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Green Chemistry
Fellow?

Fellowships (x2) ¢ ¢.€47,000

The Home and Personal Care R&D Laboratories of Unilever
at Port Sunlight, has recently been awarded significant
support through the EU Marie Curie Transfer of Knowledge
Partnerships. This funding will contribute to the
development of a significant platform within our research
capabilities and scope the future innovation using Green
Chemistry approaches. We are seeking experienced scientists
from Europe to contribute to our program and foster
relationships with key research centres across the EU

It is expected that candidates will have a background in
one of the areas indicated below with a relevant degree
and PhD. Two Fellowships are available for experienced
scientists with post-graduate research experience (including
PhD) of Green Chemistry Techniques. The role of each
Fellow is to work in close collaboration with other senior
Marie Curie research fellows and Home & Personal Care
Scientists at Unilever, and carry out the synthetic chemistry
programme set out during the first phase of the project.

Organic Chemistry Fellow: Applications are sought
from experienced researchers with a background of Green
Chemical approaches to Organic Chemistry. Applicants
should have an understanding of raw materials from
renewable resources, in particular platform molecules from
biorefineries, and methods for reacting these raw materials
using Green processes. Experience of a wide range of
synthetic and characterisation techniques, including: the
use of microwaves in chemistry, preparation and analysis of

Port Sunlight, near Liverpool, UK

composite materials, reaction optimisation and catalysis would
be of particular interest and applications from chemists with
a cross-disciplinary experience (synthesis/materials; chemistry/
reaction engineering) would be welcomed. Ref 73921.

Polymer Chemistry Fellow: Applications are sought from
researchers with experience of the extraction/modification
of macromolecules from biomass and their transformation to
form functional polymeric materials. Applicants should have
an understanding of a range of bio-materials with special
emphasis on polysaccharides, and Green methods for their
production and modification. Experience of transformation/
modification of biopolymers, extraction techniques, catalysis,
enzyme catalysed aqueous reactions, and/or microwave
chemistry would be of particular interest. Ref: 73922.

The Fellowships are for 2 years each with the intention to
form strong links to EU centres of excellence. A mobility
allowance and a yearly travel allowance will be paid in
accordance with EU rules.

Candidates, eligible according to the EU Marie Curie
scheme guidelines, http://europa.eu.int/comm/research/fp6/
mariecurie-actions/indexhtm_en.html should submit a full
curriculum vitae and a one-page statement summarising
their main research interests, together with the names of
two referees, online at www.unilever.co.uk/careers Please
quote the appropriate reference on your application.

Please note that the closing date for applications is 30th July
2007 and the earliest start date will be 1st September 2007.

In applying for the above positions, you agree, unless you notify us when responding to this advert, that we may consider you for other
vacancies we have and make your details available to other companies in the Unilever Group for the same purpose.
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Alternatives for lignocellulosic pulp delignification using
polyoxometalates and oxygen: a review

Armindo R. Gaspar, José¢ A. F. Gamelas,*
Dmitry V. Evtuguin and Carlos Pascoal Neto

The pulp-and-paper industry is facing pressures to replace the
conventional chlorine-based chemical bleaching techniques
by environmentally friendly technologies. The use of
polyoxometalates and oxygen for the delignification may
represent a sustainable alternative.
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Highly efficient production of 2,3,5-trimethyl-1,4-
benzoquinone using aqueous H,O, and grafted
Ti(1v)/ISiO, catalyst

Oxana A. Kholdeeva,* Irina D. Ivanchikova,
Matteo Guidotti and Nicoletta Ravasio

The oxidation of 2,3,6-trimethylphenol with aqueous H,0O,
over titanium(1v) grafted onto commercial mesoporous silica
produces 2,3,5-trimethyl-1,4-benzoquinone, a vitamin E
precursor, with nearly quantitative yield.

OH o]
H,0,/Ti(IV) grafted on Sigz

96-100% yield

734

Enzymatic resolution of Indinavir precursor in ionic
liquids with reuse of biocatalyst and media by product
sublimation

Nuno M. T. Lourengo, Susana Barreiros and
Carlos A. M. Afonso*

Efficient enzymatic resolution of (+)-cis-benzyl
N-(1-hydroxyindan-2-yl)carbamate in [aliq][N(CN),] by
acylation using CALB as biocatalyst was achieved, with the
possibility of biocatalyst and medium reuse, respectively, by
filtration and by sublimation under high vacuum.

NHCBz \iny| acetate
[alig][N(CN)]
CALB
25°C, 60h
(#)

—> Products recovered by
sublimation

—> Reused ionic liquid and biocatalyst

737

Functionalized chiral ionic liquid as recyclable
organocatalyst for asymmetric Michael addition to
nitrostyrenes

Bukuo Ni, Qianying Zhang and Allan D. Headley*

A new type of pyrrolidine-based chiral ionic liquid has been
developed. This chiral ionic liquid was found to catalyze the
Michael addition reaction of aldehydes and nitrostyrenes to
give moderate yields, good enantioselectivies, high
diastereoselectivities, and recyclability.

Ar. (0] O Ar
=, H)K(w catalyst 3 (20%) HJ\<'VN02
NO, R? Et,0,6d R1\ R2

4
M\ $S|) . g;s./fjrans:upoto 97/3
/N\7N\/\/.|\N /O 1up to 82%
NTf, 0" uN
catalyst 3

740

PEG-assisted solvent and catalyst free synthesis of
3,4-dihydropyrimidinones under mild reaction conditions

Suman L. Jain, Sweety Singhal and Bir Sain*

PEG-assisted solvent and catalyst free synthesis of
3,4-dihydropyrimidinones under mild and neutral
reaction conditions is described.

Me R
. R NH
. R=0Me, OFt, Me PEG 400
X Solvent free %
)k 100°C Me  J
NH, NH, X0.8

This journal is © The Royal Society of Chemistry 2007
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Nano-Au

R'-CHO + R?R’°NH + H——Ph B

THF, 75-80 °C, Ny, 1 atm

PAPERS

The first Au-nanoparticles catalyzed green synthesis of
propargylamines via a three-component coupling reaction
of aldehyde, alkyne and amine

Mazaahir Kidwai,* Vikas Bansal, Ajeet Kumar and
Subho Mozumdar

Recyclable Au-nanoparticles provide an efficient, economic,
novel route for a multi component A® coupling reaction. This
method provides a wide range of substrate applicability.

746
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analytes

Polyelectrolyte-functionalized ionic liquid for
electrochemistry in supporting electrolyte-free aqueous
solutions and application in amperometric flow injection
analysis

Yanfei Shen, Yuanjian Zhang, Xuepeng Qiu,
Haiquan Guo, Li Niu* and Ari Ivaska

A green approach for electrochemistry in aqueous solution
without added supporting electrolyte and the application in
amperometric flow injection analysis was described based on
a simple polyelectrolyte-functionalized ionic liquid-modified
electrode.

Bio-composite

Synthesis of a novel cardanol-based benzoxazine
monomer and environmentally sustainable production of
polymers and bio-composites

Emanuela Calo, Alfonso Maffezzoli, Giuseppe Mele,*
Francesca Martina, Selma E. Mazzetto, Antonella Tarzia
and Cristina Stifani

A novel pre-polymer deriving from cardanol—a well known
renewable organic resources and harmful by-product of the
cashew industry—in combination with cellulose based materials
(i.e. jute fibres) have been used to produce bio-composites
having a high percentage of renewable materials.

760

£°

log ECS0
o

Pyz-anstes

Pyd-4NNa2

Effects of different head groups and functionalised side
chains on the cytotoxicity of ionic liquids

Stefan Stolte, Jiirgen Arning, Ulrike Bottin-Weber,
Anja Miiller, William-Robert Pitner, Urs Welz-Biermann,
Bernd Jastorff and Johannes Ranke*

To enlarge the restricted knowledge about the hazard
potentials of ionic liquids to men and the environment we
analyse the effect of 100 ionic liquids with different head
groups, functionalised side chains and anions on cytotoxicity
and confirm its correlation with cation lipophilicity.

710 | Green Chem., 2007, 9, 707-716
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A novel approach to the synthesis of SiO,—PVAc
nanocomposites using a one-pot synthesis in supercritical
CO,

Paul A. Charpentier,* William Z. Xu and Xinsheng Li

A novel one-step synthesis route has been developed for
making the polymer nanocomposites silica—poly(vinyl acetate)
(SiO,-PVACc) in supercritical CO, (scCO,); this green process
has potentially many advantages in producing new and unique
materials, along with waste-reduction and energy-saving
properties.

Initiator
Vinyl acetate CO2 \/YW
Silane linker —e H:C-C-O ()-%’-(‘H.‘
Silicon alkoxide One-pot 0 &
Acetic acid

§i0z2-PVAc nanocomposite

777

Formation and reaction of diazonium salts in a CO,/H,O
system

Pietro Tundo,* Alessandro Loris and Maurizio Selva

The formation of diazonium salts from the corresponding
primary aromatic amines and their reaction with potassium
iodide to give the corresponding aryl iodide have been
performed in a CO,/H,0 solvent system.

CH O_QNH NaNO,, 1t CH 0—©—N* N HCO. CH o—©—| N
et N HCO," .
3 2 H,0/CO;, 3 3 '3 2

[21 [31 141

780

Ionic liquids improve citronellyl ester synthesis catalyzed
by immobilized Candida antarctica lipase B in solvent-free
media

Pedro Lozano, Rungtiwa Piamtongkam, Kevin Kohns,
Teresa De Diego, Michel Vaultier and José L. Iborra*

Several citronellyl esters (acetate, propionate, butyrate,
caprate and laurate) were synthesized by Novozym coated
with ionic liquids in high yields (>99%) using equimolar
mixtures of substrates in solvent-free medium.

R-COO-CH=CH2
+

HO‘\?

BULK MEDIUM

785

Integral resource management by exergy analysis for the
selection of a separation process in the pharmaceutical
industry

J. Dewulf,* G. Van der Vorst, W. Aelterman, B. De Witte,
H. Vanbaelen and H. Van Langenhove

Overall natural resource intake (MJexergy mol 1) for
(2R,3R)-3-(3-methoxyphenyl)-N,N-2-trimethylpentanamine—
an intermediate in Tapentadol production—manufacturing
and isolation through crystallisation or chromatography has
been quantified.

1000 7

800

O Natural gas
600

B Resources for

400 Electricity

B Resources for
Chemicals

200

0 T !
Crystallization Chromatography

This journal is © The Royal Society of Chemistry 2007
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0.01% Rh o A highly efficient procedure for hydroformylation and
0.1% Ligand M TOF up to 4250 h-1 hydroamino-vinylation of methyl acrylate
Z 0o Me 88% Isolated yield

COMe  _g9/1 BIL selectivity

pentane
N
0,
0.01% Rh /E “Ar up to 98% Isolated yields

o1
0.1% Ligand >99/1 regioselectivity

Matthew L. Clarke* and Geoffrey J. Roff

Methyl acrylate can be hydroformylated exclusively to the
branched aldehyde with overall turnover frequencies of up to
4250 h™ L. Performing these reactions without solvent in the
presence of aromatic amines gives excellent yields of enamines

Ar-NH2 COMe in a highly efficient hydroaminovinylation reaction.
No solvent
797
OH ALO The synthesis of o-cyclohexylphenol in supercritical
23 i HO carbon dioxide: towards a continuous two-step reaction
scCO, # Rodrigo Amandi, Katherine Scovell, Peter Licence,
Tobias J. Lotz and Martyn Poliakoff*
OH Supercritical carbon dioxide is used as a solvent for the
OH continuous alkylation of phenol using a solid acid catalyst,
AlO, v-Al,O3, with either cyclohexene or cyclohexanol as
+ alkylating agents.
scCO,
802

PA(+P/TS-1, CO,
0, + H, T ——— H,0, H,0

60°C, 125bar, 5 hrs N

Indicator </ \ N </ \ N—0O

ADDITIONS AND CORRECTIONS

Direct synthesis of H,O, from O, and H, over precious
metal loaded TS-1 in CO,

Qunlai Chen and Eric J. Beckman*

An indicator was used to determine the amount of directly
synthesized H,O, in compressed CO,. Experimental results
proved that H,O, could be effectively synthesized from O,
and H, in CO, over precious metal loaded TS-1.

809

Anthony K. Burrell, Rico E. Del Sesto, Sheila N. Baker,
T. Mark McClesky and Gary A. Baker

The large scale synthesis of pure imidazolium and
pyrrolidinium ionic liquids

712 | Green Chem., 2007, 9, 707-716
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Toxic and radioactive caesium isotope removal studied by molecular dynamics

Making sense of solvent extraction

hemical Technology

Computational chemists in France
are closer to understanding
aprocess that enhances the
extraction of nuclear waste.

Caesium-137 is a toxic and
radioactive waste product from
nuclear power generation. It can
be removed from the waste by an
extraction method that uses a type
of compound called a calixarene.
This forms a complex with the
caesium ion (Cs"), which can then
dissolve in an organic solvent and
be removed.

In nuclear waste, however,
the counter ion for Cs™ is often
anitrate ion, which does not
dissolve well in organic solvents
and so Cs" is poorly extracted.
The extraction can be improved
by adding a co-solvent, known
as a ‘solvent modifier’. Georges
Wipffand Nicolas Sieffert at
the University Louis Pasteur in
Strasbourg wanted to find out
how these modifiers work. ‘“This is
important for basic science, as well
as for technological applications,
Wipff explained.

Wipff and Sieffert used a

Chiral quantum dots

©The Royal Society of Chemistry 2007

type of computer simulation
called molecular dynamics to
model systems with a calixarene
complex of Cs" and nitrate in
chloroform, which was modified
by a fluorinated alcohol. They

Molecular sensor for harmful organics
Supramolecular cavitand aids detection of airborne benzene

Right- and left-handed nanoparticles give off polarised fluorescence

Interview: Water, water everywhere...
Deborah Swackhamer talks to Kathryn Lees and Neil Withers
about water pollution and her dream to sing jazz in piano bars

Instant insight: Polymers in nanobionics
Gordon Wallace and Geoffrey Spinks take a close look at the
interface between electronics and biology

Calixarenes trap the
waste, making it easier
toremove

looked at systems that contained
water as well, as it would be
present in the extraction process.
They concluded that the modifier
worked by improving how well
the nitrate ion interacted with the
organic phase and by acting as a
surfactant, making it easier for the
ions to cross the interface between
the organic solvent and water.
Jean-Claude Biinzli, an expert
in lanthanide supramolecular
chemistry from the Swiss
Federal Institute of Technology
at Lausanne, believes that the
research will help chemists to
design extraction processes ‘in
arational and predictive way’.
“The synergy between theoretical
chemistry and experiments
therefore leads to anew erain
solvent extraction, which will
help solve the difficult problem of
nuclear waste reprocessing and
disposal,” he said.
Rachel Warfield

Reference
N Sieffert and G Wipff, Phys. Chem. Chem.
Phys., 2007, DOI: 10.1039/b704395¢

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

Reversible liquid-soft solid
polymer gels can combine
with ionic liquids to provide an
alternative to traditional liquid
electrolytes. Timothy Lodge and
Yiyong He, from the University
of Minnesota, US, made ‘ion gels’,
networks of a three-part polymer
molecule swollen with a large
amount of ionic liquid.
‘Compared to other approaches,
our gels require significantly less
polymer (4% by weight) and offer
improved ionic conductivity, said
Lodge. ‘In addition, they avoid the
leakage and flammability issues of
organic solvent-based electrolytes.”
The thermoreversible nature of
the ion gels, the ability to reverse
polymer cross-linking with a
change in temperature, enables
the material to be processed in the
liquid state, but used in the solid
state. Lodge said that the ability to

The gels change from
solid to liquid with
temperature

TIonic conductivity improved with less polymer required

lon gels offer strength and conduction

fine-tune the physical properties of
the polymer was ‘achieved through
judicious selection of polymer and
ionic liquid’.

The ionic conductivity of Lodge’s
system was only a few percent
below that of the pure ionic liquid
but it possessed good mechanical
strength, even under heavy strain,
and offered the advantage of
solvent-free processing.

Lodge expects the ion gels
to find diverse applications,

including sensors, transistors,
electromechanical systems, light-
emitting cells and gas separation.
Pradip Bhowmik of the University
of Nevada agreed: “These ion gels
will definitely find applications in
many new technologies and the
design of smart materials in the near
future.

Michael Spencelayh

Reference
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A series of hydroxyquinolines show
promise as elements in sensor
arrays for detecting metal ions in
water.

Some heavy metals such as
mercury have no known vital or
beneficial effect on organisms and
their accumulation over time in
the body can cause serious illness.
Because they cannot be degraded
or destroyed, they have significant
potential to impact human health
and the whole environment. Thus,
sensing of heavy metal ions in
water is important for maintaining

T50 Chem. Technol.,2007,4, T49-T56
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Heavy metal ions recognised by changes in emission

Sensor arrays for cations
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the well-being of humans and
protecting the environment, said
Pavel Anzenbacher of Bowling
Green State University, US.

A sensor array is made up of
several sensor elements. These
elements are not highly selective
toward specific analytes, but the
specificity of the device comes from
recognition of response patterns
such as fluorescence. This pattern

originates from interactions of the
analyte with each of the sensors

in the array. This response pattern
isunique to the analyte, like a

Qutput:
O The colour of the
Lreen- emission depends on the
metalion
Reference

M A Palacios et al, Chem.
Comm., 2007, DOI: 10.1039/
b705392d

fingerprint.

Anzenbacher’s team designed
sensors comprising an 8-
hydroxyquinoline ligand and blue
emitting residues. The quinoline
forms luminescent chelates with a
number of metal ions. It also shows
ahandy turn-on signal, because it is
non-fluorescent in water but emits a
blue-green colour when itbinds to a
metal. The colour depends on the 8-
hydroxyquinoline substituents and,
crucially, the metal ion.

By extending the length of these
conjugated chromophores (the
colour-emitting groups) they
were able to vary the ratio of the
blue to green emissions from the
metal chelates. Changes in the
blue and green emissions of the
metal complexes are then used to
distinguish between the cations.

“The novelty of our approach is
the use of one receptor (ligand)
type and varying the chromophore
to generate variable signal output,’
said Anzenbacher.

Sarah Corcoran
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Cavitand trap detects low concentrations of airborne benzene

Molecular sensor for harmful organics

Monitoring levels of organic
contaminants in roadside air is now
possible thanks to a supramolecular
approach developed by Italian
scientists. They used molecular
cavities to detect aromatic
compounds at concentrations
lower than parts per billion (ppb).

Measuring sub-ppb amounts
of airborne organic contaminants
is difficult as readings can be
swamped by other compounds
present in high concentrations.
Current metal oxide gas sensors
are not selective enough to detect
organic molecules.

By trapping and concentrating
the aromatic organic compounds
in a supramolecular cavity, Enrico
Dalcanale, Stefano Zampolli and
colleagues at the University of
Parma and the National Research
Council, Bologna, have designed
asensor capable of detecting low
levels of aromatic compounds.

“The main drive is to provide
low-cost, stand-alone sensor
systems for outdoor pollution
monitoring, in particular benzene,
said Dalcanale.

The sensor is palm-sized
and connected to a detector
composed of amicromachined gas
chromatographic column and metal
oxide sensor array. The result of
the combination of supramolecular

sensor and detector is increased
selectivity and sensitivity.

“The system automatically
performs sampling, injection,
separation and cleaning steps and
the sampling phase has a typical
duration of 10-60 minutes,’ said
Dalcanale. ‘So it measures volatile
organic compounds, stand-alone
and inreal-time, as an average value
over the sampling period.’

The supramolecular trap, a
quinoxaline-bridged cavitand, is
bowl-like with a cavity about eight
Angstroms deep and wide. The
cavitand has two roles — it separates
the aromatic compounds from
other pollutants and interferents
in the air and it concentrates the
aromatic organic compounds to a

The cavity could be
tailored to trap different
compounds
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level sufficient to be detected by the
metal oxide sensor.

