immiscible with the perfluorocarbons. After
neutralisation with potassium hydrogen carbonate and filtration,
solvent removal yielded the product.

Our aim was to produce multiple nitrations while minimising
the amounts of waste products for disposal.

Nitration of toluene

Measurement of the UV absorbance at 260 nm allowed the
solubility of toluene in perfluorocarbons to be determined.
Values found for saturated solutions at 25 °C were 1, 0.39 mol
dm23; 2, 0.29 mol dm23; 3, 0.11 mol dm23; 4, 0.18 mol dm23.
Nitrated derivatives have considerably lower solubilities, e.g. in
3: 4-nitrotoluene, 0.012 mol dm23; 2,4-dinitrotoluene, 4.5 3
1024 mol dm23.

In systems A and B reaction is likely to occur at the interface
between toluene in the perfluorocarbon, and the nitrating agent
in the upper layer. The results summarised in Table 2 show that
where dinitrotoluenes are isolated the ratio of the 2,4-isomer to
the 2,6-isomer is generally ca. 4+1 which is typical for
nitronium ion nitrations.1,14 However the use of 4 does appear
to enhance the proportion of 2,4-isomer isolated.

Using nitric acid alone allows the ready conversion of toluene
to dinitrotoluenes but no significant conversion to 2,4,6-trinitro-
toluene (TNT) was observed even in the presence of excess acid

or using Nafion-H as an activator. However the use of mixed
acid, system B, results in virtually complete conversion of
toluene to TNT, with perfluorocarbons 1 and 2 giving better
results than 3 or 4. Yields of isolated products were > 60%, and
for 1 with 5 equivalents of nitric and sulfuric acids a yield of
85% of TNT was achieved at 70 °C after 6 h. This compares
with the conventional process which involves stepwise nitra-
tions, mono- to di- to tri-nitrotoluene, each involving excess
nitric acid with sulfuric acid as solvent.15,16 The final stage is
carried out at 90–100 °C with a two to three-fold excess of nitric
acid in oleum (15% free sulfur trioxide) as solvent. Reactions on
solid supports, although environmentally more friendly, do not
yield trinitro-derivatives.6

The reaction of toluene with dinitrogen pentoxide, system C,
occurs in solution. The mechanism is likely to involve reaction
with molecular N2O5 probably with a cyclic transition state.12,17

This is a less powerful nitrating system than system B although
some TNT is formed after prolonged reaction with 5 equivalents
of N2O5. Due to the decomposition of N2O5 at higher
temperatures reaction at 0 °C is more effective than at 25 °C.

Nitration of benzene

Our efforts here were directed towards the formation of
1,3,5-trinitrobenzene (TNB) directly from benzene. The results

Table 1 1H NMR Shiftsa in [2H6-DMSO of reaction products

H2 H3 H4 H5 H6 CH3/CH2Cl

2,4-Dinitrotoluene — 8.72 — 8.45 7.80 2.63
2,6-Dinitrotoluene — 8.22 7.70 8.22 — 2.44
2,4,6-Trinitrotoluene — 9.01 — 9.01 — 2.54
1,3-Dinitrobenzene 8.82 — 8.65 7.96 8.65 —
1,2-Dinitrobenzene — 8.22 7.95 7.95 8.22 —
1,4-Dinitrobenzene 8.44 8.44 — 8.44 8.44 —
1,3,5-Trinitrobenzene 9.15 — 9.15 — 9.15 —
4-Nitrophenol 6.92 8.11 — 8.11 6.92 —
2,4-Dinitrophenol — 8.71 — 8.37 7.28 —
2,6-Dinitrophenol — 8.22 7.17 8.22 — —
2,4,6-Trinitrophenol — 8.58 — 8.58 — —
2,4-Dinitrobenzyl chloride — 8.77 — 8.59 8.08 5.14
2,6-Dinitrobenzyl chloride — 8.33 7.90 8.33 — 4.95
2,4-Dinitrochlorobenzene — 8.85 — 8.44 8.02 —
2,6-Dinitrochlorobenzene — 8.34 7.83 8.34 — —

a The expected spin-couplings were observed, Jortho = 8.1–9.0 Hz, Jmeta = 2.5–3.0 Hz.

Table 2 Summary of the reactions for nitration of toluene

Molar equivalents Compositionb (%)

PFC HNO3 H2SO4 N2O5 Temp/°C Time/h 2,4-DNT 2,6-DNT TNT

3 8 — — 75 2 80 20 0
4 5 — — 70 6 95 5 0
1 10a — — 70 6 75 25 0
1 5 5 — 70 2 67 8 25

4 49 8 43
6 3 0 97

2 5 5 — 80 2 30 0 70
4 10 0 90
6 3 0 97

4 5 5 — 70 2 71 12 17
4 68 0 32
6 68 0 32

4 10 10 — 70 2 3 0 97
3 9 7 — 75 2 57 8 35
3 13 10 — 75 6 5 0 95
2 — — 3 0 12 78 16 7
2 — — 5 0 12 73 16 11
2 — — 5 25 12 90 10 0

a Nafion-H membrane was added as a potential activator.13 b Values given are ±3%.
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in Table 3 show that although dinitration is readily achieved
only insignificant conversion to TNB is possible in these
systems which included nitric acid and oleum or nitric acid and
N2O5. As previously observed18,19 small proportions of 1,2- and
1,4-dinitrobenzene were formed in addition to the major
1,3-isomer.

Nitration of phenol

System C with N2O5 was used for the homogeneous nitration of
phenol. Products were separated by extraction with water.
Reaction with 3 equivalents of N2O5 for 10 min in 2 yielded
4-nitrophenol (24%), 2,4-dinitrophenol (24%), 2,6-dinitrophe-
nol (8%) and 2,4,6-trinitrophenol (44%). However when 7
equivalents of N2O5 were used for 2 h at 25° in 4,
2,4,6-trinitrophenol was isolated as the only product in 97%
yield. This method provides a convenient, one-step conversion
of phenol to its trinitro derivative, and is useful since the direct
reaction of phenol with nitric acid results in decomposition
through oxidation.20

Nitration of benzyl chloride 8 and chlorobenzene 9

The effectiveness of N2O5 in perfluorocarbons was also
observed in the nitrations of 8 and 9.

Reaction of 8 dissolved in solvent 1 containing 2.5 equiva-
lents of N2O5 gave 2,4- and 2,6-dinitrobenzyl chlorides in an
80+20 ratio with 90% yield. In the same solvent reaction of 9
with 3 equivalents of N2O5 gave 2,4- and 2,6-dichlorobenzenes
in a 97+3 ratio and 90% yield. Repeat experiments showed the
recycled solvent to be equally effective. However, trinitration
could not be achieved using excess N2O5. Extraction gives an
acidic solution, resulting from formation of nitric acid equiva-
lent to the N2O5 used, which must be neutralised. However the
acid to be disposed of is much less than in conventional
processes for the formation of dinitrobenzyl chlorides21,22 or
dinitrochlorobenzenes,23 which use sulfuric acid (ca. 10
equivalents) or oleum as the solvent.

Conclusions

The use of perfluorocarbons as solvents and bulking agents
allows the conversion of toluene to 2,4,6-trinitrotoluene, TNT,
in one stage and at lower temperatures and with less acid than in
traditional processes. The optimum conditions were using 1 at
70 °C with five equivalents of nitric and sulfuric acids; this gave
97% conversion to TNT in 85% yield after six hours. The
product separates on washing with water and the perfluor-
ocarbon can be recycled. Conversion of benzene to dini-
trobenzenes may be achieved using either nitric acid or
dinitrogen pentoxide; however trinitration was not observed.
Reaction of phenol with nitrogen pentoxide in 4 results in the
formation of 2,4,6-trinitrophenol in 97% yield. N2O5 in

perfluorocarbons may also be used in the dinitration of benzyl
chloride and of chlorobenzene.