As the cavitand only traps
aromatic compounds, it is
insensitive to aliphatic carbons,
water and other polluting gases.
However, the same system could
be adapted for other applications
by tailoring the supramolecular
receptor to the desired analyte.

‘The selectivity of the new
approach is a real breakthrough:
single aromatic compounds are
chromatographically separated
and quantified,” said Dalcanale.
“The proposed sensor system is
very small, easy to use and shows
exceptional performance in the
sub-ppb range.’

Franz Dickert, an analytical
chemist at the University of
Vienna, praised the strategy
and thought it could be used in
workplace monitoring. ‘A pre-
concentration step will improve
the sensitivity and selectivity
of the sensor, in contrast to
chromatography in sensors where
there is only one separation step,’
said Dickert.

Dalcanale and co-workers are
actively collaborating with local
environmental protection agencies
and the system is currently being
validated in the field.

Alison Stoddart

Right- and left-handed nanoparticles give off polarised fluorescence

Chiralquantumdots

Fluorescent semiconductor
nanoparticles that exhibit chiral
luminescence have been made by
scientists from Ireland.

Chirality is an important factor
in molecular recognition, so a
nanosized probe with chiral
luminescence would be useful in
chemistry and biology. By stabilizing
cadmium sulfide nanoparticles,
or quantum dots (QDs), with
penicillamine Yurii Gun’ko’s team at
Trinity College, Dublin, believe they
have done just that.

Gun’ko’s team prepared the chiral
QDs by heating naked ones with

©The Royal Society of Chemistry 2007

either left- or right-handed forms
(enantiomers) of penicillamine.
These gave off a green-white light
when excited with UV light. When
a fifty—fifty (racemic) mixture of the
two enantiomers was used, the QDs
gave off ablue-white light instead.
Circular dichroism studies (used
to distinguish between left- and
right-handed circular polarised
light) found that while the racemic
QDs displayed only a weak signal,
the right- and left-handed QDs
rotated light in opposite directions,

producing almost symmetric signals.

This would allow the QDs to be used

Reference
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as fluorescent chirality sensors and
in molecular recognition.

Paul O’Brien of the University of
Manchester, UK, was enthusiastic
about Gun’ko’s work, and said
‘producing a chiral emission
from a quantum dot is an exciting
development that could lead to new
applications in chiral probes and
even electronics’.

Gun’ko agreed, saying ‘chiral QDs
could find important applications
in the pharmaceutical industry,
asymmetric catalysis, and in vitro
medical diagnostics.’

Vikki Chapman
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A microfluidic device technique
called stop-flow lithography, for
making custom designed polymeric
particles with complex geometric
shapes, has been developed by US
researchers.

Patrick Doyle and colleagues
from MIT are working on methods
for synthesising particles with
complex geometric shapes. While
spherical particles are widely used
in applications like optical devices,
drug delivery and diagnostics, more
complicated particles could enable
new technologies in these areas, but
they are difficult to make. Building
on his team’s previous work to
face this challenge, with a method
combining microfluidics with
projection-photolithography called
continuous flow lithography (CFL),
Doyle devised a technique called
stop-flow lithography (SFL).

SFL gives a higher particle
throughput and better particle

resolution than CFL. A unique
feature of the new method is
that the particles formed are

not just spherical - it can make
awide range of shapes. SFL also
allows the formation of particles
in biocompatible and easily
functionalised materials that
are not typically amenable to

Higher throughput and better particle resolution available

The shape of things to come

A wide range of complex
shapes can be made

Reference
D Dendukuri et al, Lab Chip,
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photolithographic methods.

Doyle hopes to expand the range
of particle morphologies and
materials accessible to SFL. ‘We are
also looking at several potentially
interesting applications for these
particles in diagnostics as well as in
conducting fundamental studies on
colloidal assembly and rheology,” he
said.

A challenge for the future is the
scale-up of particle throughput
to match current industrial
processes. ‘This is not so much of
aconcern for niche applications
enabled by complex particles
where no alternative technology
exists and only small volumes of
particles are desired. However, it
isimportant when particles made
using microfluidic techniques are
sought to be used in more routine
applications such as paints or
coatings,” said Doyle.

Elinor Richards

Researchers in Switzerland have
developed amethod of modelling
heavy metal emissions from road
traffic.

Many heavy metal pollutants
such as cadmium and lead are toxic
at fairly low concentrations and

T52 Chem. Technol.,2007,4, T49-T56

can poison biological organisms if
they are accumulated. A variety of
heavy metal contaminants can enter
the environment from road traffic
emissions. Once released into the
environment, these pollutants can
enter groundwater and contaminate

Pollutants can enter
groundwater or soil

Road run-off systems could improve collection of heavy metals

Modelling metallic emissions

the soil.

Now Michele Steiner and co-
workers at the Swiss Federal
Institute of Aquatic Science and
Technology and Swiss Federal
Institute of Technology have
developed amodel describing heavy
metal emissions from road traffic.
This model describes metal fluxes
into the roadside environment as
a function of the distance from
the road. The model distinguishes
between three different pollutant
transport mechanisms (road run-off,
spray and drift), and was applied to a
case study of Burgdorf, Switzerland.

The team found that up to 50% of
the heavy metal emissions from road
traffic could be collected and treated
with the design and implementation
of appropriate road run-off
treatment systems.

Russell Johnson

Reference
M Steiner et al, J. Environ. Monit., 2007, DOI:
10.1039/b703509h

©The Royal Society of Chemistry 2007


http://dx.doi.org/10.1039/B709131C

Chemical Technology

Interview

Deborah Swackhamer

Dehorah Swackhamer is
professor of environmental
chemistry at the University of
Minnesota, US, and chair of the
editorial board of the Journal
of Environmental Monitoring.
Her work focuses on water
pollution, in particular, on

the chemical and biological
processes that control the fate
of toxic organic contaminants
inthe Great Lakes of North
America.

©The Royal Society of Chemistry 2007

What inspired you to become a scientist?

As a child, I spent my summers in Canada. Our
family had a summer cottage on a lake and it was
so pristine and beautiful - I thought everyone
had lakes like that! At college, I studied math but
took a writing tutorial on water chemistry. This
grabbed my interest and I switched majors to
focus on environmental chemistry.

What is the focus of your research?

When I was a graduate student I saw the Great
Lakes for the first time — I was stunned by their
size and beauty. As aresult, I spent my graduate
work understanding the chemical behaviour of
the Great Lakes and, ever since, I've focussed on
water chemistry programmes of the Great Lakes
basin. Because the Great Lakes act like fresh water
oceans, you can understand global processes by
studying them. They’re also easily accessible and
urbanised - 42 million people live in the basin so
they’re reasonably polluted.

What are the main pollutants in the Great Lakes?
There are still legacy pollutants’ such as
polychlorinated biphenyls (PCBs) and DDT
coming from atmospheric deposition as well

as phosphorus and nitrogen from agriculture

and sewage. However, the new problem is with
endocrine disrupters. We know little about where
they’re coming from but we know they’re causing
oestrogenic effects. At present, they are impacting
fish and birdlife but we are not sure if they are
affecting people who are drinking the water.

What is the greatest threat to the Great Lakes?

In addition to the chemicals, biologically, there
are close to 200 invasive species and a new one
isadded every eight months. The impact on food
webs and ecology could be enormous. However,
adominant factor is the physical threat of global
climate change. It affects how chemicals behave
in the environment and it drives change in an
ecosystem too. Everythingis interrelated.

What influences where a particular pollutant will
end up?

Luckily, it’s pretty easy to predict that sort of
thing from chemical structure. You can predict
achemical’s behaviour by knowing two things:

its aqueous solubility and its vapour pressure. Its
solubility tells you whether it will be in fish or our
food supply and its vapour pressure and Henry’s

Water, water everywhere...

Deborah Swackhamer talks to Kathryn Lees and Neil Withers about water
pollution and her dream to sing jazz in piano bars

law constant tells you whether it will end up in
soil, water or air. Finally, you can use the structure
of the chemical to see if it will break down or not.
We know quite a bit about which bonds are easy to
break or metabolise in animal systems.

You often appear on news programmes. How
important is it for scientists to have a voice in the
media?

Itis absolutely critical. We often say the media
doesn’t ask good questions, but if that’s the case
it’s because we’re not communicating well enough
with them. It’s our responsibility to make sure
that what we do is translated appropriately to the
media and the general public. Otherwise, others
will do it for us and will do it poorly. It’s very
important that scientists who deal with real world
issues inform the decision makers too.

Do you have any invelvement with politicians?

We often get asked our opinions on things, but
there’s a fine line between advocating for a policy
and informing for a policy. Many scientists say

‘No, I shouldn’t even talk to a decision-maker!’, but
others advocate very strongly. I think it is our role
to speak out when people are misusing science to
set policy. ’'m not sure it’s my role as a scientist
advocate for a policy - butit’s certainly my role to
advocate for the truth.

Some pollutants are of great use to many people — how
can we find abalance?

Part of the problem is that our regulatory systems
for evaluating chemicals are not rigorous enough.
If you add something to a soap powder to make it
an improved detergent, there are many things you
could use. Typically, the least expensive product
is added but these additives may be oestrogenic

in the environment. The US Toxic Substances
Control Act (TSCA) was meant to regulate toxic
compounds, but they have allowed many harmful
chemicals through their regulatory ‘filter’. The
EU is moving towards a more stringent filtering
process with REACH. We need better modelling
tools for predicting toxicity and environmental
behaviour so that we can design chemicals that
will benefit society and not hurt the environment.

If you weren’t a scientist what would you do?

My second love is singing. If I could wave a magic
wand, I would singjazz in a piano bar. I'd have to
find someone who could play the piano though!

Chem. Technol.,2007,4, T49-T56 T53



http://dx.doi.org/10.1039/B709131C

View Online

NEY

NBY
NBY
Nay
NaY

-

NaY

EVOLUTE Array ABN 25mg/1 mL
Part No. 600-0025-RP
QP VacMaster -6 Lot No 6310602EE

Sample Preparation

IST Sample Preparation © Bioanalysis ¢ Clinical * Environmental * Forensic ® Agrochemical * Food * Doping Contol

EVOLUTE™ ABN—easy and reliable

Minimize matrix effects, reduce ion suppression and concentrate
analytes of interest for better quantitation

EVOLUTE™ ABN (Acid, Base, Neutral) is a water-wettable polymeric sorbent optimized for fast
generic reversed phase SPE. The smaller (40A) pore diameter prevents the retention of large
molecular weight interferences providing cleaner extracts and higher analyte recoveries. Available

in 96-well plate and column formats. Visit www.biotage.com to request a FREE sample.

_ (/
Biotage

www.biotage.com



http://dx.doi.org/10.1039/B709131C

Chemical Technology

Instantinsight

Polymers in nanobionics

Gordon Wallace and Geoffrey Spinks of the University of Wollongong, Australia,
take acloselook at the interface between electronics and biology

Effectively bridging the interface
between electronics and biology

is critically dependent on

advances in new electronically
conducting materials. The
discovery of inherently conducting
polymers (ICPs) in the late 1970s
revolutionised this field and organic
electronic conductors are now at
our disposal. The soft character of
ICPs provides an extra dimension
in designing interfaces between
the hard, digital electronics world
and the soft, amorphous world of
biological systems. ICPs are unique
with their potential to impact on
bionic devices from the molecular,
through the cellular, to the skeletal
level.

For any implanted bionic material
itis the initial interactions at the
(bio)molecular level that will
determine longer term performance.
Initially, the ability to incorporate
biomolecules during the growth
of conducting polymers and to
expel these molecules by electrical
stimulation was seen as a means
to develop controlled release
systems for active ingredients
such as anticancer drugs or anti-
inflammatories.

This ability to control
biomolecular interactions on
conducting polymer surfaces
provides a pathway for controllable
interactions with whole cells.

ICP platforms have been used to
promote neuronal cell growth and
the application of an electrical
stimulus to the cell culture on the
PPy film significantly increased
the expression of neurites in the
cells. These new materials might
well eventually find use in medical
implants that require electrical
connection to nerve cells (for
example, as bionic ears or eyes).

The popular concept of bionic
devices is at the whole organ or the
skeletal level. The ability to monitor
and manipulate human movement
and senses such as hearing and
sightis physically demonstrable

©The Royal Society of Chemistry 2007

Truly bionic limbs are
still along way from
reailty
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with devices such as the Cochlear
Implant (the ‘bionic ear’).
Manipulating human movement

is the most mammoth of tasks. It is
amazing to admit that in this highly
technological world we live in,

we still do not have adequate light
weight, low power consumption
technologies that can be strapped on
to assist in human movement.

ICPs are promising materials for
building artificial muscles. Their
development for this can be traced
to Baughman’s paper in 1990.!
Numerous applications have been
proposed or demonstrated including
robotics, an electronic Braille screen
and in bionic applications like a
‘rehabilitation glove’.

While significant improvement
in artificial muscle performance
based on conducting polymers has
occurred in recent years, there is
still some way to go before we can
match natural muscle in terms
of speed, efficiency and control.
The amount of movement that
can be generated has increased
dramatically in recent years to
around 40% (comparable to natural
muscle), although with conducting
polymers this takes several minutes
to occur. The speed of response
hasbeen increased by tuning the
electronic control system and
the conductivity of the structure

used. The fastest response from

an ICP actuator (15%/s) is still
considerably slower than natural
skeletal muscle (-80%/s). Next to
large movements, speed is critically
important in generating useful
motion. The large, fast movements
possible through musculo-skeletal
systems in animals is the basis

of running, flying, swimming

- attributes that would be highly
desirable in nimble, dexterous and
possibly miniaturised robots.

Recent material developments
move us closer to these possibilities.
Like natural muscle, the formation
of ICPs into fibres provides a better
geometry for actuator performance.
For example, polyaniline fibres
are now readily available in
high strength and conductivity.
Furthermore, we have shown that
the addition of small quantities of
carbon nanotubes to polyaniline,
followed by wet-spinning and
drawing, produces superior
actuation response under an
external load. In fact, we measured
an actuation response at more than
100 MPa applied stress, three times
higher than previously reported for
conducting polymer actuators.

This is just one example wherein
advances in nanomaterials and
nanofabrication have already
impacted on the performance of
organic conducting polymers as
bionic devices. Nanostructuring
provides dramatic improvements
in the electronic properties of
conducting polymers.

As material scientists delve into
the nanodomain, the boundaries
between electronics and biology
become fuzzy. This is exactly what
we want — a seamless transition
between the hard world of
electronics and the soft world of
biology!

Read the full Opinion article
‘Conducting polymers - bridging the
bionic interface’ in June’s issue of
Soft Matter.?
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Molecular BioSystems has

made since its launch in 2005,
said Robert Parker, managing
director at RSC Publishing. ‘The
journal has grown, the quality
of science is excellent and
feedback from readers has been

From January 2008 Molecular
BioSystems will form its very
own strand of science as a solo
monthly journal, made available
toreaders and subscribers
independently of its host journal.
‘We’re proud of the progress

Molecular BioSystemsunzips...

overwhelmingly positive. Now
is an appropriate time for this
success to be translated into a
solo publication.’

Since the publication of
the first issue, Molecular
BioSystems has been paired
with Chemical Communications.
This interaction with the host
has resulted in an excellent
communication channel
for the published content,
which has reached a wide and
interdisciplinary audience.
Online pairing with four other
complementary publications
(Organic & Biomolecular
Chemistry, Lab on a Chip, The
Analyst and Analytical Abstracts)
ensured optimum visibility.

‘Now is the perfect time to
unzip Molecular BioSystems from
its hosts,” commented Michael
Smith, commissioning editor.
‘We believe the journal has a
great deal to offer to the chemical
biology community.’

Read more at www.
molecularbiosystems.org/unzip

As aleading-edge science
and technology organisation,
Corning Incorporated is keen
toreward, recognise and
encourage the development of
miniaturisation in the chemical
and biological sciences and
promotes interdisciplinary
research required for the most
significant innovations in this
area.

The recipient of the award

Leading the way in
miniaturisation, Lab on a Chip
has teamed up with Corning
Incorporated to again host the
Pioneers in Miniaturisation
Prize. Spanning a variety of
disciplines, this prize recognises
outstanding achievements

and significant contributions

by ayounger scientist to the
understanding and advancement
of micro- and nanoscale science.

Pioneersin Miniaturisation Prize

will receive a $5000 bursary
to support their continued
contribution to the field. A
deadline for applications
hasbeen set for 31st August
2007. Following the final
decision, which will be made
by committee, a winner will
be announced at pTAS 2007
conference, in Paris, France.
For further information visit
wwwi.rsc.org/loc/pioneerprize

And finally...

The Chemistry
and Biology of
Winemaking

lan Hornsey

Moy

In the past twelve months the
RSC book Kitchen Chemistry
has become an international
bestseller! It is an exceptional
learning resource and offers
a fascinating insight into the
science in our kitchens.

RSC Publishing also has an
extensive food science book list
that caters for scientists at all
levels, from schools through to
industry.

Newly published books
include The Science of Bakery
Products and The Chemistry and
Biology of Winemaking, which
now join other bestselling titles
such as The Science of Chocolate
and Gums and Stabilisers for the
Food Industry.

For more information visit
www.rsc.org/books
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Alternatives for lignocellulosic pulp delignification using polyoxometalates

and oxygen: a review
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A review on the use of polyoxometalates (POMs) and oxygen, for the delignification of
lignocellulosic pulps is presented. Two main processes using POMs for the delignification of pulp
have been investigated: an anaerobic process in which the POMs have been used, in aqueous
solutions, as stoichiometric reagents for the oxidative degradation of residual lignin, with their re-
oxidation by oxygen occurring in a subsequently separate stage; and an aerobic process in which
the POMs were designed to perform as catalysts in the oxygen delignification. In the aerobic
approach, the lignin oxidation and the reactivation of the POM take place in the same stage of the
process. The feasibility of the catalytic system was shown by pilot plant experiments. Following

the green chemistry goals, these processes are environmentally friendly approaches and may allow a
significant decrease of chlorine-based chemical consumption by the pulp-and-paper industry. The
use of the POMs together with laccase for the oxygen delignification of lignocellulosic pulps will also
be considered. Final comments regarding the practical application of the POMs are pointed out.

1. Introduction

The pulp-and-paper industry represents one of the biggest
industries worldwide. The main goal is the production of a
fibrous material from wood that possesses physical and
mechanical properties appropriate for the manufacture of
paper. Typically, this is performed through two main
processes: pulping and bleaching. In the pulping process, most
of the lignin is removed from the wood leading to an
unbleached chemical pulp, composed mainly of cellulose
(80-90%), hemicelluloses (5-15%) and still a small amount of
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lignin (2-5%)." It is followed by bleaching processes in which
the residual lignin is removed (delignification), originating the
so-called bleached pulp.”> The major part of the bleaching
technologies still employ chlorine dioxide, which has proved to
be very selective oxidant, oxidising the residual polymeric
lignin with minimal degradation of the polymeric chain of
polysaccharides.! However, the impact of the chlorine reagents
on the environment is high. The chlorinated organic by-
products released in the bleach plant effluent may accumulate
and progressively destroy the life of ecosystems near the paper
manufacture factories. The use of ‘alternative’ oxidants for the
delignification of pulp, such as oxygen, ozone, or hydrogen
peroxide, is recommended. In particular, oxygen (and water)
are the ideal oxidant (and solvent) respectively, in terms of
green chemistry.
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Fig. 1 Simplified representation of cellulose structure.