Experimental

Aromatic substrates were the purest available commercial
samples. Perfluorocarbons 1–3 were obtained from F2 Chem-
icals and perfluoroether HT-135, 4, from the Montefluos
Company. Nitric acid was prepared by distillation from 98%
sulfuric acid and potassium nitrate. Dinitrogen pentoxide was
prepared by ozonation of N2O4 as described previously,24 and
was stored at 260 °C; solutions were prepared immediately
before use. All other chemicals and solvents were the purest
available commercial materials. UV absorption spectra were
recorded on Perkin-Elmer Lambda 2, or Shimadzu 2101-PC
spectrophotometers. 1H NMR spectra were recorded on Varian
VXR-200, VXR-300 or VXR-400 instruments using [2H6]-
DMSO as solvent.
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The first example of heterogeneous oxidation of secondary
amines by tungstate-exchanged Mg-Al layered double
hydroxides: a green protocol†
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Tungstate exchanged Mg-Al layered double hydroxides as a recyclable heterogenised catalyst along with H2O2 as
an oxidant for the oxidation of sec-amines to nitrones is developed for the first time, Reactions proceed at a fast
rate in aqueous media in a single step at room temperature in good to excellent yields. The heterogenised catalyst
showed higher activity (TOF) over their homogeneous analogues and other heterogeneous catalysts reported so
far. The obtained catalysts were well characterised by various instrumental techniques such as FT-IR
spectroscopy, thermal analysis (TGA and DTA), powder XRD and chemical analysis. The catalyst can be reused
for six cycles with consistent activity and selectivity.

Introduction

Oxidation of amines is of interest in view of metabolism of
amines in vivo. Nitrones, which are prepared by oxidation of
secondary amines, are highly valuable synthetic intermediates1

and excellent spin trapping reagents.2 In particular nitrones are
excellent 1,3 dipoles3 for the preparation of various nitrogen
containing biologically active compounds such as antibiotics,
alkaloids, aminosugars and b-lactams. The direct oxidation of
secondary amines is highly preferable to the classical methods
of preparation by condensation of carbonyl compounds with N-
monosubstituted hydroxylamines and oxidation of N, N-
disubstituted hydroxylamines4 as the preparation of the starting
hydroxylamines is generally very tedious. Consequently several
oxidising systems such as R2CuO2,5 Na2WO4 + H2O2,6 SeO2,7
tetra-n-propylammonium perruthenate (TPAP) + N-methyl-
morpholine N-oxide (NMO),8 and urea hydrogen peroxide
(UHP-M, M = Mo, W),9 methyltrioxorhenium
(MTO) + H2O2,10,11 flavin 4a-hydroperoxyflavin (4a-FlE-
tOOH)12 have been reported to provide nitrones under homoge-
neous conditions. Either stoichiomolar or catalytic quantities
are employed in these homogeneous oxidising systems to coax
the oxidation of secondary amines to nitrones to completion.
Homogeneous catalytic reactions are preferred over the reac-
tions that use stoichiomolar quantities, since the latter are not
only relatively expensive, but they also generate copious
amounts of heavy-metal waste. However, an ideal system for
such reactions would involve the use of a solid catalyst
conducted under heterogeneous conditions, which allows easy
separation of the catalyst from the reaction mixture and
adoptability in large-scale production to conform to the class of
AgreenerA technologies. Another issue that worries environmen-
talists is the use of undesirable organic solvents, methanol and
chlorinated hydrocarbons in such homogeneous reactions
discussed above. Heterogeneous catalysts viz. titanium silicates
conceived and employed for the oxidation of secondary amines
in an effort to reduce pollution, has the limited scope of utility
only to smaller molecules. Moreover in this process organic
solvents such as methanol were used to obtain higher
yields.13

In continued search for cleaner (‘greener’) technologies,
there is a definite need for catalytic oxidations that use dioxygen
(O2) or hydrogen peroxide as the stoichiometric oxidant14 in
conjunction with water as a solvent. Aqueous hydrogen
peroxide (30%) is an ideal oxidant in view of its high effective-
oxygen content, and cleanliness producing only water as by-
product, safety in storage and operation, and low cost of
production and transportation.15 Besides this, reactions per-
formed in water are safer, cheaper, and more environmentally
friendly so as to meet stringent environmental specifications.
With an ever-increasing level of global competition and
environmental consciousness, there is thus an incentive to find
new and strategically important processes with higher atom
utilisation preferably close to theoretical values to eventually
minimise pollution levels using greener ingredients.

The layered double hydroxides (LDH)16 which include
hydrotalcites and hydrotalcite like compounds have recently
received much attention in view of their potential usefulness as
adsorbents, anion exchangers and most importantly as cata-
lysts.17 The hydrophilicity of LDHs makes any hosted oxidation
catalyst water compatible so that reactions can be conducted
using water as the solvent. Recently we reported the catalytic N-
oxidation of tertiary amines by tungstate exchanged Mg-Al-
LDH catalyst in quantitative yields at faster rates in aqueous

† IICT Communication No: 020213.

Green Context
Like so may other oxidations, the oxidation of secondary
amines provides highly valuable synthetic intermediates.
Nitrones can be used to make important compounds
including alkaloids, antibiotics, aminosugars and b-lactams.
Unfortunately, and again like so many other oxidations,
traditional methods present many environmental, toxicity
and efficiency problems. Here we see the first reported
example of the oxidation of secondary amines using a solid
tungstate catalyst based on Mg-Al layered double hydrox-
ides. The oxidant (hydrogen peroxide) and solvent (water)
add to the environmental credentials of this new process.
Indeed, remarkably, water proves to be the best solvent of
several tested. JHC
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media.18 In this article, we report an efficient and heterogeneous
tungstate-exchanged layered double hydroxide (LDH-WO4) for
the oxidation of secondary amines using H2O2 as an oxidant in
water with good to excellent yields (Scheme 1). The present
catalyst has been shown to have good efficiency as reflected by
its high turnover frequency (TOF) and retention of catalytic
activity for several cycles. In addition, this is the first report on
oxidation of secondary amines using an LDH-derived cata-
lyst.

Results and discussion

The structure of LDH consists of brucite [Mg(OH)2] type
octahedral layers in which a part of the M(II) cations are
isomorphously substituted by Al(III) cations. The excess
positive charge of the octahedral layers resulting from this
substitution is compensated by interstitial layers built of anions
such as carbonates, nitrates, chlorides or cyanides as well as
containing water of crystallization. Redox properties in hydro-
talcites can be imparted and tuned according to the requirement.
This can be done in different ways: one is by incorporating
redox-active divalent or trivalent transition metal ions (or both).
A second option is to vary the ratios of the redox metal ions
chosen for the preparation of a specific catalyst. Yet another
manner in which the redox property of the LDH is tuned or
introduced is by incorporating transition metal oxides as anions
to neutralise positive charge developed as a result of iso-
morphous substitution of Mg in the main framework of brucite
as discussed above. These hydrotalcite like materials (LDHs)
are thus represented by the general formula [MII

1 2 xMIII
x-

.(OH)2]x+[(Ay2)x/y·nH2 O]x2where MII is a divalent cation such
as Mg, Cu, Ni, Co, Mn, Fe, Zn; MIII is a trivalent cation such as
Al, Fe, Cr, V, Ru, Rh, Ga, In; An2 is an interlayer anion such as
OH2, Cl2, CO3

22, NO3
2, SO4

22 and the value of x is in the
range of 0.1–0.33.

Small hexagonal LDH crystals with composition Mg1 2 x

Alx(OH)2Clx·zH2O were synthesized following existing proce-
dures (here, x = 0.25). The anionic species tungstate,
molybdate, vanadate and {PO4[WO(O2)]4}22 were exchanged
on to LDH-Cl to give a series of LDH oxidation catalysts, LDH-
WO4 (cat 1) (Fig. 1),17e LDH-MoO4 (cat 2) LDH-VO3 (cat 3)
and LDH-{PO4[WO(O2)]4} (cat 4),19 respectively. All these

catalysts are fully characterized by XRD, TGA–DTA and
chemical analysis.

X-Ray powder diffraction

The X-ray diffraction patterns of the powdered samples were
measured and LDH exchanged catalysts such as LDH-WO4 (cat
1), LDH-MoO4 (cat 2), LDH-VO3 (cat 3) and LDH-
{PO4[WO(O2)]4} show characteristic patterns of LDH (Fig.
2).20 No new significant peaks in the XRD pattern correspond-
ing to an insoluble Mg or Al salt to indicate the formation of
new phases are observed. The X-ray powder diffraction patterns
of the initial LDH materials and of the anion-exchanged LDH
(cat 1–4) hardly differ in the range 2q = 3–65°. The d003

reflection corresponds to the interlamellar distance plus the
thickness of mineral sheet (4.8 Å). In the case of the LDH
chloride precursor (Fig. 2(e)) and cat 1–4, no change in the
interlamellar distance is observed. These data clearly demon-
strate that the anion is not intercalated but present at edge-on
positions of the LDH in the solid catalyst.17e

Thermal analysis

The results of thermogravimetric analysis and corresponding
DTG profiles (Fig. 3) of solid catalysts (cat 1–4) and their
precursor, Mg-Al-Cl LDH, are summarised in Table 1. The
DTG shows two sets of endothermic peaks, a characteristic
pattern of LDH structure. The first endotherm of DTG below
280 °C corresponds to the release of surface (physically
absorbed) and interlayer water of the brucite. The second
endotherm in the range 280–535 °C is attributed to structural

Scheme 1 The oxidation of sec-amines to nitrones catalysed by tungstate-
exchanged Mg-Al-LDH.

Fig. 1 Schematic representation of LDH-WO4.

Fig. 2 X-Ray powder-diffraction patterns of various anion-exchanged
LDH catalysts and their precursor: (a) LDH-WO4, (b) LDH-MoO4, (c)
LDH-VO3, (d) LDH-{PO4[WO(O2)]4}, (e) Mg-Al-Cl LDH.
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dehydroxylation and decomposition of Cl2. In general the
weight loss above 410 °C in the TG curves may be assigned to
the elimination of unexchanged Cl2.21 These results clearly
indicate that there is no structural disorder even after the ion-
exchange.

FT-IR Spectroscopy

The obtained solids (cat 1–4) were studied by using FT-IR
spectroscopy to probe structural modifications before (Mg-Al-
Cl LDH) and after the anion-exchange process of the catalysts
(Fig. 4). All the catalysts cat 1–4 showed broad absorption
bands around 3400–3600 cm21 which are typical to that of OH
hydroxy stretching vibrations of brucite, whereas for interlayer
or physically adsorbed water the corresponding deformation
mode of OH appeared around 1630 cm21 in all the samples

tested.22 These FT-IR results also suggest that there is no
structural disorder even after the ion-exchange.

Chemical analysis

The chemical analysis of the catalysts showed the weight
percentage of tungstate in cat 1 = 11.3 and cat 4 = 21,
molybdate in cat 2 = 9.9, and vanadate in cat 3 = 7.8. The
chemical analysis of precursor material, Mg-Al-Cl LDH
showed a weight percentage of chloride = 11.2.

The exchanged LDH catalysts (cat 1–4) and their homoge-
neous analogues were evaluated in the oxidation of dibutyla-
mine using 3 molar equivalents H2O2 per mole of the substrate

Fig. 3 TG (dotted lines) and DTA (solid lines) of various anion-exchanged
LDH catalysts and their precursor: (a) LDH-WO4, (b) LDH-MoO4, (c)
LDH-VO3, (d) LDH-{PO4[WO(O2)]4}, (e) Mg-Al-Cl LDH.

Table 1 Thermogravimetric analyses of cat 1-4 and their precursor (Mg-Al-Cl LDH)

Sample no. Catalyst Step I/°C Assignment Wt% Step II/°C Assignment Wt%

1 1 < 280 2H2O 15.35 280–535 2H2O, Cl2 19.37
2 2 < 280 2H2O 18.85 280–535 2H2O, Cl2 19.66
3 3 < 280 2H2O 15.04 280–535 2H2O, Cl2 16.99
4 4 < 280 2H2O 14.40 280–535 2H2O, Cl2 18.68
5 Mg-Al-Cl LDH < 280 2H2O 21.20 280–535 2H2O, Cl2 27.29

Fig. 4 FT-IR spectra of various anion-exchanged LDH catalysts and their
precursor: (a) LDH-VO3, (b) LDH-{PO4[WO(O2)]4}, (c) LDH-MoO4, (d)
LDH-WO4, (e) Mg-Al-Cl LDH.

Green Chemistry, 2002, 4, 279–284 281
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and water as solvent in order to identify the best catalyst in the
oxidation of sec-amines to the corresponding N-oxides (Table
2). The order of the activity of LDH exchanged catalysts is: cat
1 > cat 2 > cat 4 > cat 3. Essentially, there was no reaction
with Mg-Al-Cl LDH, the precursor for the above catalysts
(Table 2, entry 8). The heterogeneous catalysts displayed
superior activity over their homogeneous counterparts. The
efficacy of the catalyst is well established as is evident from the
Table 2. LDH-WO4 (cat 1) exhibited the highest turnover
frequency (TOF) of 21.7 h21 over the other exchanged LDH
catalysts. Furthermore, the exchanged LDH oxidant catalysts
showed 2–5 fold activity over their analogues homogeneous
catalytic systems. Thus, LDH-WO4 (cat 1) is found to be the
best catalyst among the various exchanged LDH catalysts and
their homogeneous analogues for the oxidation of sec-amines.
No reaction occurred without catalyst in the oxidation of
dibutylamine (Table 2, entry 9). Aqueous H2O2 is found to be
the best oxidant among the oxidants, tert-butyl hydroperoxide
(TBHP) and molecular oxygen, used in the oxidation of sec-
amines. The oxidant TBHP gave very poor results, while the
reaction employing molecular oxygen did not proceed. Thus
H2O2 is an ideal and environment-friendly oxidant, in terms of
its price, availability and gives only water as by-product. The
solvent effect was also studied in the oxidation of dibutylamine
using LDH-WO4 catalyst: the activity is found to be in the
following order: H2O  CH3OH > CHCl3 > CH3CN >
CH2Cl2. Thus water gave the best results among the solvents
examined in the N-oxidation of secondary amines. The
hydrophilic character of LDH, which render the catalyst water
compatible is believed to promote the reaction with high yields.
The high surface enrichment of secondary amines on LDH and
ready formation of peroxide with LDH-WO4 facilitates the
higher throughput in the oxidation of secondary amines.

In an effort to understand the scope of the reaction, several
other amines having different R groups attached to the
secondary nitrogen atom were subjected for the oxidation using
the LDH-WO4/H2O2 system. (Table 3). The results are
summarised in Table 2. Acyclic and cyclic amines were
generally converted into the corresponding nitrones in good to
excellent yields. The oxidation of dibenzyl amine 3a afforded
N-benzylidenebenzylamine N-oxide 3b, a useful precursor for
N-benzylhydroxylamines. Oxidation of diisopropylamine 4a
and dibutylamine 2a provided N-(1-methylethylidene)isopro-
pylamine N-oxide 4b and N-butylidenebutylamine N-oxide 2b,
respectively, in 92–96% yield.