Since the middle of the 1990s, considerable efforts have
been made to introduce a new class of compounds — the
polyoxometalates — together with oxygen for lignocellulosic
pulp delignification. Polyoxometalates are metal-oxygen
clusters,*” widely studied as oxidation catalysts,* ! and which
have also been found to be effective for oxidative pulp
delignification. Anaerobic systems in which they act as
potential renewable oxidants, or aerobic systems where they
are used simultaneously with oxygen have been tested. In
this paper we review the state of the art on the use of
polyoxometalates (mainly in aqueous solutions) as oxidants or
catalysts for the delignification of pulp as an alternative in
reducing the use of hazardous chlorine-based reagents, such as
ClO,. The use of polyoxometalates coupled with enzymes will
be considered as well. Environmentally friendly alternatives
are presented, regarding the efficiency and selectivity of the
various systems and the practical aspects of their potential
application. Some background on the chemistry of wood and
polyoxometalates is initially given.

2. Wood, pulping and oxidative pulp delignification

Wood is the biological feedstock for the manufacture of paper
and is composed mainly of polymeric substances such as
cellulose, hemicelluloses and lignin. The relative amounts of
wood components vary with wood species, within the tree,
with cell wall type and within the cell wall.>!>!3

Cellulose, which constitutes the main component of wood, is
a linear homopolysaccharide composed of -D-glucopyranose
units (about 5000-6000), which are linked by (1—4)-glycosidic
bonds (Fig. 1). Along the chain direction, the repeating

(!3H20H y |CH20H CH,OH
i a i
CH a CH CH
<
6 2
H,CO OCH, 7 OCH,
OH OH OH

1) (2) (3)

Fig. 2 Structures of lignin precursors (1-3).

stereo-regular unit is a cellobiose residue (1.03 nm) and every
glucose residue is accordingly displaced 180° with respect to its
neighbours. As a consequence of its fibrous structure and due
to the strong tendency to form intramolecular and inter-
molecular hydrogen bonds, cellulose has a high tensile
strength, which is responsible for wood rigidity. Besides the
crystalline regions, cellulose also presents amorphous regions,
which are more vulnerable to degradation. By contrast,
hemicelluloses are predominantly branched hetero-/homo-
polysaccharides of non-cellulose type, which have a degree
of polymerization between 100 and 200. Like cellulose,
most hemicelluloses function as a supporting material in the
cell wall.>'>!* The major hemicellulose of hardwoods is
glucuronoxylan, which suffers partial demethoxylation during
the kraft pulping, thus originating a small proportion of
hexenuronic groups (HexA). These unsaturated residues may
consume some bleaching chemicals (such as ozone, chlorine
dioxide, and peroxoacids).!

Lignin is a tri-dimensional heteropolymer built up of
hydroxylated and methoxylated phenylpropane units (Co).
The o,B-unsaturated C¢Cs precursors of lignin are the sinapyl
alcohol (1), coniferyl alcohol (2) and p-coumaryl alcohol (3)
(Fig. 2; see also the common designation of each carbon in the
phenylpropane unit) which gives rise in the lignin structure to
the syringyl (S), guaiacyl (G) and p-hydroxyphenyl (H) units,
respectively.>!'>!* Lignin is the component of wood that
should be degraded selectively to obtain high quality cellulose
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Fig. 3 Schematic representation of the chemical structure of hard-
wood lignin. The lignin biosynthesis is also accompanied by the
formation of lignin—carbohydrate links in cell walls.

fibres. Lignins of softwoods, hardwoods and grasses are
different with regard to their structural elements. So-called
‘guaiacyl lignin’ (G-type lignin) which occurs in almost all
softwoods is largely a polymerization product of coniferyl
alcohol. The ‘guaiacyl-syringyl lignin’ (GS-type lignin) typical
of hardwoods is a copolymer of coniferyl and sinapyl alcohols,
with the S/G ratio varying from 4 : 1 to 1 : 2. It is noteworthy
that in all kinds of lignins there exist the three types of units in
different concentrations. In wood lignin, more than two thirds
of the phenylpropane units are linked by ether bonds and the
rest mainly by carbon-to-carbon bonds (Fig. 3).>'>13

Wood pulping processes range from purely physical fibre
separation procedures to full chemical methods of degrading
and removing lignin, the inter-fibre bonding material. The
sulfate or kraft process is the dominant chemical pulping
process. 212! Wood chips are impregnated with the pulping
liquor (pH > 13-14) at liquor-to-wood ratios of about 4. The
soaked chips are heated up to 150-180 °C, for 1-2 h, in batch
or continuous systems. None of the commercial pulping
processes can completely delignify wood without adversely
affecting the strength properties of the fibres. In the kraft
process, the delignification takes place mainly through the
cleavage of the aryl ether bonds. Traditionally, about 2-3% of
lignin is left in unbleached hardwood pulps and about 3-5%
in softwood pulps. The unbleached kraft pulps have a
characteristic brown colour, mainly due to the lignin
chromophore groups.

Bleaching""!*!> is a chemical process applied to ligno-
cellulosic materials in order to remove the residual lignin
(delignification) present in the pulp and achieve an adequate
brightness (a measure of how much light is reflected from a
handsheet of paper) by elimination of the chromophore
groups. The bleaching reactions that occur are highly complex
due to the heterogeneity of lignin and the wide variety of
reactive bleaching species present. The chemicals commonly
used for pulp bleaching include oxidants such as chlorine (C),
chlorine dioxide (D), oxygen (O), ozone (Z) and hydrogen
peroxide (P), and NaOH, used in the alkaline extraction stage
(E). Bleaching chemicals are frequently applied sequentially

with intermediate washing between treatments (stages),
because it is not possible to achieve sufficient removal of
lignin or decolourisation by the action of any chemical in a
single treatment or stage without significant cellulose damage.
Multi-stage sequences take advantage of the different action of
each chemical and provide synergy in bleaching or delignifica-
tion. Typically, there are two main process variables usually
determined to evaluate the degree of delignification and the
degradation of the polysaccharides: kappa number and
intrinsic viscosity. The kappa number is a parameter that
estimates the amount of potassium permangante oxidisable
moities in the pulp, mainly residual lignin. The intrinsic
viscosity is an index related to the degree of polymerization of
the polysaccharides. In the delignification process the kappa
number of the pulp must be reduced with the minimal decrease
of intrinsic viscosity. Both analyses allow determining the
selectivity of the process.

There has been a rapid evolution of processes for the
production of bleached pulp. Much of this technological
activity has been environmentally driven. First, by trying to
substitute elemental chlorine by chlorine dioxide, as, for
instance, in the bleaching sequence D(EO)DED, an elemental
chlorine-free (ECF) sequence; another important improvement
was the incorporation of an oxygen delignification pre-
bleaching stage, such as in the ODED bleaching sequence.
Later, all chlorine-based compounds substituted by others less
toxic, such as oxygen, ozone and hydrogen peroxide as the
bleaching chemicals [totally chlorine-free (TCF) sequences].!

The preferable oxidant by excellence is oxygen, especially if
we speak in terms of green technologies. Oxygen delignifica-
tion can be defined as the process involving molecular oxygen
(dioxygen) for the oxidative degradation of lignin in ligno-
cellulosic materials. However, the autoxidation of residual
lignin in pulp with oxygen requires relatively high tempera-
tures and it is impossible to reach a delignification degree of
unbleached pulp higher than 40-45% without notable oxida-
tive degradation of the polysaccharides and a decrease of
pulp quality.'®

The oxygen delignification may be improved by the use of
metal-oxygen cluster anions (polyoxometalates) as reagents
or catalysts for selective lignin oxidation, overcoming the
previously indicated drawbacks — the topic of this review.

3. Polyoxometalates (general properties)

Polyoxometalates (POM) of general formulae M.O,”" or
X,M,0,”” (M = Mo, W, V; X =P, Si, B, Ge, among others)
are metal-oxygen cluster anions with relevant structural and
electronic properties and a wide range of potential applica-
tions.> ! From the structural point of view they may be
viewed as clusters formed by the condensation of metal-
oxygen polyhedra, namely octahedral (the most frequent),
pentagonal bipyramids or square pyramids. These polyhedra
are linked by sharing corners and edges, and, more rarely,
faces. Two sub-classes of polyoxometalates are usually con-
sidered: isopolyanions and heteropolyanions. Isopolyanions,
having the general formula M,O,”", are composed of two
types of elements: oxygen and a d° metallic element (M = Mo,
W or less frequently V, Nb or Ta). Heteropolyanions present
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in their constitution other elements, named the heteroatoms X
(more than 70 heteroelements have yet been observed). For
these heteroatoms, distinction is made between the primary
heteroatom, which may be viewed as a basic element for the
structure of the heteropolyanion, and the secondary hetero-
atom, which may be released and substituted with no
degradation of the remaining structure.>* For instance, in
the [SiW;;Mn"(H,0)Os0]’~ heteropolyanion, Si (at the centre
of the structure) is the primary heteroatom, while Mn(1II) is
the secondary heteroatom and may be substituted by other
transition metal ions.

Polyoxometalate compounds have distinct properties. One
important characteristic is their robustness to oxidative
degradation and their action as potential electron reservoirs.
This property accounts for the fact that the metal M (Mo or
W) is usually in its highest oxidation state for most of the
POMs.>*17 Second, the solubility of heteropolyanion salts is
determined mainly by the counter-cation type, as their lattice
energy and the solvation energy of the anions are considered to
be low.!” Thus, potassium, sodium, and ammonium salts are
soluble in water; tetrabutylammonium salts are soluble in
some polar organic solvents, and surfactant-cation-based salts
are soluble in non-polar solvents. This is of particular
importance for the design of liquid-phase catalysis experi-
ments. Third, the redox properties of POMs may be altered by
varying the structure of the polyoxometalate or the type and
number of the substituting metals. This is of special interest for
oxidative catalysis experiments such as those of the delignifica-
tion of pulps that will be discussed here.

The most common structures of polyoxometalates include
the Keggin, Dawson, and the sandwich-type anions. The
Keggin anion (Fig. 4a) of general formula o-[XM,040]""
(XMj,) has tetrahedral symmetry and approximately spherical
shape with 1 nm size. In this POM, the central group XOy is

2
N

VK

Fig. 4 Structures of typical polyoxoanions: (a) Keggin anion
o-[XM,040]""; (b) Keggin-type transition metal-substituted anion
o-[XM1M'(H,0)O39]" ; (c) sandwich-type anion [(XW¢O3y)s-
M'4(H>0),}""; and (d) Dawson anion [X,W3O0s )" .

PR
N

surrounded by 12 MOg octahedra in groups of three edge-
sharing octahedra.® From the Keggin anion, the lacunar
0-[XM;1030]"*¥~ is obtained by the release of one MO*"
group. The latter anion is a ligand for transition metal ions M’,
originating the Keggin-type transition metal-substituted poly-
oxometalates, o-[XM;M'(H,0)O3o]" (Fig. 4b). Similarly, the
trilacunar o-[XMyO34]’~ is obtained by the removal of one
M;0¢%" fragment from the Keggin anion, and in this case two
types of structures are possible: a-A and o-B from the removal
of three corner-sharing octahedra and three edge-sharing
octahedra, respectively. Trilacunar-related polyoxometalates
include the sandwich-type anions [(XWoO34)>M'4(H,0),)
whereas two fragments of the Keggin anion o-B-[XWO34)"~
are linked to each other by a belt of four metal ions (Fig. 4c),
and the Dawson anion [X,W30¢,]°~ whose structure may be
visualized as the condensation of two o-A-[XWoO34)” sub-
units (Fig. 4d).? Polyoxometalates may be up to 3-4 nm in size
such as the giant rings and spheres characterized by Miiller
group,'®!” which is out of the scope of this paper. Of parti-
cular interest for the delignification of pulp are the mixed-
addenda anions [PMo,V(, - O4]”  and the transition
metal-substituted polyoxotungstates o-[XW;;M'(H,0)O30]""
(several combinations of X and M’), with the Keggin-type
structure. Manganese(I11) sandwich anions have also been used
for delignification of the pulp.

Several reviews concerning the use of polyoxometalates in
oxidative and acid catalysis are presented in the literature.5'"!
Their use for the delignification of wood pulp is strictly related
to their performance as oxidative catalysts or oxidative
reagents.

4. Oxidative delignification with polyoxometalates
and oxygen

Polyoxometalates can be used for oxidative delignification
processes with oxygen. The main goal is the selective oxidation
of residual lignin. This achievement is possible, due to the
lower redox potential of lignin (easier oxidative degradation)
in comparison with that of polysaccharides® and, also, due to
the suppression of radical-chain oxygen reactions (which
contribute to the polysaccharide degradation) by using
polyoxometalates.?'

The scheme for the lignin oxidative degradation with oxygen
and POMs may be summarized by reactions (1) and (2):

POM oy + lignin — POM,¢q,) + ligningey,) (1)
POMeq,) + (m/4)O; + mH" — POMox,) + (m/i2)H,O  (2)

where POM oy ) and POM,q, are the oxidised and reduced
polyoxometalate form, respectively, and ligning ) represents
the products of lignin oxidative degradation (polymeric or low
molecular weight products).

Two main systems are considered. An anaerobic system in
which these two reactions occur at separate stages, with the
first stage under anaerobic conditions [reaction (1)] and the
second stage under vigorous conditions of oxygen pressure and
temperature [reaction (2)], where the POM acts as a regener-
able oxidant. And an aerobic system in which both reactions

720 | Green Chem., 2007, 9, 717-730

This journal is © The Royal Society of Chemistry 2007


http://dx.doi.org/10.1039/B607824A

Downloaded on 21 November 2010
Published on 26 February 2007 on http://pubs.rsc.org | doi:10.1039/B607824A

View Online

take place at the same stage, in the presence of oxygen, where
the POM acts as an oxidative catalyst.

The thermodynamic conditions required for lignin oxidation
[reaction (1)] and re-oxidation of the POM [reaction (2)] are as
follows:

E(lignin) < E(POM) < E(0) = 1.22 — 0.059 pH  (3)

Therefore, POMs should have a higher redox potential than
the lignin structures, so that they can oxidise the lignin, and
potentials lower than oxygen, allowing their possible re-
oxidation by oxygen. Taking into account the oxidation peak
potential of different lignin structure units, their oxidative
degradation can take place at potentials between 0.6 and 0.8 V
for phenolic units and at around 1.0 V for non-phenolic units
(vs. NHE at pH 2).?> The O,/H,O redox potential is 1.22 V
(vs. NHE) at pH 0.2 Thus, POMs with M'"*D" redox
potentials between about 0.6 and 1.2 V are potential oxygen
delignification catalysts.

It is noteworthy that other factors, such as kinetic factors,
may limit the practical re-oxidation by oxygen of several
POMs and, thus, their use as real catalysts in the aerobic
system.

5. Delignification of pulp with polyoxometalates
under anaerobic conditions

Polyoxometalates have proved to be effective oxidants of
residual lignin in unbleached pulps. Weinstock et al have
developed an interesting approach.?*2® The wood pulp is
heated under anaerobic conditions with an aqueous solution of
an appropriate POM (Scheme 1; unit operation A). Then, the
aqueous solution of the reduced POM, after careful separation
from the partially delignified fibres, is sent to a second reactor
(Scheme 1; unit operation D) to be heated under oxygen
pressure, where re-oxidation of the POM and the oxidation of
dissolved organic materials to carbon dioxide and water take
place (wet oxidation). The aqueous solution of re-oxidised
POM could then be used in further delignification, by
recycling it to unit operation A. The typical temperature and
POM concentration used in laboratory experiments for the
anaerobic delignification were in the range 100-125 °C and
0.05-0.5 mol L™ (ca. 1301300 g L"), respectively. For the
aerobic re-oxidation of the POM, temperatures of 150-200 °C
and O, pressure of 0.6-0.8 MPa were used. The overall

POM + Pulp Bleached pulp

Water

Unbleached
kraft pulp

\
OIE

Scheme 1 Simplified schematic of an effluent-free POM delignifica-
tion process.”

effluent-free delignification process also comprised a unit
operation B (pulp washing), in which the reduced form of the
POM and the partially oxidised dissolved lignin fragments are
removed from the bleached pulp after filtration and washing,
and a unit operation C, where the wash water is concentrated
and undesirable inorganic salts are removed by cationic
exchange or crystallization (Scheme 1).

Typically, the POM solution used in the delignification
process under anaerobic conditions includes a buffering
component to avoid a decrease of pH during the delignifica-
tion and re-oxidation reactions. Below a pH value of 2,
extensive degradation of the polysaccharides may occur. The
POMs were selected taking into consideration several factors:
the POM should have a reduction potential high enough to
oxidise lignin; it should be re-oxidised by oxygen under the
conditions of the aerobic step; it should be stable under the
applied conditions of pH and temperature, and the aqueous
phase including POM and buffer should be readily separated
from the pulp after the delignification treatment.?’

5.1. First generation of polyoxometalates (PMo,oV,, XW;V
and SiW{;Mn)

POMs such as [PMo;oV>Ou0’ (PMoygVa), [PW11VO4]*
(PW1V), [SiW; VO], [BW1; VO]~ and
[SiW“Mn(H20)039]5 ~ (SiW;;Mn) (all o isomers) have been
used for delignification processes of pine kraft pulp under
anaerobic conditions.** ' All studied POMs were able to
delignify the pulp (compared with the results of control
experiments with no POM), the best results being obtained
with SiW,;V and SiW,,Mn (Table 1).° Considerable cellulose
degradation occurred with [PW;VO,0]* ", due to the lower pH
used (on account of the stability of this POM at pH < 2) which
promoted cellulose acid hydrolysis. The delignification effec-
tiveness of different POMs is related to their redox potentials.
POMs with lower redox potentials (PMo;,V, and BW{;V)
presented a lower degree of delignification whereas those of
SiW;;V and SiW;Mn, with a higher redox potential, were the
most effective for the delignification of pulps.?® Poly-
oxometalate re-oxidation was demonstrated for PMo;,V, at
150 °C, since its reduced form was rapidly re-oxidised by
oxygen, despite its low effectiveness for anaerobic delignifica-
tion.2>2%3° In contrast, for the SiW,;V and SiW;;Mn anions
the re-oxidation of the reduced anions by oxygen was slow,
even at conditions of elevated temperature and oxygen
pressure, limiting the useful application of this system.?%27-3!

5.2. Further generations of polyoxometalates (SiW,,V,,
AW,V and others)

A second generation of POMs emerged as suitable for both
delignification and wet oxidation, which are also stable
above pH 7 so that hydrolysis of the cellulose can be signifi-
cantly reduced. These include [SiWoV20u0]® (SiWioVa),
[AIW;;VO4]°" (AIW;V), and ‘SiW;o;Mo; 0V 9Ou’ >
Another important advance associated with this new genera-
tion of POMs was the development of a new synthetic
procedure (using hydrothermal methods) that results in an
equilibrium composition which is inherently stable and,
therefore, can be recycled repeatedly in a closed system.

This journal is © The Royal Society of Chemistry 2007

Green Chem.,, 2007, 9, 717-730 | 721


http://dx.doi.org/10.1039/B607824A

Downloaded on 21 November 2010
Published on 26 February 2007 on http://pubs.rsc.org | doi:10.1039/B607824A

View Online

Table 1 Results of delignification trials with POMs under anaerobic conditions

a,26

POM E (V) vs. NHE at pH 5 Trial/sequence pH of POM stage Kappa number Viscosity/mPa s
Initial kraft pulp 33.6 34.2
[PMo;V-040]° 0.5 ME . 22.3 16.9
ME 4.0 25.6 25.5
Control 4.0 28.6 23.7
[PW VO]~ 0.80 ME 1.5 7.6 Low
Control 1.5 18.5 Low
[SiW;VO40]>~ 0.65 EM ;M,;M;E 7.0 5.0 23
Control 7.0 30.0 25
M, M,;M;E’ 7.0 4.7 23
Control” 7.0 19.5 22
[BW,,VO,0]*~ 0.40¢ M;M,M;E 9.5 19.7 —
[SiW;Mn(H,0)Os30]>~ 0.65 M M,M;E 5.0 6.5 27
Control 5.0 27.0 24.5

“ Experimental conditions: 3% consistency (W(of puip)/W(of suspension)); [POM] = 0.05 mol Lk stage M at 100 °C for 4 h, stage M, at 125 °C for
1 h, stage M> at 125 °C for 1.5-2 h, and stage Mj at 125 °C for 2 h. ? Initial kraft pulp with kappa number 24.1 and viscosity 27.8 mPa s.