Furthermore the reusability was checked for several cycles
with the best catalyst cat 1 which showed consistent activity and
selectivity for six cycles as detailed in the Table 3, entry 2.
Reaction did not proceed when the process was conducted with
the filtrate obtained after the separation of the solid catalyst,
which indicates the active ingredient is not leached out of the

solid catalyst during the reaction. Thus, the catalyst is expected
to be long-lived and stable for several cycles.

Mechanism

The plausible catalytic cycle in the N-oxidation of sec-amines to
nitrones as described in Scheme 2 involves the formation of a
peroxotungstate (oxo-bridged complex) species III on inter-
action of tungstate LDH I with hydrogen peroxide II.17e A shift
of lmax from 250 in LDH (I) to 325 nm (III) by UV-DRS
spectroscopy confirms the formation of peroxotungstate spe-
cies. These peroxy species will act as active species for the
oxidation of secondary amines as described by Murahashi et al.,
for the Na2WO4 catalysed oxidation of secondary amines by
hydrogen peroxide.6 The secondary amine IV undergoes
nucleophilic reaction with peroxotungstate III species derived
from tungstate and hydrogen peroxide, to give hydroxylamine
VI via intermediate V. Further oxidation of VI followed by
dehydration gives nitrones IX, thus completing the catalytic
cycle.

Conclusion

In conclusion, the present study represents the sole example
wherein a recyclable heterogenised tungstate-based Mg-Al
LDH is used in catalytic amounts for the N-oxidation of
secondary amines to nitrones in excellent yields. The attractive
feature is the accomplishment of the reaction using water as a
solvent to conform not only to present environmental specifica-
tions but also future restrictions. Other advantages include the
use of environmentally benign H2O2 as an oxidant, easy
separation of the catalyst and high throughput, which makes the
process highly attractive in comparison to the present process.

Table 2 The N-oxidation of dibutylamine using various anion-exchanged
LDH catalysts and their homogeneous analoguesa

Sample no. Catalyst Time/h Yieldb (%) TOFc

1 LDH-WO4 (cat 1) 1.0 96 21.8
2 LDH-MoO4 (cat 2) 3.5 90 4.2
3 LDH-VO3 (cat 3) 3.5 40 1.4
4 LDH-{PO4[WO(O2)]4} (cat 4) 3.5 40 7.6
5 Na2WO4 3.5 75 13.9
6 NaVO3 3.5 15 0.5
7 Na2MoO4 3.5 48 2.2
8 Mg-Al-Cl LDH 24 No reaction —
9 None 24 No reaction —
a All reactions were carried out using (2 mmol) of substrate with 200 mg of
catalyst in 10 mL of water and 6.6 mL (6 mmol) of aqueous hydrogen
peroxide (30% w/w). b Isolated yields. c TOF (turnover frequency) = mmol
of product per mmol of catalyst per hour.

Table 3 Oxidation of sec-amines catalysed by LDH-WO4 (cat 1)a

Entry Amine (a) Nitrone (b) t/h Yieldb (%)

1 3 96

2 3 97 (96)c

3 5 60

4 3 92

5 4 93

6 3 92

7 3 95

a Reaction conditions are as exemplified in Table 2 in footnote a. b Isolated
yields and all the products are characterised using 1H NMR, FT-IR and mass
spectrometry. c Yield after 6th recycle.
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Experimental

Proton nuclear magnetic resonance (1H NMR) spectra were
recorded on a Gemini Varian at 200 MHz, as solutions in CDCl3
at 25 °C; d values were in ppm downfield from tetra-
methylsilane (TMS). Mass spectra were obtained at an
ionization potential of 70 eV, scanned on a VG 70–70H (micro
mass); only selected ions are reported here. IR spectra were
recorded on a Nicolet 740 FT-IR spectrometer either as neat
liquids or KBr pellets. Thin layer chromatography was
performed on silica gel 60F254 plates procured from E. Merck.
ACME silica gel (60–120 mesh) was used for column
chromatography. Starting materials and metal salts were
purchased from Aldrich, Fluka and Lancaster or prepared by
known methods. Solvents purchased from commercial sources
were purified prior to use. Thermogravimetric (TG) and
differential thermogravimetric (DT) analysis of thermal decom-
position of catalysts were studied by means of a TG-DTA
Mettler Toledo Star system using open aluminium crucibles
with a sample weight of about 8–10 mg and nitrogen as purge
gas at a linear heating rate of 10 K min21 for all measurements.
X-Ray diffraction patterns were determined on a Siemens D-
5000 powder X-ray diffractometer (diffraction geometry; q–2q,
in the range 5–65°), using a sealed Cu tube (2.2 kW). CHN
analysis was performed on a Vario EL analyser.

Preparation of catalysts

Mg-Al-chloride LDH23. Mg-Al-Cl LDH (3+1) was prepared
as follows: a mixture of a solution of AlCl3·9H2O (12.07 g, 0.25
mol l21) and MgCl2·6H2O (30.49 g, 0.75 mol l21) in deionised
and decarbonated water (200 mL) and an aqueous solution of
sodium hydroxide (16 g, 2 mol l21) in deionised and
decarbonated water (200 mL) were added simultaneously
dropwise from the respective burettes into a round bottomed
flask. The pH of the reaction mixture was maintained constant
(10.00–10.2) by the continuous addition of NaOH solution. The
suspension thus obtained was stirred for 2 h under a nitrogen
atmosphere. The solid product was isolated by filtration,
washed thoroughly with deionised and decarbonated water, and
dried at 70 °C for 15 h.

Mg-Al-LDH tungstate (cat 1)17e. To a solution of sodium
tungstate (1.87 mM, 0.616 g) in water (100 mL) Mg-Al-Cl LDH
(1.0 g) was added and stirred at 293 K for 24 h. The solid

catalyst was filtered off, washed with deionised and decarbon-
ated water and lyophilized to dryness.

Mg-Al-LDH molybdate (cat 2). To a solution of sodium
molybdate (1.87 mM, 0.452 g) in water (100 mL) Mg-Al-Cl
LDH (1.0g) was added and stirred at 293 K for 24 h. The solid
catalyst was filtered off, washed with deionised and decarbon-
ated water and lyophilized to dryness.

Mg-Al-LDH vanadate (cat 3). To a solution of sodium
vanadate (1.87 mM, 0.228 g) in water (100 mL) Mg-Al-Cl LDH
(1.0 g) was added and stirred at 293 K for 24 h. The solid
catalyst was filtered off, washed with deionised and decarbon-
ated water and lyophilized to dryness.

Mg-Al-LDH-{PO4WO(O2)]4} (cat 4). The preparation of
(NBun

4)3{PO4[WO(O2)2]4} was carried out according to the
literature procedure.19 To a solution of isolated (NBun

4)3{PO-
4[WO(O2)2]4} (0.46 mmol) in acetone (3 ml) was added an
aqueous solution of 30% (w/w) H2O2 (1 ml) and Mg-Al-Cl
LDH (1 g) and the mixture was stirred for 16 h at room
temperature. The obtained material (cat 4) was treated consec-
utively with water–acetone (1+1) and acetone.

General procedure for the oxidation of secondary amines

To the stirred solution of catalyst (200 mg, 0.088 mmol of
WO4

22) and sec-amine (2 mmol) in water (10 mL) was added
an aqueous solution of 30% (w/w) hydrogen peroxide (6.6 mL,
6 mmol) in two to three portions at room temperature. The
reaction was allowed to stir at room temperature. After
completion of the reaction (followed by TLC), the catalyst was
filtered off and a small amount of MnO2 was added to
decompose the unreacted hydrogen peroxide. The treated
reaction mixture was filtered to remove solid MnO2, and the
product was extracted with ethyl acetate, dried over Na2SO4 and
evaporated in vacuo to afford the corresponding amine oxide
(nitrone). Analytically pure compound was obtained after
column chromatography (silica gel, hexane/ethyl acetate).

The products were characterised by 1H NMR, mass and IR
spectroscopy and elemental analysis. These data for the N-
oxidation of sec-amines are presented below in order of the
products in Table 3.

N-Ethylideneethylamine N-oxide (1b)13. Starting from 1a
(0.207 mL, 2 mmol), 1b was obtained. Yield 96% (0.167 g). 1H

Scheme 2 A plausible catalytic cycle for the N-oxidation of sec-amines to nitrones by tungstate-exchanged Mg-Al LDH.
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NMR (200 MHz, CDCl3): d 0.95 (t, 3H, J = 5.2 Hz), 1.5 (q, 3H,
J = 5.2 Hz), 3.4 (q, 2H, J = 4.7), 6.5 (t, 1H, J = 4.7 Hz); IR
(neat) cm21: 1596 (CNN), 1180 (NO) ; MS (EI, 70 eV), m/z: 87
(M+, 85), 72 (9), 70 (28), 59 (65), 55 (100). Anal. Calc. for
C4H9NO: C, 55.17; H, 10.34; N, 16.09. Found: C, 55.16; H,
10.56; N, 16.23%.

N-Butylidenebutylamine N-oxide (2b)6. Starting from 2a
(0.33 mL, 2 mmol), 2b was obtained. Yield 97% (0.277 g). 1H
NMR (200 MHz, CDCl3): d 0.94 (t, 3H, J = 7.6 Hz), 0.97 (t,
3H, J = 7.6 Hz), 1.15–2.21 (m, 6H), 2.47 (m, 2H), 3.73 (t, 2H,
J = 7.6 Hz) 6.64 (t, 1H, J = 6.15 Hz); IR (neat) cm21: 2960,
2880, 1603 (CNN), 1477, 1425, 1383, 1190 (NO), 1120, 1065,
941; MS (EI, 70 eV), m/z: 143 (M+, 5), 128 (9), 100 (100), 84
(25), 72 (26), 57 (27), 41 (48). Anal. Calc. for C8H17NO: C,
67.13; H, 11.88; N, 9.79. Found: C, 67.08; H, 11.66; N,
9.83%.

N-Benzylidenebenzylamine N-oxide (3b)6. Starting from
3a (0.384 mL, 2 mmol), 3b was obtained. Yield 60% (0.253 g).
1H NMR (200 MHz, CDCl3): d 5.06 (s, 2H), 7.2–7.5 (m, 9H),
8.1–8.2 (m, 2H); IR (neat) cm21: 3058, 1580 (CNN), 1561,
1496, 1457, 1350, 1320, 1209, 1152 (NO), 1076, 1025, 944,
920, 857, 821, 749, 711, 691; MS (EI, 70 eV), m/z: 213 (M2+, 2),
196 (5), 106 (36), 91 (100), 65 (12). Anal. Calc. for C14H13NO:
C, 79.6; H, 6.16; N, 6.63. Found: C, 79.83; H, 6.36; N,
6.68%.

N-(1-Methylethylidene)-1-methylethylamine N-oxide
(4b)6. Starting from 4a (0.282 mL, 2 mmol), 4b was obtained.
Yield 92% (0.211 g). 1H NMR (200 MHz, CDCl3): d 1.38 (d,
6H, J = 6.4 Hz), 2.15 (s, 6H), 4.48 (hept, 1H, J = 6.4 Hz); IR
(neat) cm21: 2983, 1590 (CNN), 1480, 1455, 1398, 1190 (NO),
1134, 1050, 958, 763; MS (EI, 70 eV), m/z: 115 (M+, 36) 73
(77), 58 (59), 43 (100). Anal. Calc. for C6H13NO: C, 62.60; H,
11.30; N, 12.17. Found: C, 62.68; H, 11.16; N, 12.3%.

N-(Phenylmethylene)phenylamine N-oxide (5b). Starting
from 5a (0.366 g, 2 mmol), 5b was obtained. Yield 93% (0.366
g). 1H NMR (200 MHz, CDCl3): d 7.4–7.5 (m, 6H), 7.75–7.8
(m, 2H), 7.9 (s, 1H), 8.3–8.4 (m, 2H); IR (neat) cm21: 2990,
1595 (CNN), 1559, 1550, 1495, 1451, 1350, 1150 (NO), 1077,
1028, 920, 752, 699; MS (EI, 70 eV), m/z: 197 (M+, 13), 105
(10), 91 (100), 77 (30), 64 (7), 51 (9). Anal. Calc. for
C13H11NO: C, 79.18; H, 5.58; N, 7.10. Found: C, 79.22; H,
5.68; N, 7.23%.

2,3,4,5-Tetrahydropyridine N-oxide (6b)6. Starting from
6a (0.196 mL, 2 mmol), 6b was obtained. Yield 92% (0.182 g).
1H NMR (200 MHz, CDCl3): d 1.5–1.9 (m, 2H), 1.9–2.2 (m,
2H) 2.4–2.5 (m, 2H) 3.7–3.9 (m, 2H), 7.1–7.3 (m, 1H); IR (neat)
cm21: 2925, 2853, 1653, 1559 (CNN), 1453, 1375, 1190 (NO),
1165, 1100, 988, 926, 850, 795, 748; MS (EI, 70 eV), m/z: 99
(M+, 100), 84 (51), 69 (58), 55 (80). Anal. Calc. for C5H9NO:
C, 60.60; H, 9.09; N, 14.14. Found: C, 60.59; H, 9.07; N,
14.32%.

6-Methyl-2,3,4,5-tetrahydropyridine N-oxide (7b)6. Start-
ing from 7a (0.235 mL, 2 mmol), 7b was obtained. Yield 95%

(0.214 g). 1H NMR (200 MHz, CDCl3): d 1.64–1.88 (m, 2H),
1.94–2.0 (m, 2H) 2.12 (m, 3H), 2.45 (m, 2H), 3.81 (m, 2H); IR
(neat) cm21: 2928, 1616 (CNN), 1450, 1190 (NO), 1168, 968,
928, 865, 748; MS (EI, 70 eV), m/z: 113 (M+, 100), 83 (14), 55
(64), 41 (80). Anal. Calc. for C7H8SO2: C, 53.09; H, 9.73; S,
12.3. Found: C, 53.22; H, 9.64; N, 12.23%.
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Retro-aldol condensation of glucose occurred preferentially relative to dehydration and isomerization under low
water density conditions in supercritical water, and glycolaldehyde was successfully produced in a rapid and
selective manner without any catalyst.

Glycolaldehyde can be utilized as a raw material of glycolic
acid that has recently been focused on as a source material for
resin production. This chemical intermediate is produced by
various synthetic methods from formaldehyde, allyl alcohol or
ethylene glycol. Although the usual glycolaldehyde production
techniques are useful as a quantitative manufacturing method,
they must use petrochemicals, catalysts and microorganisms,
which requires considerable waste treatment. Moreover, from
the viewpoint of ‘post petrochemistry’, research has been
directed towards alternative resources, cleaner solvents and
non-catalytic reaction routes.