¢ At pH 6.

The POM that has been studied most extensively is SiW V5,
which has been routinely used to reduce the kappa number
from about 33 to below 10. The effectiveness of this POM was
shown by the results obtained from a cyclic experiment using
the same POM solution on different pulps (20 cycles). The
delignification step was carried out at a consistency of 3%,
for 3h at 150 °C, wherein the same 0.5 mol L™! solution of
SiW oV, was used. Repeatedly, the pulp fibres were first
delignified, and then the POM liquor submitted to the wet
oxidation with the removal of the organics and re-oxidation of
the POM prior to its re-use. The kappa number decreased
from 33 to an average value of 8 and the average drop in
viscosity was from 30.4 to 19.4 mPa s (a decrease of 36%). Self-
buffering of the medium at a pH of ca. 9.5 was observed
during both the delignification and re-oxidation steps.*> In
addition to the extensive use of SiW(V; in tests with pulps at
kappa levels of 30, this POM has also been used to test the
feasibility of applying POM technology to higher kappa pulps.
The results of some trials, with a southern pine linerboard pulp
with a kappa of 65, could enhance the effectiveness to the point
where the properties of the pulps match those of commercial
elemental chlorine-free (ECF) pulps.*

Thermodynamically-controlled self-assembly of an equili-
brated ensemble of polyoxometalates, with the heteropoly-
tungstate anion AIW;V as its main component, imparts both
stability in water and self-buffering of the medium.>* An
equilibrium mixture containing mainly [A1W11V040]6_ (o and
B isomers) but, also, in minor amounts, other species such as
[AIW;Al039]°", [VoW4016]* and [W70,4°" is previously
prepared. The [AIW,VO4]®” is the lignin oxidant, capable of
undergoing repeated cycles of reduction and re-oxidation. This
and the other POM species participate in the reactions that
self-buffer the medium at a pH near 7.>* Designed to operate
at near-neutral pH, this system facilitates a two-step, O,-based
process for the selective delignification of the pulp.

The wuse of ‘SiW;p.1Mo;¢Vp904 polyoxoanions as
readily synthesized and as an inherently self-buffering system
was also considered. An equilibrium mixture containing
[SinOMoVO40]57 and [SiW”VO40]57, as the dominant
species, is prepared and used in the delignification (these
POM species are the lignin oxidants). A self-buffering of the

medium at a pH near 5.5 is also achieved.®® In the context of
traditional delignification, this ensemble of polyoxometalates
showed the capacity to decrease the kappa number levels of
softwood kraft pulps from 30 to less than 5, while retaining
an intrinsic viscosity higher than 20 mPa s. The ensemble
‘SiW10.1Mo; ¢V09040" could effectively delignify kraft pulps
at much higher kappa number levels in the 100-110 range,
and soda anthraquinone pulps at kappa number levels of
around 120.%*

Recent reviews have been published describing the ultimate
progress of the anaerobic POM-based delignification pro-
cess.>>3® They summarize progress along the multiple fronts
that have been investigated, including the possibilities of using
POMs as a complement to high-yield pulping and electro-
chemical delignification using POMs as mediators. The latest
concern was on searching for more efficient POMs in the
uptake of electrons from the pulp substrates. Also studied
were the determinants of rates of electron transfer from the
substrates to the POMs. All of these must be optimized in
order to achieve the full economic potential of POM-based
delignification.

5.3. Catalytic oxidative mechanism

Reactions of lignin model compounds with PMooV,
were performed. Phenolic compounds, such as 2-methoxyl-4-
methoxyl phenol and 4-hydroxy-3-methoxybenzyl alcohol
(vanillyl alcohol) were oxidised by PMogV, within 10 min at
60 °C. Veratryl alcohol, a non-phenolic lignin model com-
pound, was oxidised to veratryl aldehyde with PMooV,
during 30 min at 100 °C. These results indicate the higher
difficulty of oxidising the non-phenolic lignin structures in
comparison with the phenolic ones with PMo,V,. At 100 °C
under anaerobic conditions almost no reaction was detected
between cotton cellulose and the above-mentioned POM in
aqueous solution.?

Structural changes occurring in the residual lignin of pine
kraft pulp during the reaction with PMo,,V, under anaerobic
conditions were investigated by FT-Raman spectroscopy.’’ A
complete analysis suggests that, during the POM stage on the
residual lignin, quinone and o-carbonyl structures are gener-
ated from phenolic and a-hydroxylated moieties, respectively.
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Kinetic studies were performed on the SiW;,V-based
delignification process under anaerobic conditions, where
three subsequent SiW;;V POM stages (M;M;M3) were used
to delignify pine kraft pulp.?®*! The POM in the oxidised form
was consumed as delignification progressed. The kinetic model
consisted of two independent reactions: a fast reaction, first
order in both oxidised POM concentration and lignin con-
centration (second-order reaction overall) for the first two
delignification stages (M;M,) and a slow, zero-order reaction
for the third delignification stage (M3) in which the rate of
reaction was unaffected by either POM or lignin concentra-
tion. The activation energies for the whole data set were
155 + 04 kJ mol™! for the second-order reaction and
113.4 4+ 0.2 kJ mol~! for the zero-order reaction. The activa-
tion energy of the second-order reaction (15.5 kJ mol™!) was
lower than that typically observed for oxidation reactions
suggesting that the rate of reaction is likely to be controlled by
a mass transport resistance. The activation energy of the other
reaction, 113.4 kJ mol ™', was approximately that expected in a
chemical-reaction-controlled process. It was pointed out that
full understanding of the reactions of POMs within pulp fibres
must include consideration of a number of issues arising from
the effects of heterogeneity and surface phenomena.”®

The reaction of SiW;;V with non-phenolic 1-(3.4,5-
trimethoxyphenyl)-2-(phenoxy)propane-1,3-diol did not take
place under delignification conditions (3 h at 125 °C), whereas
with the phenolic 1-(3,5-dimethoxy-4-hydroxyphenyl)-2-(phe-
noxy)propane-1,3-diol (4) lignin model, a fast reaction rate led
to dimer cleavage.?>?® These results clearly indicate that only
hydroxylated phenyl substructures react with SiW,;V. Taking
into account that the POM SiW,,V is an one-electron oxidant,
it was proposed that 2 equiv. of V(V) oxidise the phenolic
moiety to a cyclohexadienyl cation that either: (i) isomerises to
give an o-ketone (5) or (ii) is hydrolytically cleaved to give
2-phenoxy-3-hydroxypropane aldehyde (6) and a hydroqui-
none which is oxidised to the 2,6-dimethoxy-p-benzoquinone
(7) by an additional 2 equiv. of V(V) (Scheme 2).%®

Other studies have been conducted in order to evaluate the
reactivity of phenolic and non-phenolic lignin structures with
POM. These studies included the oxidation of four lignin
model compounds (phenolic and non-phenolic, with or with-
out an o-carbonyl group): vanillin, creosol, veratryl alcohol
and veratrol with SiW,,V.?® It was found that the reactivity of
non-phenolic lignin structures towards POMs at 25 °C is
negligible, whereas the reaction with phenolic lignin structures
takes place readily. A reaction mechanism between SiW;V
and the lignin model compounds was proposed (Scheme 3). It
consists of a one-electron transfer from the phenol structure to
SiW,,V, leading to the formation of a phenoxyl radical and
further one-electron oxidation of the formed phenoxyl radical
with the formation of an aromatic cation structure.*®
Hydrolysis of the aromatic cation structure yields quinone
structures, which have been previously detected.?**

The oxidative degradation of non-phenolic lignin model
compounds, 1-(3,4,5-trimethoxyphenyl)ethanol and 1-(3,4-
dimethoxyphenyl)ethanol by the equilibrated ensemble
‘SiW,0.1Mo01 V0040’ in an inert atmosphere was studied.*'*?
Unlike the phenolic lignin model compounds which reacted
immediately at room temperature, the non-phenolic lignin
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Scheme 2 Proposed mechanism of 1-(3,5-dimethoxy-4-hydroxyphe-
nyl)-2-(phenoxy)propane-1,3-diol (4) oxidation with [SiW,,VOy,e> .2

model compounds required stronger reaction conditions.
Reaction temperatures of 180 °C were needed to obtain more
than 90% degradation of 1-(3,4,5-trimethoxyphenyl)ethanol
after 6 h of reaction. It was proposed that the oxidation of
the latter proceeds via successive oxidations of the benzylic
carbon atom.
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Scheme 3 Reaction mechanism for the lignin model compound
oxidation with [SiW;;VOyu> .3
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The kinetics of redox reactions between residual lignin and
POM anions [AIW;;Mn™(H,0)03]°" and [SiW;Mn"-
(HZO)O39]57 in a suspension of unbleached softwood kraft
pulp were studied, taking into account the effect of cation
concentration (mainly potassium), pH, ionic strength and
temperature.*>** According to the results, cation concentra-
tion and pH had a remarkable effect on the reactivity of the
POMs toward the phenolic lignin structures. At cation
concentrations lower than 0.10 mol L™, no reaction was
observed during the first hour and 20 min; at a concentration
of 0.30 mol L™', the reactions were significantly more
rapid, and the rate correlated strongly with increasing
pH for both POMs. The kinetics of re-oxidation of
[AIW,;Mn"(H,0)O5]"~ by oxygen at various conditions of
pH (3-7), temperature (55-75 °C) and oxygen pressure (0.3
and 0.5 MPa) were determined. Oxidation was observed only
at pH 3 and 5. The conversion of the POM always remained
lower than 20% for 2 h of reaction.**’

6. Delignification of pulp with polyoxometalates
under aerobic conditions

The ideal polyoxometalate, acting as a catalyst for oxygen
delignification should be strong enough to oxidise the residual
lignin of pulp without degrading the polysaccharides, and,
simultaneously, be re-oxidised by oxygen at the same stage of
the process. Lignin is oxidised by POMs in the oxidised form,
yielding CO, and H,O as the main final products of lignin
oxidative degradation (Scheme 4). The generated reduced
POM is subsequently re-oxidised by oxygen producing water
as a by-product and the POM in the oxidised form (Scheme 4).
This cycle is continuously repeated. To achieve this purpose,
several polyoxometalates were considered.

6.1. HPA-5/0, system

6.1.1. HPA-5 as a catalystt The heteropolyanion
[PMo,;VsO4]¥ in solution (HPA-5 for short) has shown
catalytic activity under O, for the delignification of eucalyptus
sawdust and for the delignification of kraft pulp, in water or
ethanol-water medium under appropriate conditions.**~>°
Delignification of kraft pulp at temperatures of 90 °C and at
an optimized pH of 1.8-2.0 and an oxygen pressure of 0.6 MPa
originated pulps with significantly lower kappa numbers than
those of the experiments performed with no POM after 2 h of
reaction (Table 2).***7 However, owing to the low pH used,

Lignin

CO, + H,0

Scheme 4 General scheme of oxygen delignification catalysed by
POM (presented as Keggin compounds in polyhedral-filling represen-
tation; terminal oxygen atoms are depicted as unfilled balls).

Table 2 Results on kraft pulp bleaching with HPA-5%447

Kappa Brightness Visgosity/

Bleaching conditions number (%) em® g7

Initial kraft pulp 16.9 33 1270

EtOH-H,0 (50 : 50, v/v); 90 °C; 6.6 62 975
120 min
[HPA-5] = 2 mmol L™!; pH = 1.9

EtOH-H,0 (50 : 50, v/v); 90 °C; 11.6 44 1020
120 min
[H>SO4] = 0.01 mol L™!

H,0; 90 °C; 120 min 52 68 620
[HPA-5] = 2 mmol L™ !; pH = 1.9

H,0; 80 °C; 120 min 9.6 51 890
[HPA-5] =2 mmol L™ !; pH = 1.9

H,0; 90 °C; 120 min 10.4 43 1100
NaOH (2% on pulp)

H,0; 106 °C; 80 min 6.3 61 755

NaOH (2% on pulp)
“ Consistency = 3%; p°(0,) = 0.6 MPa.

polysaccharide destruction also occurred. This was assumed
to be mainly related to the hydrolysis reactions by acid
catalysis, as similar intrinsic viscosities were obtained for the
experiment carried out with no POM.***” Notwithstanding,
the delignification process catalysed by the HPA-5/0,
system was more selective than the conventional oxygen
delignification in alkaline medium, when the oxidative
degradation was carried out to a kappa number of around
6-7 (Table 2).4647

It was demonstrated that the HPA-5/0, system could be
used in multiple delignification cycles without losing its
activity for the delignification of the pulp. These results
showed that no catalyst deactivation occurred.*® The chemical
oxygen demand index, after the second cycle, indicated that
the oxidised organic materials accumulation and their dissolu-
tion in the multiple delignification liquors was roughly the
same. This fact indicates that the HPA-5/0O, system yields the
total oxidation of lignin to carbon dioxide and water. These
results are extremely important for a possible application of
HPA-5 as a catalyst for an oxygen delignification stage in a
totally eftfluent-free (TEF) bleaching plant. Since the deligni-
fication liquor may be continuously re-used it could be carried
out in a closed system. In this way, POM delignification opens
new perspectives for the implementation of the closed-mill
concept and for the reduction of the environmental impact of
the bleached kraft pulp mill.

6.1.2. Catalytic oxidative mechanisms. It was clearly demon-
strated by cyclic voltammetry and 'V NMR that VO,*
are released from the anion [PMo;VsO4]°~ under the
working conditions of the pH applied.?>*’ In fact, the
predominant POM species detected by 'V NMR were
[PMog12 -V, 040]® "~ with n = 1-3,*” and an oxidation
peak due to VO*' — VO," was observed in the cyclic
voltammogram after the cathodic scan.?? The latter species
was proposed as principally responsible for the cellulose
depolymerization, leading to a remarkable decrease of pulp
viscosity. Owing to their high redox potential (around +1.1 V
vs. NHE), VO," ions released from the partial dissociation
of [PMo07Vs04]°~ under acidic conditions oxidise the gluco-
pyranosic units of cellulose on the C-6 and C-1 positions. This
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is followed by solvolysis of the oxidised cellulose chains and
further formation of low molecular weight oxidation products.

Studies on the oxidation of non-phenolic model compounds
such as veratryl alcohol and acetovanillone showed the activity
of the HPA-5/0, system.”? The oxidation potentials of
these compounds were found to be too high (>+1.0 V) to be
oxidised by [PMog2— )V, 040]° "~ (0.7-0.8 V vs. NHE).
Thus, once more it was assumed that VO, released from the
POM sphere was the active oxidant of those non-phenolic
compounds. In the oxidation of phenolic compounds such as
vanillyl alcohol, besides VO,", [PMo(;5 — ,yV,040]° * ™~ should
play an important role as the oxidant.??

Based on the analyses of the residual lignin from eucalyptus
wood by '*C NMR after delignification with oxygen in the

presence of HPA-5, as well as by GC-MS analysis of the liquor
of the delignification process after the reaction, a mechanism
for lignin oxidation in the HPA-5/0, reaction system was
proposed (Scheme 5).°! The pathway C consists of homolytic
stages that lead to the aromatic ring cleavage. The pathways
A and B show the oxidation of the lignin aromatic group
with V(V) (in the composition of free VO, ions or in HPA),
yielding structures of cyclohexadienyl cations, which subse-
quently undergo hydrolytic cleavage. The interaction between
the lignin and the VO, ions or HPA is possible due to the
formation of an electronic transition complex between the
VO," ions or HPA and the lignin aromatic n-electron system.
One-electron-oxidised lignin structural units can also form
coupling products.®!
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- - VV :
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OH OH ’
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Lig Lig
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- - +e
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Low molecular weight products and CO,

Scheme 5 Scheme proposed for the lignin oxidative degradation in the HPA-5/0, system. V(V) and V(1v) are found in the composition of VO," or
VO?>" as well as in the HPA-oxidised or -reduced forms, respectively.’!
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6.1.3. HPA-S stages incorporated in bleaching sequences. The
possibilities of integrating the procedure of oxygen delignifica-
tion catalysed by HPA-5 as a pre-bleaching stage in different
ECF and TCF sequences were investigated.’>> The HPA-5-
catalysed delignification in ethanol-water (50 : 50, v/v) solution
(stage designated as Opoyy) With 60% delignification allowed the
same pulp brightness to be obtained in the OpoMmE,D sequence
as in the DE,D sequence (Ep refers to alkaline extraction stage
using small amounts of hydrogen peroxide), but with a three-
fold lower ClO, consumption. The pulp viscosity at the end of
the OpomE,D sequence was nearly 10% lower than at the end
of a classical DE,D procedure. The main physical properties
of pulps bleached by a sequence incorporating the Opoyy Stage
were slightly lower than those bleached by the DE,D process.

The use of aqueous solutions instead of an aqueous organic
medium for the delignification is preferred, since the presence
of organic solvents may pose problems in the technological
implementation of a POM-based delignification process and
reduce its economical feasibility. One way to improve the
delignification results in aqueous media is by increasing the
ionic strength of the solution, for example, by the addition of
Na,S0,.>* The OpomEpDD bleaching sequence was selected as
an alternative to the nowadays exploited DE,DE,D process.
For nearly 40% of delignification in the Opoy stage, a
reduction in ClO, consumption of about 40% is achieved (90%
brightness). A further increase of the degree of delignification
in the Opoy stage allowed the same brightness to be reached in
OpomE,DD process with proportionally lower ClO, demand,
but led to decreasing viscosity of the bleached pulp. However,
this drop in viscosity had no dramatic influence on the strength
properties of the bleached pulps. Compared with a pulp
bleached by a standard DE,DE,D process, that bleached
using an ECF sequence including an Opgy stage had slightly
lower strength properties (nearly 10-15%) but better optical
properties (e.g. opacity).

6.2. HPA-5-Mn"/O, system

6.2.1. Mn"-assisted HPA-5 as a catalyst. In spite of the good
delignification extent obtained during oxygen delignification
catalysed by HPA-35, the selectivity of residual lignin oxidation
was restricted by two main factors: (i) the low pH of the best
delignification medium (ca. pH 2), which promotes acid-
catalysed hydrolysis of polysaccharides; and (ii) the undesir-
able and not easily controllable degradation of polysaccharides
with VO," ions dissociated from parent structure of HPA-5.
To overcome these drawbacks, new development was carried
out on the preparation and structure of the catalyst.

Manganese(11) ions in the form of manganese diacetate were
added in the last stage of the synthesis of HPA-5 under acidic
conditions with the purpose of preparing Mn-substituted
HPA-5 structures (HPA-5-Mn" for short) as suggested by
electrochemical experiments.>* This experiment accounted for
the partial dissociation of HPA-5 at pH < 3, leading to the
formation of the so-called lacunary derivatives of the parent
Keggin polyoxoanions. Moreover, the synthesis of POMs,
based on the reactions of lacunary Keggin structures and
transition metal ions is well documented.> Regarding the cata-
lytic features of Mn-substituted polyoxometalates in oxygen

Table 3 Results of eucalyptus kraft pulp delignification with oxygen
catalysed by HAP-5-xMn" “¢°

Kappa Intrinsic Delignification
Delignification system number viscosity/em® g~!  degree (%)°
Kraft pulp 13.9 1290 —
O, (without catalyst) 8.5 1030 39
HPA-5/0, 5.8 920 58
HPA-5-1.0Mn"/O, 6.0 1000 57
HPA-5-1.5Mn"/O, 6.2 1050 55
HPA-5-2.0Mn"/O, 6.1 1060 56
HPA-5-3.0Mn"/O, 6.0 1050 57
HPA-5-1.5Mn""/O, 5.8 1060 58

“ Consistency = 3%; 100 °C; 2 h; p°(O,) = 0.5 MPa; [HPA-5-
xMn'] = 2.0 mmol L™'; pH = 3.0. ? Estimated as the decrease of
kappa number.

delignification,®® the use of a lacunary structure of HPA-5
acting as a multidentate ligand to the manganese ions (HPA-5-
Mn") on the oxygen delignification catalysis was investigated.

The delignification degree achieved with HPA-5/0, or HPA-
5-Mn"/O, systems was considerably higher than that obtained
by oxygen without a catalyst (Table 3).>* Comparing the two
reaction systems HPA-5/0, and HPA-5-Mn'"/O,, the latter
showed a slightly lower delignification efficiency but a
remarkably improved selectivity, proving a positive influence
of the presence of manganese in the substituted HPA-5.

The VO," ions present in the acidic HPA-5 solution play a
key role in the oxidative delignification because they were
considered as the main active species in the catalytic oxidation
of lignin.*’=>” At the same time, however, VO," ions oxidise the
polysaccharides, thus decreasing the selectivity of the deligni-
fication.>® The introduction of Mn in the synthesis of HPA-5-
Mn" could control, to some extent, the VO," ions released.
The lower concentrations of VO, in the HPA-5-Mn" solution
could explain the slightly lower delignification efficiency but
better selectivity. The molar ratio between HPA-5 and Mn**
ions used in the synthesis of HPA-5-Mn" also influenced the
delignification results. The selectivity of the lignin oxidation
was fairly constant when the ratio [HPA-5]/[Mn**] was higher
than 1.5 (Table 3).>*

The catalyst HPA-5-1.5Mn" ([HPA-5)/[Mn**] = 1.5) was
suggested as being the best for the catalytic needs.** About
15-20% higher viscosity of the delignified pulp was achieved
with HPA-5-1.5Mn" when compared with HPA-5 catalysis at
the same degree of delignification. Delignification parameters
in the system HPA-5-1.5Mn"/O, were also optimized. The best
delignification selectivity with HPA-5-1.5Mn"" was observed at
a pH between 3 and 4. The temperature of 100 °C seemed to be
a good compromise for selective delignification. After 4 h of
reaction at 100 °C, it was possible to reach up to 70% of
residual lignin removal with a viscosity drop of only 26%.

6.2.2. Catalytic oxidative mechanisms. Reactions of phenolic
and non-phenolic lignin monomeric model compounds (homo-
vanillyl and homoveratryl alcohol, respectively) in the HPA-5-
Mn'"/O, system were considered and compared with those in
the HPA-5/0, system.” The chromatograms of the oxidation
products of homovanillyl alcohol in both HPA-5/0, and
HPA-5-Mn"/O, systems were very similar. Oxidation of
homoveratryl alcohol in both systems also gave similar
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chromatograms. It was concluded that Mn" incorporation into
the HPA-S structure does not have a significant influence on
the oxidative degradation of phenolic or non-phenolic lignin
structures. HPA-5 and HPA-5-Mn" are suggested to originate
identical lignin oxidative mechanism pathways. The proposed
mechanisms for the oxidative degradation of homovanillyl
alcohol and homoveratryl alcohol are presented elsewhere.>
The first one-electron oxidation by the catalyst yielding the
formation of the corresponding cation-radical was assumed as
the rate-limiting oxidation step of both of the model
compounds with HPA-5 or HPA-5-Mn". Comparing the
conversion degree of around 16% for homoveratryl alcohol
with that of more than 99% for homovanillyl alcohol, it was
shown that the contribution of the non-phenolic lignin
structural units in the oxidative degradation must be lower
than that of phenolic ones.

The reactions of eucalyptus dioxane lignin adsorbed on
cellulose in the HPA-5-Mn"/O, system were considered, in
order to analyse the possible structural modifications in lignin.
Changes were followed by 1D quantitative '*C NMR and 2D
'"H-'3C NMR techniques.”® Several oxidised functional
groups (carboxyls, aldehydes and ketones) appeared in
the lignin structure during the delignification procedure.
Demethoxylation was also a significant reaction that took
place. These changes are supported by studies with lignin
model compounds. The cleavage of (-O-4 structures was
suggested as the main way of lignin depolymerization. On the
other hand, carbon-carbon linkage as the B-p and -5 bonds
seemed to decrease during the oxidative process. Another
interesting feature that occurs during the delignification
procedure applied to the dioxane lignin was the formation of
Ca-O-polysaccharide linkages in the -O-4 structures of lignin.

6.2.3. HPA-5-Mn" stages in short bleaching sequences. The
catalysis by HPA-5-Mn" in the oxygen delignification
stage (Opom) and in the ozone stage (Zpon) Was tested in
short bleaching sequences such as OpomE,Opom and
ZpomEpOpom.> The effect of HPA-5-catalysed delignification
with ozone has been previously discussed.’? This experiment
was extended to the HPA-5-Mn" catalytic delignification, and
the delignification trials showed the high potential of HPA-5-
1.5Mn"-catalysed delignification both with dioxygen and
ozone. Two Opom stages of 2 h each, with intermediate
alkaline extraction, demonstrated better delignification for the
same final viscosity of the pulp when compared with the one-
stage, 4 h delignification. About 80% of the delignification was
reached while the viscosity decreased 26%. The substitution
of one Opom stage in OpomE,Opom by Zpom in the
ZpomEOpowm sequence allowed a delignification degree higher
than 70% to be reached with a decrease of pulp viscosity of
only about 20%. These results are rather attractive when
compared to those previously obtained with HPA-5 for the
same delignification trials.®

6.3. Pilot plant trials including oxygen stages catalysed by
HPA-5-Mn"

The oxygen stage catalysed by HPA-5-Mn" can be carried out
in a ‘closed loop’ mode since the solution of the catalyst may

be re-used. This possibility was confirmed in a series of 16
delignification experiments, carried out using as delignification
solutions the filtrates from the previous delignification experi-
ment.®* No significant changes occurred in kappa number
and viscosity after 16 delignification cycles, showing that no
catalytic deactivation took place in the performed experiments.

Pilot-scale delignification and bleaching trials, including
oxygen stages catalysed by HPA-5-1.5Mn", were carried out at
the technical facilities of the Centre Technique du Papier
(CTP, Grenoble, France). The scheme of the pilot plant has
been presented elsewhere.®! The kinetics of delignification with
oxygen catalysed by HPA-5-Mn" was two times faster in the
pilot plant scale (Kyps = 5.97 x 1073 minfl)61 than in the
laboratory experiments (Kops = 3.07 x 107 min~!).>* This
better performance was explained by better mixing of the pulp
with the catalyst and oxygen in the pump, dynamic mixer and
in the high pressure reactor. It was also suggested that the live
steam should have a crucial effect on mass/heat transfer,
allowing a better delignification rate. On the other hand, the
delignification kinetics of the alkaline O stage, at the pilot
plant scale, in the first 45 min (Kyps = 5.48 x 1073 min~}), was
slightly slower than that observed for the Opon stage.61 For
longer than those 45 min, the delignification development was
negligible for the O stage, while for the Opoy, stage it could be
largely extended without a significant decrease of viscosity. In
contrast, the oxidation selectivity for the first hour of reaction
was slightly lower in the Opoy than in the alkaline O stage.
However, the selectivity in the Opoy; stage can be improved if
the concentration of the catalyst is higher and if the reactor
loading could be carried out with the pulp, catalyst solution,
vapour injection and oxygen at the same time, preventing the
higher extent of POM reduced form in the initial instants of
the Opow stage.

Oxygen delignified pulps after both catalytic (Opon) O
alkaline (O) stages were submitted to further delignification
with chlorine dioxide in an aim to estimate their delignification
response in WpOpomDED and WODED sequences (Wu
stands for an acid washing stage and W for a washing stage).®!
These data were compared with those obtained for the pulp
bleached by the industrial DEDED process. The consumption
of chlorine dioxide was reduced by 56% for the W OponDED
sequence and by 53% for the WODED sequence (similar pulp
brightness), compared with the typical DEDED sequence
(Table 4). In spite of the noted differences in the viscosity of

Table 4 Physical properties of eucalyptus kraft pulp bleached with
WaOpomDED, WODED and DEDED sequences (65 g m™~ 2)*®°

WAOpomMDED  WODED  DEDED
ClO; charge (as active 24 26 55
chlorine)/kg ton ™"

Pulp viscosity/em® g ™! 755 900 980
Brightness (% ISO) 85.1 86.7 89.5
Revolution PFI number 1800 2000 1250
Beating degree/°SR 30 30 30
Burst index/kPa m” g~ ! 4.16 4.24 5.30
Tensile index/Nm g~ 62.1 64.8 77.1
Tear index/mNm? g ! 7.75 8.20 8.6
Opacity (%) 72.0 71.5 70.4

“ Industrially bleached DEDED kraft pulp supplied by Soporcel
pulp mill.
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the pulps bleached by the WAOpoyDED and WODED
sequences (Table 4), their strength properties were very similar.
Both pulps showed on average 10-20% lower strength indexes
when compared with conventional pulp bleached by the
DEDED sequence. The pulp bleached by WsOpomDED
showed better beatability and opacity than the pulp bleached
by WODED.

The analyses on toxicity have supported the idea that the
final bleached pulp is not toxic and the effluents from the
WAOpomDED sequence can be biologically treated by
conventional modes. Moreover, the absorption of POM
composition elements in the pulp after the Opon stage
occurred only in residual amounts. More than 99% of the
catalyst was recovered after using two washing steps.

6.4. Mn(111)-substituted polyoxometalates (and others)

Oxygen delignification experiments in the presence of Mn(III)-
substituted polyoxotungstates with the Keggin structure such
as [XW;,Mn"(H,0)O34]" ", with X = P, Si, B (XW,;Mn™)*
and [SiW ;oMn,"(H,0),040]"" " (SiWoMn,™),%* or sandwich-
type polyoxotungstates [(PWyO34),Mn™ Mn",_ J’~, where
x = 1, 3 [(PWo),Mn4]®* were performed. A comparison of the
kappa number decrease and the delignification selectivity in a
conventional oxygen-alkaline delignification process and in
the SiW;Mn"/O, or (PWy),Mn"";Mn"/O, systems showed
significant advantages of the latter process.®> Moreover, these
systems proved to be more selective than the HPA-5/0, and
even the HPA-5-Mn/O, systems for the delignification of kraft
pulp.*®%2 With the SiW,;Mn"/O, system, the kappa number
was reduced from 12.4 to 5.1 (59%) while the viscosity drop
was of only 11%.

As mentioned before (Section 6), the final state of the POM
after the delignification experiments is an important point to
address. It was found that POMs such as SiW;;Mn" or
SiWoMn,"" were presented at the end of the delignification
experiments in a partially oxidised form (about 15 and 40%,
respectively).’®%? For the sandwich-type anions, no re-oxida-
tion was detected and only the reduced form (Mn'";) was
observed at the end of the reaction.®® In fact, this correlated
with their redox potentials and the irreversibility of the Mn'""
pair in the following order: SiW;(Mn,"™ < SiW; Mn"™ <
(PWy),Mn". In spite of the high selectivity on delignification
the incomplete re-oxidation of such POMs after the deligni-
fication experiments may be a limitation for their application
in a single-stage delignification experiment which is the ideal
and simplest system for the delignification purpose. A second
stage is required (see heading 7).

Studies on the oxidation of model compounds with
stoichiometric amounts of SiW;;Mn"™ under O, confirmed
its reactivity with phenolic structures (oxidation of homo-
vanillyl alcohol gave mainly vanilethanediol and dehydro-
dihomovanillyl alcohol), showing that phenolic units of lignin
are easily oxidised by SiW;;Mn" via two- and one-electron
abstraction mechanisms, respectively.’® As expected from
earlier studies, very poor conversion of homoveratryl alcohol
(non-phenolic structure) was achieved with SiW; Mn". A
mechanism was proposed in which a fast period of delignifica-
tion began by a fast reaction of SiW;;Mn"™ with phenolic

structures. Then, the delignification rate decreased due to the
occurrence of coupling reactions that did not favour the lignin
depolymerization, and possibly due to more difficult reaction
with non-phenolic structures and partially oxidised lignin
substructures.

One of the most effective POMs for the oxygen delignifica-
tion of kraft pulp was [SiW11Co“‘(H20)O39]57 (SiW;Co™).
However, as for the sandwich-type anions, only the
reduced form of SiW,;Co" was detected after the delignifica-
tion experiments.®” Heteropolyanions of the series
[SiW, VA\,O40](4+“')_ (x = 1-4) were also evaluated as
catalysts in the oxygen delignification of eucalyptus kraft
pulps.®® The best delignification results were achieved using
[SIW8V4O40]8_ (SIW3V4) at pH 3-4. With the SIW8V4/02
system, about 50% delignification was obtained but with a
high viscosity drop of around 30%.

7. Oxygen delignification with polyoxometalates and
laccase

Polyoxometalates such as SiW;;V and SiW;;Mn are proved to
be among the most effective and selective oxidants for the
delignification of pulp under anaerobic conditions (as shown
in Sections 5.1 and 6.4). In spite of possessing a redox potential
M@+ D (407 to +0.8 V vs. NHE) lower than that of oxygen
reduction to water they are hardly re-oxidised by oxygen even
at vigorous conditions of temperature and oxygen pressure,
which is attributed mainly to kinetic factors. This fact limits
their application in oxygen delignification catalysis. A solution
was found by using bio-catalytic re-oxidation of POMs by
laccase of Trametes versicolor. Two different approaches were
considered.

In a first approach, POMs were used as inorganic mediators
to laccase-catalysed delignification of pulp at temperatures
typically around 45-60 °C.5*¢7 This followed observation that
some of the POMs that were hardly re-oxidised by oxygen,
such as SiW;;Mn" and SiW;; V", could be re-oxidised by the
enzyme even at room temperature (T =~ 25 °C) and
atmospheric pressure (ca. 0.02 MPa).®” When using POMs as
inorganic mediators for pulp delignification (laccase-mediator
system — LMS), the POM oxidises the residual lignin in the
pulp and the reduced POM is re-oxidised by laccase at the
same stage. Finally, the cycle is completed by re-oxidation of
the copper centres of the prosthetic group of laccase in the
presence of oxygen. The application of the LMS to the
delignification of kraft pulps has not produced high deligni-
fications. No more than 35% delignification was achieved,
even after 48 h of reaction.®* The low delignification rate was
suggested to be due to the scarce reactivity of the POM with
the substrate under the applied conditions.®” In fact, the
optimal conditions required for kraft pulp delignification with
the POM are typically around 90-110 °C, in contrast to the
applied temperatures lower than 60 °C.

In a second approach, an alterative multi-stage process was
developed in which the pulp is treated with a POM at high
temperature (100-110 °C) in a first stage, followed by the POM
re-oxidation with laccase at moderate temperatures (30-60 °C)
in a separate stage.®®®” The application of this multi-stage
process brought delignifications around 50% when applied to
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Table 5 Results of eucalyptus kraft pulp delignification catalysed by
POM and laccase®®’

Kappa Viscosity/ Delignification Viscosity

System number cm® g~ (%) loss (%)
Kraft pulp 12.3 1185 — —
SiW”Mn'"
POM 9.5 1130 23 5
POM-L 8.9 1080 28 9
POM-L-POM 6.9 1075 44 9
POM-L-POM-L-POM 6.0 1020 52 14
SiW”VV
POM 9.0 1055 26 11
POM-L 8.2 1035 33 13
POM-L-POM 6.9 1005 44 15

“ Consistency = 6%; POM stage: 110 °C, 2 h, p°(0,) = 0.6 MPa,
[POM] = 3.6 mmol L™}, pH 4.5; laccase stage: 45 °C, 4 h, p°(O,) =
0.3 MPa, laccase 380 U 17! ® Estimated as the decrease of kappa
number.

Siw Mn™ and SiW;; VY. SiW;;Mn"" was found to be
more selective, while SiW;;VY was more effective in the
oxidative delignification (Table 5).%7 After the laccase stage
(POM-L) the complete (or almost complete) re-oxidation of
polyoxometalates SiW;V (and SiW; Mn, respectively) was
verified. Furthermore, no indications of degradation of the
Keggin structure were found under the experimental condi-
tions used.

Recently, a novel integrated system was developed in which
the delignification of pulp by a POM and the re-oxidation of
the POM by laccase occur in separate reactors.®® This is based
on three main components: a delignification reactor operating
at temperatures around 85-90 °C under atmospheric pressure
where the reaction of SiW; VY with lignin occurs; a bio-reactor
containing laccase operating at temperatures of around 45 °C
under atmospheric pressure where the reduced POM Siw,; VY
coming from the delignification reactor is re-oxidised back to
SiW;VY; and an ultrafiltration membrane in which the
SiW VY is separated from the enzyme and returned to the
delignification reactor. With this continuous system, deligni-
fication approaching 70% for only a 15% viscosity loss is
obtained. Further ClO, stages confirmed high quality bleached
pulps and allowed a saving of about 60% of ClO,.°® The
principles of the POM-laccase integrated delignification system
can be applied in the conventional multistage displacement
bleaching tower, where reduced POM is withdrawn from
different zones, continuously re-oxidised by laccase under
aerobic conditions in a bioreactor and the re-oxidised catalyst
returned to the tower after separation of laccase using suitable
devices.

Three extracellular metalloenzymes are involved in the
depolymerization of native lignin by wood-rotting fungi:
laccase, manganese peroxidase and lignin peroxidase. In the
biological delignification, manganese peroxidase, a proto-
heme-containing enzyme, oxidises Mn(II), abundant in the cell
wall, to Mn(111); this species is stabilized by o-hydroxy acids.
The formed Mn(1l1) complexes oxidise the phenolic groups
within the lignin.®® It is possible that manganese peroxidase
could be used for the re-oxidation of the manganese-
substituted Keggin anion, SiW;;Mn, and other related species.
This could be an area to explore in the future.

8. Concluding remarks

In the past 10-15 years significant efforts toward the
substitution of chlorine dioxide by environmentally friendly
pulp delignification systems employing polyoxometalates have
been made. The most effective and selective polyoxometalates
found for the delignification process were SiW VY,
SinanIII’ AlWllVV, Siwl()Vz, ‘SiW10A1M01_0V0A9040’ and
the above-mentioned HPA-5-Mn".

Two general approaches were applied. One, where in a first
stage the POM is used as a reagent for the pulp delignification
under anaerobic conditions and in a different stage the re-
oxidation of the POM takes place. Another, under aerobic
conditions, where the POM in catalytic amounts is used to
delignify the pulp and is continuously re-oxidised by oxygen in
the same stage. Very interesting results could be obtained, the
best approaching 70-80% of delignification with a viscosity
loss of 20-30%. Pilot plant trials with HPA-5-Mn" followed by
further delignification with chlorine dioxide and analyses of
the physical properties of the final bleached pulps showed that
the polyoxometalate-catalysed oxygen delignification may
represent a new and interesting tool for pulp delignification
with practical feasibility. A saving of 56% of chlorine dioxide
was achieved.

For those polyoxometalates (especially those most selective
on delignification) where the re-oxidation step by oxygen is the
limiting step, the incorporation of other oxidising reagents
such as appropriate enzymes or even non-chemical oxidation
processes is required. Incorporation of laccase for the re-
oxidation of a few polyoxometalates has resulted in a new,
clean biotechnological delignification process. These processes
may be of practical interest, especially if the POM and enzyme
can be both re-used for pulp delignification in a sustainable
overall process.