Biomass is an important energy resource that has been
focused on as one of alternatives for petroleum. It is possible
that carbon dioxide once discharged from biomass can be fixed
in biomass again by photosynthesis with water and solar energy.
Therefore, chemical synthesis processes using biomass re-
sources have been realized as an environmentally benign
technology. Cellulose is one of the major components of
biomass and has been utilized in extensive fields such as pulp,
paper, fiber, food and cosmetics. Glucose, which is a repeating
unit of cellulose, can be also an important chemical intermediate
for many synthetic polymers that have been manufactured in the
present petrochemical industries.1

Supercritical water (T > 647.2 K, P > 22.1 MPa) shows
some unique properties and has been considered as a reaction
field for the decomposition of organics and for chemical
synthesis.2,3 Solvent properties such as density and dielectric
constant can be varied by manipulating temperature and
pressure. In our previous work, we clarified that chemical
substances such as glucose and cellooligosaccharides can be
rapidly and selectively recovered from cellulose in supercritical
water.4 From the study on the phase behaviour of the cellulose–
water system, it was found that cellulose can dissolve in high-
temperature and high-pressure water.5 Our recent kinetic
studies of glucose and cellobiose indicated that the main
reactions of saccharides were hydrolysis, retro-aldol condensa-
tion, isomerization and dehydration, and that these reactions can
be probably controlled by manipulating temperature and
pressure in near-critical and supercritical water.6 In this study,
we aimed to evaluate effects of temperature and pressure on
retro-aldol condensation of glucose and to explore an optimal
reaction condition in which glycolaldehyde was selectively
obtained through non-catalytic glucose decomposition experi-
ments in subcritical and supercritical water.

Reactions of glucose were conducted using a continuous
flow-type micro-reactor for high-temperature and high-pressure
conditions. The reactor was made from 316 stainless steel
tubing (1.59 mm O.D.; 0.50 mm I.D.). Prior to the experiment,
distilled water was introduced in a system by a high-
performance liquid chromatography (HPLC) pump (Nihon-
Seimitsu Industries Co., Ltd., Model NP-AX-15) at a flow rate
of 14 g min21, and subsequently pressurized using a back-
pressure regulator (TESCOM, Model 26-1721-24) in the range
25-40 MPa. Then, the distilled water was heated with an electric
furnace (Seiwa-Riko Co., Ltd., Model FTO-6), and mixed at the
mixing point with a 1.0 mol L21 glucose aqueous solution
supplied from the other line at 2 g min21 using a HPLC pump
(GL Science Co., Ltd., Model PUS-3). The glucose solution was
rapidly heated to the desired reaction temperature (623–723 K).
The reactor was submerged into a metal-salt bath that was set at
the reaction temperature in advance to keep the temperature
uniform. The reaction time was ranged from 0.02 to 1.02 s by
replacing the reactor tubing whose length is different in each
experiment. At the reactor outlet, the reacted solution was
quenched by a cooling jacket, and then collected in a sampling
bottle for a fixed time after it was decompressed. Liquid
products were identified by NMR, FAB-MS and HPLC-RI, and
quantified with HPLC-RI/UV (wavelength of 210 nm in UV).
Carbon recovery in the aqueous product solution in each
experiment was examined by a total organic carbon analyser
(Shimadzu Co., Ltd., Model TOC-5000A). In this study, the
analytical error of the quantification of products was in the
range 0.5–2.0%, and the carbon recovery ranged from 93 to
102% in all the experiments. Glucose conversion (X), product
yield (Y) and selectivity (S) were defined on the carbon basis.

Green Context
The conversion of renewable resources into useful chemical
building blocks is of great importance, as petrochemical
resources become scarcer. Here, the conversion of glucose
into glycolaldehyde using supercritical water is described.
The system chosen allows the decomposition of glucose to a
range of useful products, primarily via retro-aldol reaction
to glycolaldehyde, a raw material which can be used in a
variety of industrial processes and applications. DJM

This journal is © The Royal Society of Chemistry 2002
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The main products obtained in this experiment were
erythrose, glycolaldehyde, fructose, glyceraldehyde,
dihydroxyacetone, 1,6-anhydro-b-D-glucose (1,6-AHG) and
5-hydroxymethyl-2-furfural (5-HMF), cf. the report of Kabye-
mela et al.7 According to the proposed reaction pathways of
glucose decomposition,8 glucose can primarily be converted to
erythrose plus glycolaldehyde, to fructose, and to 1,6-AHG or
5-HMF via retro-aldol condensation, isomerization and dehy-
dration, respectively. Fig. 1 shows a typical variation of glucose
decomposition products in supercritical water at 673 K and 40
MPa. The yield of erythrose was optimised at 0.1 s and
decreased with time, whereas the yield of glycolaldehyde
increased with increasing time and reached 48.8% at 0.76 s by
retro-aldol condensation of the erythrose formed. Fructose was
formed at the initial stage of glucose decomposition and then
was converted to form glyceraldehyde, dihydroxyacetone and
5-HMF. Dehydration products such as 1,6-AHG and 5-HMF
were also formed, although the product yields were low.

In order to explore an optimal reaction condition for
glycolaldehyde production and to determine effect of tem-
perature and pressure on glucose decomposition, we conducted
experiments at 623–723 K, 25–40 MPa and 0.02–1.02 s, and
results are summarized in Table 1. At 623 K, products of retro-
aldol condensation of glucose were mainly obtained, but by-
products from dehydration and isomerization of glucose also
formed in relatively high yields. In supercritical water, the yield
of glycolaldehyde became higher and the contributions of both
dehydration and isomerization were lowered. This tendency
became dramatic with a decrease in water density of the reaction
atmosphere in supercritical water. A dramatic change of the
product distribution will occur if supercritical water experi-
ments under lower water density conditions than the conditions
reported here are conducted. However, such experiments have
not yet been conducted due to some limitations of the
experimental setup (e.g. limited operating temperatures and
pressures) preventing experiments at higher temperatures and
lower pressures. It is hoped that such experiments can be
conducted in the future.

From the experimental findings, we clarified the main
reaction pathways of glucose under low water density condi-
tions in supercritical water as shown in Scheme 1. Antal et al.3
reported that dehydration preferentially took place under
hydrothermal conditions in the absence of acid catalyst. Thus, it
can be considered that dehydration scarcely takes place in
supercritical water. Isomerization of glucose (1) to fructose (2)
is also suppressed with a rise of temperature, and therefore,
glyceraldehyde (7), dihydroxyacetone (8) and 5-HMF (6) did
not form to a significant extent. By contrast, retro-aldol
condensation of both glucose (1) and erythrose (4) to form
glycolaldehyde (5) becomes dominant under low water density
conditions in supercritical water.

The reason why this reaction to form glycolaldehyde is
undergone selectively under low water density conditions in
supercritical water can be explained as follows. In supercritical
water, the contribution of retro-aldol condensation to glucose
decomposition increased and that of both isomerization and
dehydration decreased as the water density of the supercritical
atmosphere was lowered. It is well known that retro-aldol
condensation of a saccharide occurs via formation of intra-
molecular hydrogen bond linkages. For a low water density
reaction atmosphere, the formation of intramolecular hydrogen
bond linkages of the saccharide becomes easier than that of
intermolecular hydrogen bond linkages between water and
saccharide. As a result, glycolaldehyde is selectively obtained
by lowering the water density in supercritical water. Also, from
equilibrium considerations, retro-aldol condensation leads to
two aldehyde molecules from one saccharide molecule, and a
lower hydration energy of the product, thus at higher water
densities retro-aldol condensation is suppressed.