New directions in the future may be towards the application
of other polyoxometalates, searching for more powerful and
selective oxidants/catalysts for the delignification process.
Alternatively, the development/optimization of new/known
processes incorporating delignification and re-oxidation of the
POM in different stages should be considered. Up to date it is
not possible to totally substitute the chlorine dioxide by POM-
based systems (whether or not they employ oxygen). However,
under appropriate conditions, POMs may be used to save 70%
of the chlorine dioxide without losing out on the quality of the
final cellulose fibres.®® In the future, these processes should be
optimized and costs evaluated and compared with those of
industrial processes in order to evaluate the possibility of
incorporating new POM-based delignification processes into
industrial applications.
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The oxidation of 2,3,6-trimethylphenol with aqueous H,O,
over titanium(rv) grafted on commercial mesoporous silica
produces 2,3,5-trimethyl-1,4-benzoquinone, with nearly quanti-
tative yield.

The vitamin E precursor, 2,3,5-trimethyl-1,4-benzoquinone
(TMBQ), is currently produced in industry via oxidation of
2,3,6-trimethylphenol (TMP) with molecular oxygen in the
presence of a copper chloride catalyst used in amounts close
to stoichiometric.! The evident shortcomings of the CuCl,/O,
homogeneous system are corrosiveness and product contamination
with transition metal (Cu) and chlorine-containing compounds,
even if the process is operated under two-phase conditions. The
development of green alternatives for the production of TMBQ is
thus a challenging goal of fine chemistry.

Recently, some of us have suggested the production of TMBQ
via oxidation of TMP with aqueous H,O, over a mesoporous
titanium-silicate catalyst (Scheme 1).

Both well-ordered mesostructured materials and amorphous
TiO>-SiO, mixed oxides were found to operate as true hetero-
geneous catalysts in this reaction when acetonitrile was used as a
solvent.® The highest yield of TMBQ (up to 98%) was attained
over TiO,-SiO, aerogels with titanium loading in the range of
1.7-6.5 wt%. However, despite the fact that the catalysts did not
suffer from titanium leaching into solution, the catalytic activity
dramatically decreased after the first run because of the hydrolytic
instability of the porous structure and irreversible titanium
oligomerization on the surface.®> The progress in solving the
problem of the hydrothermal instability of mesoporous titanium-
silicates is related to the synthesis of mesoporous TS-1,*
Ti-MMM-1° and Ti-MMM-2° materials. Meanwhile, the selec-
tivity to TMBQ attained with Ti-MMM-2 does not exceed 80%,°
which is not enough to make this process commercially attractive.
Furthermore, the synthesis of the catalyst requires the use of the

OH o
H,0p/catalyst
MeCN, 80°C
0
Scheme 1

“Boreskov Institute of Catalysis, Pr. Ac. Lavrentieva 5, Novosibirsk,
630090, Russia. E-mail: khold@catalysis.nsk.su; Fax: +73833309573;
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expensive and toxic ionic surfactant, cetyltrimethylammonium
bromide.

Tuel and Hubert-Pfalzgraf have reported that nanometric
monodispersed titanium oxide particles supported on meso-
structured silicates, such as SBA-15, MCM-41 and HMS, using
the hexanuclear cluster [Tig(13-O)g(1-O.CCsH4OPh)g(OEt)g] are
highly active and selective in the H,O,-based TMP oxidation to
TMBQ.” Unfortunately, the catalyst stability and recycling tests
were not provided.

Some of us showed that titanium-grafted materials obtained
from non-ordered commercially available silicas are efficient
catalysts for the epoxidation of unsaturated terpenes and fatty
acid derivatives.® These systems can be prepared by a less
expensive and time-consuming method than the ordered
template-based molecular sieves and can provide comparable, or
even superior, performances. In this work we demonstrate that
titanium catalysts (Ti/SiO,) prepared by grafting titanocene
dichloride onto the surface of commercial silicas, adapting the
procedure developed by Maschmeyer et al.,” are highly efficient in
TMBQ production.

The catalytic performance of titanium grafted onto non-ordered
mesoporous (A) and pyrogenic non-porous (B) silica supports
was assessed in TMP oxidation with H,O, in acetonitrile under
optimal reaction conditions determined previously.® The results of
the catalytic tests are presented in Table 1. The results obtained
with the mesostructured Ti-MMM-2 catalyst prepared by hydro-
thermal synthesis® are given for comparison.

The non-porous pyrogenic silica-grafted catalyst shows a rather
low activity compared to the mesoporous materials, and TMBQ

Table 1 TMP oxidation with H,O, over Ti,Si-catalysts”

TMP TMBQ

conversion selectivity® TOF/
Catalysth (Ti, wt%) (%) (%) min~!
Ti/SiO5 (A)¢ (1.97) 100 96 (100) 2.0 (2.0)
Ti/SiO5 (AY (0.92) 100 79 1.4 (2.0)
Ti/SiO, (B)? (1.78) 85 47 0.7 (1.0)
Ti-MMM-2" (2.00) 98 76 1.3 (1.9)

“ Reaction conditions: TMP, 0.1 M; H,0,, 04 M; catalyst,
0.006 mmol of Ti; MeCN, 1 mL, 80 °C, 30 min. ” All the catalysts
were calcined at 560 °C for 5 h in air directly before experiments.
¢ GC yield based on TMP consumed. “ TOF = (moles of TMBQ
formed)/(moles of Ti) x (time), determined from the initial rates of
TMBQ formation; in parentheses, (moles of TMP consumed)/(moles
of Ti) x (time), determined from the initial rates of TMP
consumption. ¢ Surface area of the support, 4, 290 m*> g, volume
of mesopores, V, 1.48 cm® g~ !, mean pore diameter, d, 20.4 nm.

The catalyst amount was increased twice. ¢ Non-porous, A

268m> g L4 1120m?> g !, V0.57 cm® g7, 4 3.2 nm.

This journal is © The Royal Society of Chemistry 2007
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yield does not exceed 40% based on the initial substrate. The
activities of the Ti/SiO, catalysts grafted onto the non-ordered
mesoporous silica and of Ti-MMM-2 expressed in TOF values
determined from the initial rates of TMP consumption are similar,
and 98-100% TMP conversion is reached after 15-20 min.
Acetonitrile is the solvent of choice for this reaction. In methanol
or iso-propanol, the reaction rate is several times slower and
TMBQ selectivity significantly decreases.

It is worth noting that Ti/SiO, containing about 2 wt% of
Ti reveals superior selectivity in TMBQ formation, TMBQ yields
as high as 96-100% being attained (Table 1). Both Ti-MMM-2
and Ti/SiO, with a lower titanium loading (0.92 wt%) have a
higher degree of isolation of Ti(1v) sites, which is clearly indicated'®
by the higher energy position of the band in the DR-UV spectra
(Fig. 1).

Meanwhile, these two catalysts are less selective, and only
76-79% yield of TMBQ is achieved (Table 1). Comparing the TOF
values determined from the initial rates of TMBQ production and
TMP consumption, which are given in Table 1, we may conclude
that titanium site isolation is crucial for the activity of the Ti,Si-
catalysts but not for the high selectivity of the TMBQ formation.
Oppositely, a high surface concentration of well-dispersed,
probably dimeric,!! titanium species, which is manifested by a
broad maximum of the band in the DR-UV spectrum in the range
of 220-270 nm (Fig. 1), favours the formation of the monoquinone
at the expense of the typical by-product of TMP oxidation,
biphenol. This conclusion is in agreement with the results reported
earlier by Tuel and Hubert-Pfalzgraf’ and by some of us.?
Importantly, no bands in the range of 300-330 nm are present in
the DR-UV spectra of all the titanium catalysts studied in this
work, indicating the lack of anatase-like oligomeric species, which
are known to be responsible for a low activity of Ti,Si-catalysts in
selective oxidations with H,0,."

To better fulfil the green chemistry guidelines and to assess the
propensity of the materials to be recovered and reused, the Ti/SiO,
catalyst was recycled in two consecutive catalytic runs. In contrast
to the TiO»-SiO, aerogels, the grafted Ti/SiO, catalyst is
considerably more stable and can be used repeatedly without a
significant loss in both the activity and selectivity (Fig. 2).

300

200
h, Nm

Fig. 1 DR-UV spectrum of Ti/SiO, (A) (Ti 1.97 wt%) (1), Ti/SiO, (B)
(Ti 1.78 wt%) (2), Ti/SiO; (A) (Ti 0.92 wt%) (3), Ti/SiO, (Ti-MMM-2) (Ti
2.00 wt%) (4).

&2 TMP conversion, %
/7271 TMBAQ selectivity, %
1004

80+

60

40-

20+

Conversion/Selectivity, %

o

Catalytic cycle

Fig. 2 Recycling of Ti/SiO, (A) (Ti 1.97 wt%) in TMP oxidation with
H,0,. Reaction conditions: TMP, 0.1 M; H,0,, 04 M; catalyst,
0.013 mmol of Ti; MeCN, 5 mL, 80 °C, 30 min.

100 ° ®
°
°
80+
o/ ®
60 )
A

TMBAQ yield, %
5
»
»

Filtration of catalyst

N
o
1

0 T T T T T T T 1
0 5 10 15 20 25 30 35 40

Time, min

Fig. 3 Oxidation of TMP with H,O, over Ti/SiO; (A) (Ti 1.97 wt.%).
Reaction conditions as in Table 1.

Typically for Ti,Si-catalysts,> no further TMP conversion is
observed in the filtrate after fast hot catalyst filtration at about
50% of TMP conversion, indicating a true heterogeneous nature of
catalysis over Ti/SiO, (Fig. 3). Elemental analysis data confirm
that no titanium leaching from the solid catalyst occurs under the
conditions of TMP oxidation.

The catalysts prepared by grafting titanium onto non-ordered
commercial mesoporous silica combine excellent activity, very
high selectivity to the desired product and good recyclability in
the TMP oxidation by aqueous H,O,. In addition, these solids
are prepared by a simple, affordable and cheap synthesis
methodology. All these facts allow us to view them as prospective
heterogeneous catalysts for the clean and sustainable synthesis of
TMBQ.
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Efficient enzymatic resolution of (+)-cis-benzyl N-(1-hydro-
xyindan-2-yl)carbamate in [aliq][IN(CN),] by acylation using
CALB as a biocatalyst was achieved, with the possibility of
catalyst and medium reuse. The reaction proceeds to the
formation of the corresponding acetate in moderate yield and
high enantiomeric excess for the first and second cycles.
Additionally, the biocatalyst can be recovered by filtration
and reaction products can be easily removed from the ionic
liquid by direct sublimation under high vacuum.

The development of efficient routes to obtain chiral pure
compounds is the subject of considerable interest. Among many
others, (1S, 2R) cis-1-amino-indan-2-ol 1 is an important unit
present in drugs with physiological activity such as Indinavir
(under the trade name of Crixivan®™). Researches at Merck first
demonstrated in 1990" the utility of 1 as an effective ligand for an
HIV protease inhibitor.” In the last few years, a new class of HIV
protease inhibitors have been developed® using the same key unit
1.*7 Efficient chiral auxiliaries and catalysts have also been
prepared from 1 and used in asymmetric synthesis.® 1>

1
B
(j/\N/\N OH (18, 2R) cis-1-amino-indane-2-ol
P

N ; NH
H : OH
NHCBz

Indinavir 2
&) cis-Benzyl N-{1-hydroxyindan-2-yljcarbamate

Enzymatic resolution is a powerful methodology to obtain
chiral active compounds used as precursors of pharmaceutical
drugs.’*'* In the past few years, several enzymatic and non-
enzymatic procedures have been described for the synthesis of
enantiomerically pure cis-1-amino-indan-2-ol 1.%!%1523

In 1999, Luna er al”' reported the enzymatic resolution of
(+)-cis-benzyl N-(1-hydroxyindan-2-yl)carbamate 2 in 1,4-dioxane
using Pseudomonas cepacia lipase (PSL). Under these reaction
conditions, PSL exhibited high enantioselectivity, providing the
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substrate (1R, 25)-2 in 78% ee, and the corresponding acetate
(1S, 2R)-3 in 99% ee. However, the long reaction times (9 days)
reported are probably due to low solubility of the substrate in the
organic solvent. In the same year, Anilkumar et al. 23 described the
enzymatic alcoholysis of an N,O-diacetyl derivative of 1 in several
organic solvents using Candida antarctica lipase B (CALB). A 1: 1
diisopropyl ether : 1,4-dioxane solvent mixture and n-butanol
proved to be a good combination to perform this reaction. After
76 h of reaction, the product was obtained in 43% yield with an ee
>99%. Water-miscible hydrophilic solvents, such as 1,4-dioxane,
normally induce enzyme denaturation and deactivation to some
extent, and thus most researchers prefer to use water-immiscible
lipophilic solvents such as hexane or toluene to perform enzymatic
resolutions.”* The use of ionic liquids (ILs) in enzymatic
resolutions has been the object of recent interest by different
laboratories.”>® Tonic liquids provide a stable and friendly
environment for the enzymes where they retain their catalytic
activity even after several cycles. The high stability of IL media and
the ease of product recovery combined with enzyme reuse makes
ILs a powerful tool for biocatalysis.

Herein, we report the use and reuse of ILs and biocatalysts for
the efficient enzymatic resolution of (+)-cis-Benzyl N-(1-hydro-
xyindan-2-yl)carbamate 2, where the products are easily recovered
from the IL by sublimation.

Initially, we compared the performance of PSL and CALB
(Novozym 435%) in the resolution of (+)-2° in 1-n-butyl-3-
methylimidazolium hexafluorophosphate [bmim][PF4], using
vinyl acetate as an acyl donor. Reaction conversions up to 28%
prompted us to perform a screening of different ILs at a constant
water activity (ay, the most convenient parameter to correlate
enzymatic activity, here set to 0.2), as summarized in Table 1
(entries 1-5).

S]

X e o e o
™\ X= N(CN), PF; BF
/N@N\/\/ e( )2, PFg, BF4
NTf,
[bmim]
R R o R= n-octyl, Aliquat 336
N® X e ©
—~N
X= N(CN),
[alig]

As shown in Table 1, all ILs based on the imidazolium cation
(entries 1-4) showed low product 3 conversions at 35 °C over 72 h
reaction. Interestingly, no enantioselectivity was observed in
[bmim][N(CN),] (entry 4), in which the enzymatic preparation
was physically altered in the course of reaction. We observed that 2
was also poorly soluble in the majority of the ILs tested as well in
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Table 1 Effect of different ionic liquids on the enzymatic resolution
of (&)-cis-benzyl N-(1-hydroxyindan-2-yl)carbamate 2 using CALB
(Novozym 435™) as biocatalyst

NHCBz j’\ NHCBz NHCBz
0

N =
OH - OH + OCOMe
IL, CALB

2
()2 (1R, 25)

3
(1S, 2R)

Conv.l ee“2 ee?3

Entry” Solvent Temp./°C Time/h (%) (%) (%)

1 [bmim][PFs° 35 24 8 10 99
72 19 20 85
2 [bmim][BF,° 35 24 7 9 9
72 12 14 99
3 [bmim][NTf:]° 35 24 5 590
72 8 9 9%
4 [bmim][N(CN)] 35 24 13 0 0
72 19 <1 3
5 [alig][N(CN),J* 35 24 36 2 7
7256 87 69
6 [aliq][ N(CN)Q}/ 35 96 61(56) 94 (76) 60 (61)
7 [alig[N(CN),] 35 24 48 7783
8 [alig[N(CN),] 25 24 31 43 o8
48 45 4 92
72 53 9 80
9 [aligN(CNJ¢ 25 2429 34 83
10 [alig[N(CN),] 25 60 48 (44) 80 (65) 88 (83)

“ All reactions were carried out in 0.5 ml solvent with 0.07 mmol of
substrate, 10 eq. of vinyl acetate and 20 mg of CALB. For entries
7-10, reactions were carried out in 1 ml solvent with 0.36 mmol of
substrate, 10 eq. of vinyl acetate and 100 mg of CALB. Results in
brackets correspond to reactions with reused biocatalyst (entry 6)
or with both reused IL and biocatalyst (entry 10). ” Conversion
determined by HPLC. ¢ Optical purity of 2 determined by HPLC.
d Optlcal purity of 3 calculated on the basis of the observed
conversion and ee of 2 by HPLC. The calculated ee value is on
average 4% lower than the ee observed for derived isolated product
2 (measured after hydrolysis). © Water activity of a,, =0.2. / Water
content of 3.3 pg H,O per pL [alig][N(CN),]. * Water activity of
ay =0.2 (6.1 pg H,O per pL [aliq][N(CN),]).

1,4-dioxane. We identified [alig][N(CN),] as the solvent in which
the solubility of 2 was highest, making this IL a suitable alternative
to organic media. In [alig][N(CN),], up to 56% conversion of
enzymatic resolution was observed, with ee values of 87% and 69%
for 2 and 3, respectively (entry 5). Enzyme stability in this IL was

tested by performing two reactions at 35 °C over 4 days where
the enzyme was reused (entry 6). The product 3 was obtained in
60% ee for the first run and in 61% ee for the second run at a
conversion of 61% and 56%, respectively. These results demon-
strates excellent enzyme stability in [alig][N(CN),].

As a result of further optimization of the reaction conditions,
the concentration of the substrate was increased, temperature was
decreased and water content in the ionic liquid was reduced
(entries 7-10). Both reaction conversion and ee were found to
depend on these three parameters. The use of high substrate con-
centration and lower water content led to an increase in reaction
conversion (48% vs. 36% after 24 h, entry 7 vs. entry 5), and the ee
values for both substrate and product increased as well (entry 7 vs.
entry 5). The effect of temperature is consistent with the observa-
tion that this parameter can be a useful tool to modulate enzyme
enantioselectivity.”” The water content in reaction mixture is
another important issue when enzymatic reactions are performed.
At lower water contents, (where the ionic liquid is not equilibrated
at a,, = 0.2) a higher ee was obtained (entry 8 vs. entry 9).

At optimal conditions, in the first and in the second cycle 3 was
obtained in 48% conversion with 88% ee, and in 44% conversion
with 83% ee, respectively (entry 10).

There is still no consensus on the use of ILs, mainly because of
their cost and availability. However, in this case neither condition
is applicable, since [aliq][N(CN),] is readily obtained from a
commercial source (Aliquat 336™) and at relatively lower cost than
the imidazolium ILs.

By taking advantage of the IL being almost non-volatile,*!
main objective was to isolate the products directly from the IL by
sublimation, as has already been demonstrated for the Fischer
indole reaction.’? To this end, preparative-scale enzymatic reac-
tions were performed, as shown in Table 2.

As before the effect of water content was noted. At lower water
contents, better yields and ee were achieved (entry 1 vs. entry 2).

After 60 h of reaction, the products 2 and 3 can be directly
recovered as a mixture from the IL by sublimation. After column
separation, 3 was obtained in 36% yield (entry 3). The ee of 3 was
assigned after basic hydrolysis to the corresponding alcohol 2
providing an ee of 92%. Nevertheless, another cyclization can
occur during hydrolysis with the formation of side products.

Table 2 Preparative enzymatic resolution of (+)-cis-benzyl N-(1-hydroxyindan-2-yl)carbamate 2 using CALB (Novozym 435™) in [aliq][N(CN),]

at 25 °C for 60 h reaction time

NHCBz NHCBz NHCBz H o NHCBz
N\( :
[a|IQ][N(CN)2] CALB MeOH
0°C, 1h
()2 2 4 2
(1R, 285) “ S, 2R) (1S, 2R)
Entry Time/h Isolation method Conv. (%) Yield 2 (%) ee” 2 (%) Yield 3 (%) ee’ 3 (%)
1 24 Column 28 71 34 27 90
2 24 Column 31 67 40 28 97
3 ) 60 Sublimation? 43 47¢ 80 36 92
4 (reuse)/ 60 Column 44 55 65 40 88

“ All reactions were carrled out in 1 ml of [aliq][N(CN),] (water content 3.3 ng H')O per uL IL) using 0.36 mmol of substrate 10 eq. of vinyl
acetate and 100 mg CALB.*® For entry 1, water content 6.1 pg H,O per pL IL.  Optical purity of 2 determined by HPLC. ¢ Optical purity of
3 determined by HPLC (measured after hydrolysis). 4 Sublimation under high vacuum (2 h, 130-140 °C, 3 x 10> mbar). ¢ Isolated as a
mixture of 2 (5%) and 4 (42%)./ Experiment performed using enzyme recovered by filtration and the IL recovered after sublimation (entry 3).
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Hydrolysis must be performed under low concentration of base, to
prevent formation of the cyclic carbamate 4, as shown in Table 2.
Regardless of the substrate, 2 was isolated in 5% with an ee of
80%, this low yield is due to the cyclisation of substrate during
sublimation, with formation of cyclic carbamate 4. Since an
efficient sublimation was achieved, the reaction medium was
reused and a second cycle was performed under the same reaction
conditions (25 °C, 60 h, entry 4). After column separation, 3 was
collected in 40% yield and an ee of 88% was observed after
hydrolysis to the corresponding alcohol.

In conclusion, we have demonstrated an efficient enzymatic
resolution of Indinavir precursor 2 in [aliq][N(CN),], where the
products can be easily recovered from the reaction medium by
direct sublimation. This approach, that allows the reuse of the
reaction medium (solvent and biocatalyst) and avoids the use of
organic solvents in both reaction and separation processes, should
be readily applied to other substrates that can also be removed
from the IL by sublimation.
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A new type of pyrrolidine-based chiral ionic liquid has been
developed. This chiral ionic liquid was found to catalyze the
Michael addition reaction of aldehydes and nitrostyrenes to
give moderate yields, good enantioselectivies, high diastereo-
selectivities, and recyclability.

During the past decade, room temperature ionic liquids (RTILs)
have received considerable attention due to their ability to serve as
effective reaction media for a wide variety of organic reactions and
other applications in chemistry.! By modifying the structures of the
cations or anions of ionic liquids, it has been shown that their
properties can be altered to influence the outcomes of reactions.

Tonic liquids that contain specific functionalities and are capable
of carrying out specific tasks have received considerable attention.
There have been a limited number of task-specific ionic liquids that
have been designed and synthesized that are capable of controlling
the outcomes of asymmetric organic reactions.” Task-specific ionic
liquids have shown limited success when used as solvents for
reactions, such as the Baylis-Hillman reaction,’ the enantioselec-
tive photoisomerisation,* Michael additions,” and Heck oxyaryla-
tion.® Most task-specific ionic liquids that are capable of
influencing the outcomes of asymmetric reactions contain the
proline moiety. It is well known that pyrrolidine-based catalytic
systems have been very effective for asymmetric Michael addition
reactions, often yielding high enantioselectivities.” The pyrrolidine
structure of these compounds is now regarded as one of the
essential backbones for asymmetric catalysis and has been
incorporated into the design of task-specific ionic liquids, examples
are shown in Fig. 1 (I-III).3

It appears that the presence of an acidic hydrogen is essential for
the activity and selectivity of proline derived catalysts; for example,
reactions in which II is used as the catalyst, poor yields were
obtained, compared to yields observed when III is used. For
reactions involving II, an acid, such as trifluoroacetic acid, is
typically added in order to improve enantioselectivities.

COOH
— —

O\/N /N+\ B OVNWN*\H-BU +/== o]
AN e S I PN eT
H Br H o BF4 X o

i |||
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Fig. 1 The known chiral ionic liquids.
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One aspect of our research involves the design and synthesis
of functionalized chiral RTILs that exhibit the ability to form
hydrogen bonds with reactants and intermediates in an effort to
influence the outcomes of asymmetric reactions.” In this study, we
report the design, synthesis, characterization, and application of a
new type of task-specific ionic liquid, which is derived from proline
and contains an acidic hydrogen. Catalyst 3, shown in Scheme 1,
contains a fairly acidic N-H hydrogen; its acidity is due to the
presence of the adjacent electron-withdrawing group. Thus, our
functionalized ionic liquid, not only introduces a chiral pyrrolidine
moiety into an imidazolium ionic liquid, but also includes a
protonic functionality. A major advantage of our current design is
that this functionalized IL can not only serve as organocatalyst,
but also is easily recovered from the reaction mixture, making it a
recyclable green ionic liquid.

Scheme 1 shows the synthesis of the pyrrolidine-based chiral
imidazolium ionic liquid 3. The reaction of 3-chloropropanesulfo-
nyl chloride with (S)-2-amino-1-N-Boc-pyrrolidine'® provided 1,
which was converted to imidazolium iodide 2 in 86% overall yield
via two steps, involving iodation with Nal and alkylation of the
corresponding pyrrolidine sulfonamide with 1-methylimidazole in
CH;CN. The chiral ionic liquid (CIL) 3 was obtained by removal
of the Boc group, followed by anion exchange with NTf, in 88%
overall yield.

Catalyst 3 was next used as an organocatalyst for a series
of asymmetric Michael addition reaction of aldehydes with
nitroolefins. The organocatalytic direct asymmetric Michael reac-
tion has been recognized as one of the most powerful carbon-
carbon bond-forming reactions in modern organic synthesis, and
has been explored intensively in recent years.!! The reactions of
ketones and aldehydes as nucleophiles with nitroolefins are
catalyzed by proline and their derivatives, such as pyrrolidine-
pyridine,'> aminomethylpyrrolidine,'* 2,2’-bipyrrolidine,'* and
pyrrolidinylterazole,'> with high diastereoselectivities and enantio-
selectivities. Very recently, Tang reported a pyrrolidine-thiourea as

N + O} N w i
| | —_—
Boc Boc 1
— % _ 0
[—\+ S i \+ SN
_N__N————%"N ~N__N——~— "N
h oH ~ oH
| /N NTf, HN
2 Boc
Scheme 1 Synthesis of chiral ionic liquid 3. Reaction conditions: (i) EtsN,

CH,Cl,, 72%; (ii) (1) Nal, acetone, 96%; (2) 1-methylimidazole, CH3CN;
86% for 2 steps; (iii) (1) CF3COOH, CH,Cly; (2) LiNTf,, H,O; 88% for
2 steps.
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a highly diastereo- and enantioselective catalyst for Michael reac-
tions of ketones with nitroolefines.”” Wang et al’ and Hayashi
et al.'® independently reported remarkably effective catalysts for
asymmetric Michael reaction of aldehydes. However, all organo-
catalysts reported to date for asymmetric Michael reactions are not
casily recycled. The development of new effective asymmetric
organocatalysts for Michael reaction while facilitating catalyst
recovery and reuse remains a challenging task.%!”

Initially, the Michael reaction of isobutyraldehyde and nitro-
styrene in various solvents was examined at room temperature
using CIL 3 as organocatalyst; the results are shown in Table 1. In
polar solvents, such as MeOH and i-PrOH, the reaction proceeds
smoothly and gave the desired Michael adduct 4a in good
yields (62-80%) and enantioselectivities (66-67% ee) (Table 1,
entries 1-2). Using CH3CN as a solvent resulted in a poor yield
and similar enantioselectivity (Table 1, entry 3). Higher enantio-
seletivities (74-78% ee) were observed in solvent-free conditions or
by using THF and CH,Cl, as solvents, but the yields were poor
(Table 1, entries 4-6). The addition of a catalytic amount of
organic acid or using ethyl acetate as solvent did not enhance the
yields (Table 1, entries 7-9). However, when the less polar solvents
Et,O and CHCl3were used in conjunction with IL 3, the Michael
addition adduct was afforded in moderate yields (43-52%) and
good enatioselectivities (76-78% ee) (Table 1, entries 10-11).
Moreover, at a lower temperature (4 °C), the adduct 4a was
obtained in 82% ee and 58% yield (Table 1, entry 12).'® In
addition, catalyst 3 could be recycled twice without losing its
activity and enantioselectivity (Table 1, entries 13-14).

As a result of the observations from Table 1, the reaction
conditions of entry 12 were chosen to study the application of
CIL 3 to the Michael addition reaction. The asymmetric Michael
addition reaction with a series of aldehydes and nitrostyrenes
under the catalysis of CIL 3 was investigated and the results are
shown in Table 2. As demonstrated in Table 2, all aldehydes
can undergo Michael reactions with different aryl-substituted
nitrostyrenes in the presence of 20 mol% of 3 in Et,O at 4 °C,

Table 1 Optimization of the reaction conditions

O Ph
\_\ catalyst 3 (20%) NO
2
J\( Tsolvent, 6d H%
4a

Entry Solvent Additive T Yield (%)” ee (%)°
1 MeOH — rt 80 67
2 i-PrOH — rt 62 66
3 CH3CN — rt 22 68
4 neat — rt 22 74
5 THF — rt 17 75
6 DCM — rt 34 77
7 THF TsOH rt <10 —
8 DCM TsOH rt <10 —
9 EtOAc — rt <5 —
10 Et,O — rt 52 78
11 CHCl, — rt 43 76
12 Et,O — 4°C 58 82
13 Et,0 — 4°C 57 814
14 Et,O — 4°C 55 82°¢

“Yield of isolated product. *
(chiralpark AS-H).
cycle of 3.

Determlned by chiral HPLC analysis
“ Not determined. ¢ Second cycle of 3. ¢ Third

Table 2 Michael addition reactions of aldehydes to frans-nitro-
styrenes catalyzed by 3

o O Ar
gt oy e L L,
NO2 R2 > H2M Rl R2
Entry Product Yield (%) ee (%) dr (synlanti)
1 O Ph 58 82
SN0
2 O Ph 64 68 97:3
HJ\('\/NOZ 4b
nC4H9
3 O C¢Hy4-Me 60 67 96 : 4
HJH/'\/NOZ 4c
}’lC4H9
4 O CgH4-4-OMe 29 (85 67 92:8
HJ\‘/\/NOZ 4d
nC3H7
5 O Ph 53 66 96 : 4
6 O  CgHy4-Me 64 73 97:3
7 O Ph 49 87) 64 89 : 11
H)H)\/NOZ 4g
nC3H7
8 O CgHu-4-Me 38 (90)" 68 9 : 4
HJH/VNOZ 4h
VIC3H7
9¢ O Ph 38 (88)Y 88 95:5
NO, 4i

“Yield of isolated product. ” the ee valves were determined by
HPLC analysis on a chiral phase (chiralpak AS-H, AD, and
chiralcel OD-H). ¢ Determined by 'H NMR spectroscopy (400 MHz).
4 Yield based on recovery of nitrostyrene. ¢ the reaction was carried
out in CH;CN at room temperature.

giving the corresponding Michael adducts 4b-h in moderate
yields (29-64%), good enantioselectivities (64-82% ee), and high
diastereoselectivities (sym/anti ratio up to 97 : 3). Typically,
substituents on aryl groups slightly influenced the diastereoselec-
tivities and enantioselectivities as well as the yields. For example,
nitrostyrenes bearing H used in the reaction with branched
aldehyde isovaleraldehyde gave the desired product 4e with
moderate yield, enantioselectivity, and high diastereoselectivity
(Table 2, entry 5), while the reaction of frans-4-methyl-B-nitro-
styrene with isovaleraldehyde afforded adduct 4f with an increased
yield (64%) and enantioselectivity (73%) (Table 2, entry 6). The
linear aldehyde n-pentanal and n-hexanal can serve as the Michael
donor to produce the desired adducts 4b-d and 4g-h in moderate
yields (29-64%) and enantioselectivities (64-68% ee) and high
diastereoselectivities (syn : anti ratio up to 97 : 3) (Table 2,
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entries 2-4 and 7-8). The reaction involving the asymmetric
Michael addition of a ketone and nitrostyrene using CIL 3 as
catalyst was also investigated. The reaction of cyclohexanone
and trans-B-nitrostyrene in CH3CN at room temperature gave
the adduct 4i in moderate yield and high selectivities (88% ee,
syn : anti = 95 : 5) (Table 2, entry 9).

2 2 =\
-S +
R, mN B NN o A
. N-
L3
Al
R

+ NO, “NTR, I HJ\‘)\/N02

Ar/\/NOZ A

Fig. 2 Mechanism for the Michael addition using catalyst 3.

As shown in Tables 1 and 2, modest yields were observed for the
reactions, with good enantioselectivities. A possible mechanism to
explain the results for the Michael addition is shown in Fig. 2.
Based on the L-proline catalyst model, it is obvious that the N-H
acidic hydrogen plays an important role in the reaction by forming
hydrogen bonds to the nitrostryene substrate in a manner that
C-C bond formation would take place by the preferential enamine
addition to the less hindered Si face of the nitrostyrene.” In
addition, pyrrolidine-sulfonamide-based CIL 3, being a bifunc-
tional catalyst, is expected to stabilize the transition state and make
the selectivity possible.

In summary, we have developed a new type of task-specific ionic
liquid, which is capable of catalyzing Michael addition reaction of
aldehydes and nitrostyrenes with moderate yields (up to 64%),
good enantioselectivies (up to 82% ee), and high diastereoselec-
tivities (syn/anti ratio up to 97 : 3). Apparently, the acidic N-H
adjacent to the electron-withdrawing sulfonyl group plays an
important role in the selectivity of the reaction. The newly designed
ionic liquid tethered chiral pyrrolidine catalyst can be easily
recycled without loss of activity. The design of similar catalysts,
which influence the outcomes of asymmetric reactions is underway
in our laboratory.
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PEG-assisted solvent and catalyst free synthesis of 3.,4-
dihydropyrimidinones under mild and neutral reaction condi-
tions is described.

In the recent years development of environmentally friendly
chemical synthesis is gaining considerable interest both in
academia and industrial research.! In this context, the replacement
of toxic and volatile organic solvents as reaction media with
environmentally acceptable alternatives such as water, ionic liquids
and PEG and carrying out organic reactions under solvent-free
conditions is an area of tremendous importance in modern
organic synthesis.” 3,4-Dihydropyrimidinones, denoted as Biginelli
compounds, and their derivatives are highly important
heterocyclic units in the realm of natural and synthetic organic
chemistry that possess diverse therapeutic and pharmacological
properties, including anti-viral, anti-tumor, anti-bacterial and anti-
inflammatory activities.> Furthermore, these compounds have
emerged as calcium channel blockers, anti-hypertensive agents and
a-la-adrenergic antagonists. Also, several alkaloids containing the
dihydropyrimidine nucleus isolated form marine sources have
been found to possess interesting biological activities.* Owing to
the wide range of pharmacological and biological activities, the
synthesis of these compounds has become an important target in
current years. The Biginelli reaction, first reported in 1893, is a
direct and simple approach for the synthesis of 3,4-dihydropyr-
imidinones by one-pot cyclocondensation of ethyl acetoacetate,
benzaldehyde and urea in the presence of strong acid.> However,
one serious drawback of this method is the low yield of the
product, particularly in case of substituted aromatic and aliphatic
aldehydes.® This has led to the development of multistep syntheses
of Biginelli compounds that produce higher yields, albeit lacking
the simplicity of the one pot synthesis. Thus, the Biginelli reaction
involving one step cyclocondensation for the synthesis of
dihydropyrimidinones has received renewed interest, and several
improved protocols, mainly using Lewis acids as well as protic
acids, have been developed for accomplishing this reaction.’
Nevertheless, use of toxic organic solvents, expensive catalysts and
harsh reaction conditions in these protocols leaves scope for
further development of new environmentally clean syntheses. Very
recently, Deng e al® reported an efficient ionic liquid catalyzed
Biginelli reaction using [bmim]BF,; and [bmim]PFg as catalysts
under solvent-free conditions. However, ionic liquids especially
imidazolium based systems containing PF¢ and BF, anions are
toxic in nature as they liberate hazardous HF, and their high cost
and disposability make their utility limited.” Polyethylene glycol

Chemical and Biotechnology Division, Indian Institute of Petroleum,
Dehradun, 248005, India

and their monomethyl ethers are inexpensive, thermally stable,
non-toxic, recyclable and find wide applications as media for
phase transfer catalysts.!® However, their potential as reaction
media and promoter for organic reaction does not appear to have
been explored much. Recently, Wang er al'' have described a
microwave assisted synthesis of 3,4-dihydropyrimidinones using
PEG-SOsH as catalyst and solvent. In continuation of our studies
on developing improved methodologies for organic reactions, we
reveal herein for the first time a PEG-assisted solvent and catalyst
free synthesis of 3,4-dihydropyrimidinones under neutral reaction
conditions (Scheme 1).

In a typical experimental procedure, a mixture containing
aldehyde 1 (2 mmol), urea 2 (2 mmol), B-dicarbonyl compound 3
(2 mmol) and PEG (0.2 g) was heated at 100 °C for 45 min. After
cooling at room temperature the reaction mixture was poured
into water, the solid product thus obtained was filtered and
recrystallized.'> A vareity of aldehydes, B-dicarbonyl compounds
and ureas were reacted under these reaction conditions to afford
corresponding  3,4-dihydropyrimidinones 4. These results are
presented in Table 1. A variety of heterocyclic, aliphatic and
aromatic aldehydes both containing electron donating and with-
drawing groups were smoothly converted to their corresponding
3,4-dihydropyrimidinones in excellent yields. Both [-ketoesters
(ethyl and methylacetoacetate) and 1,3-dicarbonyl compound
(acetylacetone) smoothly reacted under these reaction conditions.
Further, the use of thiourea instead of urea gave corresponding
3,4-dihydropyrimidinones-2(1 H)-thiones in comparable yields
(Table 1, entries 18-22). All the products were characterized by
comparing their physical and spectral (IR and 'H NMR) data with
those of authentic compounds reported in literature. Use of 0.2 g
of PEG at 100 °C under these reaction conditions was found to be
sufficient for optimum yields of the desired products and an
increase in its amount did not improve the yields.

To evaluate the effect of PEG, a mixture of benzaldehyde, urea
and ethylacetoacetate in molar ratio (1 : 1 : 1) was heated at 100 °C
for 1 h in the absence of PEG. It was found that reaction did not
proceed, indicating PEG to be an essential promoter for this

ﬁ * M
R H Me R
1

. K NH
. R=0Me, OEt, Me PEG-400
3 3
X Solvent free X
100°C Me o
NH, Ny g .

Scheme 1
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Table 1 PEG-promoted synthesis of 3,4-dihydropyrimidinones under
solvent-free conditions”

Entry  Product R R’ X Yield (%)
1 4a CeHs OEt O 98
2 4b 4-CH;3CgHy4 OEt O 9%
3 4c 4-CH3OC6H4 OEt O 96
4 4d 4-NO,CsHy OEt O 95
5 4e 4-CIC¢Hy4 OEt o 97
6 4f 2-CIC¢Hy4 OEt O 9%
7 4g 2-Pyridyl OEt O 86
8 4h 2-Furyl OEt O 9
9 4i n-CH;CH,CH, OEt o 92
10 4 (CH;),CH OEt O 9
11 4k n—CH3(CH2)2CH2 OEt (0] 94
12 41 C¢HsCH=CH OEt O 90
13 4m CeHs OMe O 9%
14 4n 4-NO,CsHy OMe O 92
15 40 4-CH,O0C4H, CH; O 90
16 4p 4-CICeH4 CH; o 92
18 4r CeHs OEt S 98
19 4s 4-CH;3CeH4 OEt S 96
20 4t 4-NO,CH, OEt S 94
21 4u n-CH;CH,CH, OEt S 90
22 4v 2-Furyl OEt S 89

“ Reaction conditions: aldehyde (2mmol), urea/thiourea (2 mmol),
B-dicarbonyl compound (2 mmol), PEG-400 (0.2 g) at 100 °C for
45 min. ® Isolated yields.