In summary, glycolaldehyde was obtained in a relative high
selectivity via retro-aldol condensation of glucose in super-
critical water (maximum selectivity = 64.2% at 723 K, 35 MPa
and 0.25 s) without any catalyst. This finding suggests an
effective and environmentally benign technique that can
produce glycolaldehyde from cellulosic biomass resource with

Fig. 1 A typical variation of glucose decomposition products in
supercritical water at 673 K and 40 MPa; glucose (1); erythrose (Ω);
glycolaldehyde (8); fructose (“); dihydroxyacetone (.); glyceraldehy-
deal (+); 5-hydroxymethyl-2-furfural (5-HMF) (5); 1,6-anhydro-b-D-
glucose (1,6-AHG) (3).

Table 1 Effect of temperature and presure on the product distribution of
glucose decomposition in subcritical and supercritical water at 623–723 K
and 25–40 MPa

Y [C%] (S [C%])

RAa Isoa DHa

T/K P/MPa
rw/g
cm23 t/s

X
[C%] 5 4 2, 7, 8 3 6

623 40 0.67 1.02 50.8 11.1 16.5 15.4 6.3 3.3
(21.9) (32.5) (30.3) (12.4) (6.5)

25 0.63 0.92 45.1 11.8 10.1 16.4 5.2 2.3
(26.2) (22.4) (36.4) (11.5) (5.1)

673 40 0.52 0.76 91.4 48.8 9.6 15.3 tr. 1.5
(53.4) (10.5) (16.7) (—) (1.6)

25 0.17 0.24 87.0 48.0 18.3 16.5 tr. 0.3
(55.2) (21.0) (19.0) (—) (0.3)

723 40 0.27 0.34 98.9 59.2 3.4 4.6 tr. 0.5
(59.9) (3.4) (4.7) (—) (0.5)

35 0.20 0.25 99.4 63.8 4.5 5.4 tr. 0.5
(64.2) (4.5) (5.4) (—) (0.5)

a RA: Retro-aldol condensation; Iso: isomerization; DH: dehydration.

Scheme 1 Reaction pathways for glycolaldehyde production on glucose
decomposition under low water density conditions in supercritical water: 1
glucose, 2 fructose, 3 1,6-AHG, 4 erythrose, 5 glycolaldehyde, 6 5-HMF, 7
glyceraldehyde, 8 dihydroxyacetone.

286 Green Chemistry, 2002, 4, 285–287
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supercritical water as a reaction medium. Additionally, super-
critical water can provide an unique atmosphere for chemical
synthesis from biomass resources.

The authors gratefully acknowledge support by a Grand-in-
Aid for Scientific Research on Priority Area ‘Mechanism of
hydrolysis in supercritical water’ (#11450295) from the Minis-
try of Education, Culture, Sports, Science and Technology.
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A route for picloram (4-amino-3,5,6-trichloropicolinic acid) immobilisation onto silica gel was established after
reacting at the first stage, the precursor silylating agent 3-chloropropyltrimethoxysilane with the support. The
pesticide was convalently anchored to available chloro groups of the precursor, giving 1.11 mmol g21 of picloram
per gram of silica. IR, 13C and 29Si NMR spectra are in agreement with the proposed reaction between nitrogen of
the chloride group of the previously anchored silica. The immobilisation of pesticide picloram onto a silica gel
surface results in a decrease in its toxicity to soil microbial activity, compared to free pesticide added to soil.

Introduction

The herbicide 4-amino-3,5,6-trichloropicolinic acid (picloram)
is commonly used in Brazilian agriculture, mainly in sugar cane
plantations. In a typical commercial formulation it is mainly
associated with 2,4-dichlorophenoxyacetic acid (2,4-D). Pi-
cloram was applied during the Vietnam War, as the so-called
‘Agent White’, before being extensively used in agricultural
crops to eliminate weeds. Its high persistence in water and in
soil, more than for the majority of other man-made pesticides
used in agriculture, is also a particular property.1,2

Nowadays, herbicides, insecticides, fertilisers and fungicides
are incrementally used in normal agriculture in order to increase
food production.3 However, the abuse of pesticides in agri-
culture is a matter of environmental concern because these
chemicals are recognised as a source of potential adverse
impact.4–6 Thus, high amounts them are often applied to crops,
in doses greater than required, and cause losses associated with
runoff and leaching processes.3 To avoid losses a new proposal
was established through the immobilisation of traditional
pesticides onto a silica gel surface.7,8 As a consequence, lesser
amounts should be required for agricultural purposes. Fur-
thermore, the immobilisation of the pesticides reduces their
toxic effects on soil microflora, as previously observed.7

From the environmental point of view, this feature related to
modified compounds in order to obtain controlled release
properties, is very important to minimise the application of the
xenobiotics in aquatic and soil environments, a procedure which
surely causes a decrease of the toxic effects in a given
ecosystem.9 Moreover, the decrease of the generation of the
undesirable products and the production of less toxic com-
pounds are relevant goals of green chemistry.10

The greatest interest devoted to modified silica gel studies
has focused on direct application as supports in high perform-
ance liquid chromatography,11 inorganic compound separa-
tions,12 ion-exchange,13 preconcentration of inorganic com-
pounds14 and pesticides preconcentration,15 as well as being
chemical sensors and finding use in catalysis.16 On the other
hand, up to now, such innovative technology has not been
investigated to produce new agrochemical with controlled
release properties. Pesticide compounds with controlled release
prospectus have been investigated,17,18 but the immobilisation
of pesticides onto silica gel to obtain a designed surface that
could modify pesticide properties has not yet been explored.

Taking into account that pesticides are integral components
of modern agriculture, their immobilisation onto a silica gel
surface is an important feature to be investigated. In such cases,
the synthesised surface can be applied in smaller amounts than
in traditional doses. As a result, the mobility of pesticide to
rivers and underground waters is decreased.

Experimental

Chemicals

The pesticide 4-amino-3,5,6-trichloropicolinic acid (picloram)
(Sigma) and the silylating agent 3-chloropropytrimethoxysilane
(CPTS) (Aldrich) were used without purification. Silica gel
(Merck) with a particle size of 70–230 mesh and with mean
diameter pore size of 60 Å was activated by heating for 10 h at
423 K in a stream of dry nitrogen. After this activation the silica
was immediately used. A specific area of 387.1 ± 21.9 m2 g21

was determined by the BET method.8

Organofunctionalisation

The immobilisation of the pesticide picloram is summarised in
Scheme 1. Activated silica gel (45.0 g) suspended in 100.0 cm3

of dry xylene was refluxed with mechanical stirring for 1 h
under dry nitrogen.7,8 To this suspension 15.0 cm3 of 3-chloro-

Green Context
Controlled release pesticides may be helpful in the balance
between beneficial effects of increased crop yield and the
potential for environmental damage in cases of over-dosage.
Encapsulation is one approach which has been investigated
for both pesticides and pharmaceuticals, but this article
describes a simpler methodology, which may prove bene-
ficial in agriculture. Attachment of a relatively persistent
pesticide (picloram) to silica gel results in a material with
lower toxicity than the free agent, due to a slower release
into the soil. Such behaviour indicates some promise for an
extension into controlled release pesticides, using a benign
host. DJM
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propyltrimethoxysilane (CPTS) was added dropwise and the
mixture was kept in reflux for another 72 h.7,8 The solid was
filtered off and washed with water and ethanol. This precursor
immobilised surface, denoted SiCl, was dried in vacuum at
room temperature.

Immobilisation of picloram

A sample of 5.0 g of SiCl was suspended in 100 cm3 of dry
xylene and refluxed with mechanical stirring with 5.25 g of
picloram for 72 h under dry nitrogen. The resulting solid
containing the immobilised pesticide, denoted SiPi, was filtered
off and washed with water and ethanol to eliminate the excess
of picloram. This final anchored surface was dried in vacuum at
room temperature for several hours.

Characterisation

The degree of CPTS functionalisation on silica gel and the
corresponding amount of anchored picloram were based on
carbon and nitrogen content determined through elemental
analysis on a PE-2400 elemental analyser. The IR spectra were
measured on KBr pellets on a MB-Bomem FTIR spec-
trophotometer.7,8

NMR spectra of the solid samples were obtained on an AC
300/P Bruker spectrometer at room temperature. For each run,
approximately 1.0 g of each modified silica was compacted into
a 7 mm zirconium oxide rotor. The measurements were
obtained at frequencies of 75.47 and 59.61 MHz, for carbon and
silicon, respectively, with a magic-angle spinning speed of 4
Hz. In order to increase the signal to noise ratio of the solid-state
spectra, the CP/MAS technique was used.7,8 The 29Si and 13C
CP/MAS spectra were obtained with pulse repetitions of 1 and
3 s and contact times of 1 and 5 ms, respectively.7,8

Toxicity studies

The toxicity effects caused by picloram and SiPi applications in
red Latosol soil, collected and characterised as before,4–6 were

followed by evolution of the thermal effect generated by
microbial activity, detected by a heat-flow LKB 2277 micro-
calorimeter. Such thermal effect data were obtained by using
5.0 cm3 stainless steel ampoules charged with 1.50 g of soil plus
0.80 cm3 of solution, containing 6.0 mg of glucose plus 6.0 mg
of ammonium sulfate at 298.15 ± 0.02 K,2,4,6 in the absence of
the pesticide and in presence of 2.50 mg g21 of active agent for
picloram and SiPi, respectively. The thermal effect output
directly associated with nutrient degradation was recorded as a
function of time. The final value was calculated by comparing
the integrated area of the power–time curve for each experi-
mental determination.2,4,6

Results

Elemental analysis

Determinations of the amounts of CPTS and picloram im-
mobilised onto silica gel surface were based on elemental
analysis, as shown in Table 1. The anchored SiCl surface
indicated the presence of 1.24 ± 0.06 mmol of the CPTS per
gram of the silica, which confirmed that the organic molecule is
covalently bonded on this surface. Based also on the elemental
analysis, the final compound, SiPi, contained 1.11 ± 0.02 mmol
of the pendant molecule per gram of the silica gel. These data
confirmed the occurrence of an excellent level of immobilisa-
tion of pesticide picloram onto the SiCl surface, resulting in a
yield of 89.5% of this pesticide anchored onto surface.

IR experiments

The IR spectra for SiCl and SiPi surfaces were obtained in order
to aid the characterisation of these silicas, the spectra of which
are shown in Fig. 1, which present the ordinary Si silica gel
bands such as: (i) the overlapped peaks within the range
3600–3200 cm21, attributed to O–H stretching of silanol groups
and residual adsorbed water, (ii) siloxane stretching at 1100
cm21, and (iii) Si–O stretching frequency at 900 cm21 assigned
to silanol groups.

Scheme 1 Diagrammatic representation of the reaction between silica
(SiOH) and CPTS (A), and the subsequent immobilisation of picloram onto
the SiCl surface (B).

Table 1 Elemental carbon and nitrogen analysis (%) for SiCl and SiPi
silicas and the correspondent immobilised amounts (Q) for CPTS and
picloram onto silica surfaces.

Compound C (%) N (%) Q/mmol g21

SiCl 4.46 ± 0.21 — 1.24 ± 0.06
SiPi 11.99 ± 0.14 3.11 ± 0.11 1.11 ± 0.02

Fig. 1 IR spectra of sílica gel (Si) and functionalized silicas SiCl and
SiPi.
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The IR spectra of SiCl and SiPi displayed a low intensity peak
at 2950 cm21 which corresponds to C–H stretching band of
tetrahedral carbon, corroborating the attachment of the organic
molecule onto the inorganic backbone surface. In the SiPi
spectrum, an N–C aromatic carbon stretching frequency at 1490
cm21 was observed. This band also indicates the success of the
reaction between picloram and the precursor SiCl surface which
should occur through covalent bond formation between the
picloram amine group and the chloride attached to the end of the
organic chain in the SiCl structure of the compound, as
represented in Scheme 1.

Solid state NMR studies

Three well-formed peaks in 13C NMR spectra at 7.67; 22.5 and
44.9 ppm for SiCl and at 10.1, 28.1 and 49.5 ppm for SiPi
immobilised surfaces (Fig. 2) are attributed to the precursor
carbon atoms of the pendant groups C1, C2 and C3. Two broad
peaks for SiPi at 100–145 ppm and at 150–190 ppm are
attributed to carbon atoms C4, C5, C6 and C7 and to carbons C8
and C9, respectively. This sequence of peaks unmistakably
confirmed the immobilisation of picloram onto the precursor
SiCl surface.

29Si NMR spectra for both silicas presented a typical silica
SiO4 (Q4) signal at 2110 ppm and another signal corresponding
to O3Si–OH (Q3) at 2100 ppm,7,8 as shown in Fig. 3. The
appearance of organosilane signals at 265 and 257 ppm, due to
the presence of an organic group (R) bonded to the silica
framework, are attributed to O3SiOR (T4) and (OH)2OSiOR
(T2) species, respectively, for both silicas, and are characteristic
for fully cross-linked organosilane species, demonstrating the
incorporation of the functional groups within the framework
walls of the silica gel.19–21

Toxicity studies

The microorganism metabolic activity in the soil involves an
exothermic effect originating from degradation of nutrients
(catabolism) and an endothermic effect caused by microbial
growth (anabolism).5,6 Thus, the thermal effect output and
respiration rate are distinguishable features, and detectable
through the microcalorimetric technique, which is a useful tool
to follow the microbiological activity in soil.22–25

Stimulation through nutrients, composed of glucose, ammo-
nium sulfate and water in any system results in a clear response,
as shown in Fig. 4. These nutrients have the properties of
changing the metabolism, presented in curve A, which was
drastically affected by addition of free picloram, as illustrated in
curve B. The application of SiPi also decreased the stimulus
level of the soil microbial activity, shown in curve C. The
application of 2.50 mg g21 of picloram presented a decrease of
67.1% of typical soil microbial activity, however, by using the
same active amount of picloram in the SiPi immobilised
compound, only a decrease of 24.8% in the activity was

Fig. 2 13C NMR spectra of SiCl (A) and SiPi (B) anchored silicas.

Fig. 3 29Si NMR spectra of SiCl (A) and SiPi (B) immobilised silicas.

Fig. 4 Thermal effect, Q, generated by soil microbial activity as a function
of time without pesticides (A) and with doses of 2.50 mg g21 of active
compound for picloram (B) and for SiPi (C).
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detected. These data also showed that the original soil microbial
activity started after 10 h and that the presence of SiPi did not
affect the start time of metabolism without xenobiotics.
However, the presence of 2.50 mg g21 of free picloram led to a
delay in the soil microbial activity to 20 h.

The immobilised picloram showed a much lower toxic effect
to microbial activity than the free picloram pesticide (cf. curves
B and C in Fig. 4. On the other hand, when the agent is anchored
there is minimisation of leaching and runoff. Thus, these results
suggest that immobilisation of this pesticide should be explored
in order to develop a new agrochemical with low toxicity and
possible controlled release properties.

Conclusion

This investigation clearly demonstrated successful immobilisa-
tion of the pesticide picloram onto pre-functionalized silica gel.
This route established an efficient method for anchoring this
pesticide. The silica gel surface anchored pesticide shows a new
way to develop agrochemicals with lower toxicity, due to the
fact these preliminary studies show a significant decrease in
toxicity of this commercial pesticide, after its immobilisation
onto a silica gel surface.
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