Table 2 Effect of various solvents”

Entry Solvent Reaction time/min Yields (%)
1 Acetonitrile 60 80

2 Toluene 60 70

3 Water 60 50

4 Neat 45 98¢

“ Reaction conditions: benzaldehyde (2 mmol), urea (2 mmol), ethyl
acetoacetate (2 mmol), PEG-400 (0.2 g), solvent (I ml) under
refluxing condition. ” Isolated yields. ¢ Reaction conditions as in
Table 1.

reaction. We also studied the PEG promoted Biginelli condensa-
tion of benzaldehyde, urea and ethylacetoacetate in the presence of
various solvents, such as water, acetonitrile, and toluene (1 ml).
These results are presented in Table 2. However, in the presence of
these additional solvents, the yields of 3,4-dihydropyrimidinone
were found to be comparatively lower, probably due to the
reduced efficiency of PEG because of dilution. The reaction did
not proceed in the presence of acetonitrile or toluene (0.2 ml)
without PEG-400. However, in water (0.2 ml), the reaction did
proceed but the yields obtained remained low even after longer
reaction times (3 h).

The mechanism for Biginelli condensation is well explored in the
literature.'® The exact role played by PEG in this reaction remains
unclear and should be further explored.

In the present procedure PEG, a cheap, cost effective, eco-
friendly reagent, is employed as a promoter, without the aid of any
co-solvent and precautions, for the Biginelli reaction.

In summary, we have described the first example of the use of
PEG-400 as a promoter for the synthesis of 3,4-dihydropyrimidi-
nones under mild and neutral solvent-free conditions. This
procedure offers several advantages, such as (i) PEG is a cost

effective and environmentally benign reagent, (ii) green synthesis
(avoiding hazardous and toxic organic solvents for work up)
and (iii) applicability to a wide range of substituted aldehydes.
Furthermore, better yields, simple reaction conditions, shorter
reaction times and easy work up make this a green, facile and
superior method for the synthesis of 3,4-dihydropyrimidinones.

We are grateful to the Director, IIP for his kind permission
to publish these results. Suman L. Jain and Sweety Singhal are
thankful to CSIR, New Delhi for the award of Research
Fellowships.
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Recyclable Au-nanoparticles provide an efficient, economic,
novel route for multi component A® coupling reaction of
aldehyde, amine and alkyne. This method provides the wide
range of substrate applicability. This protocol avoids the use of
heavy metals, co-catalyst and gives the propargylamine in
excellent yields.

Introduction

Propargylamines are major skeletons' or synthetically versatile
and key intermediates® for the preparation of many nitrogen-
containing biological active compounds, such as [-lactams,
oxotremorine analogues, confirmationally restricted peptides,
isosteres and important structural elements of natural products
and therapeutics drug molecules.® Propargylamines were synthe-
sized by three component one-pot coupling reaction (A* coupling)
of aldehydes, alkynes and amines.

One-pot multi component coupling reactions (MCRs) are an
attractive strategy in organic synthesis* and are highly valued
among synthetic methodologies, as several elements of diversity
can be introduced in a single step into a molecule. There are several
transition metal catalysts able to carry out multi component A*
coupling reactions of aldehyde, alkynes and amines via C-H
activation. These include Ag(1) salts,® Au())/Au(i) salts,® Au(i)
salen complexes,7 Cu()) salts,® iridium complexes,9 Hg2C1210 and a
Cu/Ru'! bimetallic system under homogenous conditions.

Recently, an A® coupling reaction has been reported through
C-H activation in water using Au() salts,® immobilization of
Ag salts in ionic liquid,'”> and Cu-supported hydroxyapatite,'®
although the scope is generally limited for cyclic amines. In
addition, more sophisticated alternative energy sources like
microwave™!* and ultrasonic' radiation have been used in the
presence of a Cu(l) salt.

However, these reagents, used in stoichiometric amounts, are
highly moisture sensitive, and require strictly controlled reaction
conditions. Using the above-mentioned protocol, reactions were
carried out either in toxic solvent like toluene® or in the presence
of expensive solvents, such as ionic liquids'® or required drastic
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reaction conditions. It is a considerable drawback that an
expensive metal catalyst is often lost at the end of the reaction,
as there were no reports on the recyclability of catalyst. Metal
nanoparticles are employed as a heterogenous catalyst and could
be recycled, which overcomes the serious limitation of the non-
recyclability of the catalyst.

In continuation of our studies on the development of new
synthetic methods'” and the role of transition metal nano-
particles'® in organic transformations, we report here in an
efficient recyclable A® coupling reaction (vie C—H activation)
catalyzed by Au-nanoparticles (An-np).

Result and discussion

Initially, to examine the catalytic activity of Au-nanoparticles
on the traditional Mannich reaction, benzaldehyde (I mmol),
piperidine (1 mmol) and phenylacetylene (1.5 mmol) in methanol
(5 ml) were stirred under a nitrogen atmosphere at 35 °C in the
presence of 10 mol% of Au-nanoparticles for 12 h (Scheme 1). 91%
conversion of phenylacetylene was found on the basis of 'H-NMR
analysis of the crude reaction mixture, and propargylamine was
isolated in 78% yield.

Increasing the loading of Au-nanoparticles up to 50 mol% gave
desired propargylamine in 96% yield (Table 1, entry 5) with 93%

R3\ /RZ
10 mol % Au-np(18t2nm) N

h
THF, 75-80 °C, N,, 1 atm
R/&

Ph
1a-h 2 3 4a-h

RI-CHO + R?R’NH + H—P

Scheme 1 Gold nanoparticles catalysed A® coupling reaction of
aldehyde, secondary amines, and alkyne.

Table 1 Optimization of Au-nanoparticles for A* coupling®

Au-np Conversion Yield
Entry (18 + 2 nm)/mol% Time/h (%)” (%0)°
1 0 18 54 0
2 5 12 66 83
3 10 5 97 92
4 30 3.5 88 95
5 50 2 93 96

“ Reaction conditions: 1.0 equiv. of benzaldehyde, 1.0 equiv. of
piperidine, 1.5 equiv of phenylacetylene, x mol% Au-np (18 + 2 nm);
solvent MeOH; tem}l)erature 75-80 °C; Ny 1 atm. ” Conversions
were determined by "H NMR of crude reaction mixture. © Isolated
and unoptimized yields.
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Reverse micellar solution
containing Au-np

extraction of
nanoparticles with
absolute ethanol

( Reverse micelle A -containing AuCly (aq.))
25 ©

T c \

( Reverse micelleB - containing N,H, (aq))

nanoparticles + surfactant
molecules

washing of nano-
particles with
absolute ethanol
\ (4-5 times)

[ Au-np free from surfactant J

Scheme 2 Preparation of Au-nanoparticles.

conversion. However, the increase in the concentration of catalyst
not only promotes the reaction but also results in an increase of
the yield.

In addition, it was found that at higher temperatures Au-np
show good catalytic activity; at 75-80 °C, a 92% yield were
obtained, however at room temperature lower yields are obtained
even after longer reaction times. Comparable results were obtained
when the reaction was carried out at 75-80 °C with 10 mol% of
Au-np. Thus, to reduce the amount of catalyst, all optimizations
are carried out at 75-80 °C with 10 mol% of Au-np. Further, to
optimize the reaction conditions, Au-nanoparticles of different
sizes, ranging from 15 nm to 70 nm in diameter, were prepared in
an aqueous core of reverse micellar droplets (Scheme 2)'*' and
size was confirmed as 10-17 nm through quasi elastic light
scattering data (QELS) (Fig. la) and transmission electron
microscopy (TEM) (Fig. 1b). The studies shows that mechanism
of catalytic action nanoparticles is dependent on the nanoparticles
size (Table 2).

The maximum reaction rate has been observed for an average
particle of diameter of about 20 nm. With a decrease in a particle
size, a trend of decreasing reaction rate has been found for particles
with a diameter of less than 20 nm, while those above this diameter
shows a steady decline of reaction rate with increasing size. It has
been postulated that in the case of particles of average size less
than a 20 nm, a downward shift of the Fermi level takes place,
with a consequent increase of band gap energy. As a result, the
particles require more energy to pump electrons to the adsorbed
ions for electron transfer reaction. This leads to a reduction in
reaction rate when catalysed by smaller particles. On the other
hand, for nanoparticles >20 nm in diameter, the change of Fermi
level is not appreciable. As these particles exhibit less surface area
for adsorption with increased particle size, a decrease in catalytic
efficiency results.

It is important to stress that the catalyst was recycled and reused
for five or seven runs with only slight drop in activity. Additional
starting material was added into the reaction mixture and the
reaction proceeded for an additional 10 h, and it results in the
formation of 4a (Table 5) in 80% yield. The results in Table 3
showed that after every run the yield was excellent while the
reaction time was delayed.

We supposed that this result was induced by conglomeration of
Au-nanoparticles, which was size dependent. Au-nanoparticles
were separated from the reaction mixture by mild centrifugation at
2000-3000 rpm, at 10 °C for 5 min. QELS data (Figure 2) clearly

Solution

@ *

(b)

Fig. 1 (a) QELS data of Au-nanoparticles: plot of population distribu-
tion in percentile versus size distribution in nanometres (nm); (b) TEM
image of Au-nanoparticles. The scale bar corresponds to 100 nm in the
TEM image.

Table 2 Size screening of Au-nanoparticles on A’ coupling of
benzaldehyde, phenylacetylene, and piperidine”

Particle ize

Entry (£2)/nm Time/h Conversion (%)° Yield (%)°
1 10 11 94 87
2 20 5 97 92
3 30 8 87 85
4 50 12 91 73
5 70 15 78 67

“ Reaction conditions: 1.0 equiv. of benzaldehyde, 1.0 equiv. of
piperidine, 1.5 equiv. of phenylacetylene, 10 mol% Au-np (x =+
2 nm); solvent MeOH; temperature 75-80 °C; N,; 1 atm.
b Conversions were determined by 'H NMR of crude reaction
mixture. ¢ Isolated and unoptimized yields.
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Table 3 Recycling of Au-nanoparticles

No. of cycles? Fresh Run 1 Run 2 Run 3 Run 4
Yield (%) 92 87 81 72 63
Time/h 5 7 10 12 18

“ Reaction conditions: 1.0 equiv. of benzaldehyde , 1.0 equiv. of
piperidine, 1.5 equiv of phenylacetylene, 10 mol% Au-n}) (18 +
2 nm); solvent MeOH; temperature 75-80 °C; Nj; 1 atm. ” Isolated
and unoptimized yields.

Solution

Fig. 2 QELS data of recycled Au-nanoparticles: plot of population
distribution in percentile versus size distribution in nanometres (nm).

showed that there was conglomeration of Au-nanoparticles. In
addition, the reaction remained very clean without side product
formation, thus Au-nanoparticles are ‘green’.

The nature of reaction media has an important role in A’
coupling reactions in the presence of Au-nanoparticles (10 mol%).
Among the various solvent investigated, CH;CN was found to be
the best solvent of choice (Table 4, entry 1), and no products
were obtained when the reaction was carried out in CgHj,or
CH,Cl,. This may be due to the high polarity associated with
CH;CN, which may result in the stabilization of the alkenyl-Au
intermediate.

After all the standardisation, we chose a variety of structurally
different aldehydes, and amines possessing a wide range of

Table 4 Effect of polarity of the solvent on A® coupling”

Entry Solvent Time/h Yield (%)

1 Acetonitrile 5 96

2 Methanol 5 92

3 Tetrahydrofuran 5 87

4 Dichloromethane 5 0 (unidentified product)
5 Cyclohexane 5 0 (unidentified product)

“ Reaction conditions: 1.0 equiv. of benzaldehyde , 1.0 equiv. of
piperidine, 1.5 equiv of phenylacetylene, 10 mol% Au-np (18 +
2 nm); temperature 75-80 °C; N»; 1 atm. b Isolated and unoptimized
yields.

Table 5 A® coupling of aldehyde, alkynes and secondary amines by
Au-nanoparticles as catalyst”

Conv. Yield
Entry Aldehyde R' Amines Product Time/h (%)"  (%)°
1 CeHs- Piperidine  4a 5 97 94
2 4-MeC¢Hy-  Piperidine  4b 11 76 81
3 4-MeOC¢Hy- Piperidine  4c¢ 8 78 87
4 3-CIC¢H4- Piperidine  4d 4 94 96
5 4-Br C¢Hy-  Piperidine  4e 7 92 95
6 2-Furfuryl Piperidine  4f 3 85 84
7 2-Thiophenyl Piperidine  4g 5 88 96
8 3-Pyridinyl Piperidine  4h 6 91 93
9 CeHs- Moroholine 5a 7 79 82
10 4-MeCgHy- Morpholine 5b 8.5 73 88
11 CeHs- Pyrolidine  6a 6 82 67
12 4-MeCgHy- Pyrolidine  6b 13 88 71
“ Reaction conditions: 1.0 equiv. of aldehyde , 1.0 equiv. of

secondary amine, 1.5 equiv of phenylacetylene, 10 mol% Au-np
(18 + 2 nm); solvent: CH3;CN; temperature 75-80 °C; Nj; 1 atm.;
b Conversions were determined by 'H NMR of crude reaction
mixture. ¢ Isolated and unoptimized yields.

functional group to understand the scope and generality of the
Au-nanoparticles promoted A® coupling reaction. A variety of
aromatic aldehydes were coupled with a piperidine and phenyl-
acetylene and it was found that aryl aldehydes possessing electron
withdrawing groups (Table 5, entries 4, 5) afforded a better yield,
with good reactivity, than that with an electron donating group
(Table 5, entry 2, 3) bound to the benzene ring, which required
longer reaction times. Heterocyclic aldehydes (Table 5, entry 6,7,8)
also displayed high reactivities with good yields. To expand the
scope of amine substrate, we used phenyacetylene as a model
substrate and examined various amines with different aldehydes.
The coupling proceeded smoothly with morpholine and pyrolidine
to afford the corresponding propargylamine in good yields under
standard conditions, and it was found that piperidine gave better
results in term of yields and reaction time than morpholine.

In general, the formation of propargylamine via A® coupling
proceeded smoothly to afford the corresponding propargylamine
via A* coupling proceeding through Cy,—H bond activation of
terminal alkynes. A tentative mechanism (Figure 3) was proposed
involving the activation of the C-H bond of alkyne by Au-
nanoparticles. The alkenyl-Au intermediate thus formed reacted
with the iminium ion generated in situ from aldehyde and
secondary amines to give the corresponding propargylamine and

RA R?
~
1
R‘/CH\
R* Nano-Au 4
@,\H‘—-—R
H—a=—R*
R2\®/ R 8
N
RI-CHO+R’R'NH ———> J @m=R
1
: HO &
A
H0 R*

Fig. 3 Tentative mechanism of Au-nanoparticles catalysed A® coupling.
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regenerated the Au-nanoparticles for further reaction. In the
literature it was reported that metal nanoparticles act as a redox
catalyst by a free radical mechanism?® and thus the reaction may
proceed by a free radical mechanism.

Conclusions

Overall this methodology offers the competitive advantages of
recyclability of the catalyst without significant loss of catalytic
activity; ready availability; it can be used or reused without further
purification, and without using additives or cofactor; it requires
lower catalyst loading, has broad substrate applicability, gives high
yields in short reaction times, and is simple and easy to carry out.

In conclusion, we have successfully developed a novel, facile,
economic, practical and green method for the synthesis of
propargylamines. The catalyst can be readily recovered and
reused, thus making this procedure more environmentally
acceptable and no catalyst has widespread use in organic synthesis
for preparation of propargylamines.

Experimental

In a 50 ml round bottom flask, aromatic aldehydes/heterocylic
aldehydes 1a-h (1 mmol), secondary amine (I mmol) and
phenylacetylene (1.5 mmol) in CH3CN (5 ml) were mixed and
stirred under a nitrogen atmosphere. To this, Au-nanoparticles
(10 mol%, 18 + 2 nm) were added. The resulting solution was
refluxed at 75-80 °C for the appropriate time mentioned in Table 5.
The progress of reaction was monitored by TLC. After completion
of the reaction, the reaction mixture was centrifuged at 2000
3000 rpm, at 10 °C for 5 min. The organic layer was decanted out
and remaining Au-nanoparticles were reused for further reactions.
The organic layer was dried over anhydrous Na,SO, and the
solvent was removed in vacuo. The crude product was subjected to
purification by silica gel column chromatography using 15% ethyl
acetate, 5% methanol and 80% petroleum ether as an eluent to
yield the propargylamine 4a-h. The structures of all the products
were unambiguously established on the basis of their spectral
analysis (IR, "H NMR and GC/MS mass spectral data). All the
products are known compounds (see ESI).}
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As a green process, electrochemistry in aqueous solution without a supporting electrolyte has been
described based on a simple polyelectrolyte-functionalized ionic liquid (PFIL)-modified electrode.
The studied PFIL material combines features of ionic liquids and traditional polyelectrolytes. The
ionic liquid part provides a high ionic conductivity and affinity to many different compounds. The
polyelectrolyte part has a good stability in aqueous solution and a capability of being immobilized
on different substrates. The electrochemical properties of such a PFIL-modified electrode
assembly in a supporting electrolyte-free solution have been investigated by using an electrically
neutral electroactive species, hydroquinone (HQ) as the model compound. The partition
coefficient and diffusion coefficient of HQ in the PFIL film were calculated to be 0.346 and
474 x 107° ecm? s, respectively. Electrochemistry in PFIL is similar to electrochemistry in a
solution of traditional supporting electrolytes, except that the electrochemical reaction takes place
in a thin film on the surface of the electrode. PFILs are easily immobilized on solid substrates, are
inexpensive and electrochemically stable. A PFIL-modified electrode assembly is successfully used
in the flow analysis of HQ by amperometric detection in solution without a supporting electrolyte.
The results indicate a green electrochemical methodology in supporting electrolyte-free solution
and a potential application in amperometric detection in a flow system without any supporting
electrolyte in the solution, such as the high performance liquid chromatography electrochemical

detection (HPLC-ECD) system.

1. Introduction

Tonic liquids (ILs), or more specifically cation—anion pairs that
form a stable fluid near room temperature, are playing an
increasingly practical role as ‘green’ chemical reaction solvents,
electrolytes, and heat-transfer media on scales ranging from
the laboratory bench to industrial manufacturing processes.
Their advantages include minuscule vapor pressure, high
polarity, and relative inertness."* In particular, in electro-
chemistry, they show relatively wide potential windows and
high conductivity, and allow studies to be undertaken without
any additional supporting electrolyte.>” Therefore, there is the
possibility of using ILs to develop ion-conductive materials.
As pioneers, the groups of Murray and also of Wrighton
have extensively investigated the solid-state electrochemistry
of another class of ILs, namely, undiluted melts of hybrids
of lithium electrolytes or redox materials and polyethers.® '
Heller and co-workers have also successfully developed
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another kind of semi-solid hydrogel based on the hybrids of
polyvinylimidazole or polyvinylpyridine and Ru®* or Os**
complexes.!””'® When an electrode surface is modified with
these kinds of polymer, the attached layer would function
as a supporting electrolyte for electrochemistry in a solution
without additional supporting electrolytes. However, studies
to use the ionic conductive melts or hydrogels for electro-
chemistry in aqueous solution without a supporting electrolyte
are few in number.'*?°

It is common practice that electrochemical experiments
should be conducted in the presence of supporting electrolytes.
This is due to the recommendation that the ionic strength and
conductivity of the solution must be high and constant.>!>*
In general, supporting electrolytes are usually applied to (i)
decrease the Ohmic potential drop, (ii) eliminate changes in
ionic strength due to electrochemically consumed or generated
ionic species, and (iii) eliminate migration as a mode of mass
transport.”>** However, within last few years, the general
necessity to add an excess of supporting electrolyte has been
questioned, and it is desirable to consider even the necessity of
using a supporting electrolyte in various cases.'?**?>=! The
reasons are numerous, such as: (i) to eliminate the need of an
expensive electrolyte, particularly in experiments performed
in organic media, which is also highly anticipated for green
chemistry; (i) to eliminate the possible interference of
any supporting electrolytes in electrochemical synthesis; and
(iii) to detect species of interest in gas or non-conductive
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fluids.'*2%%=! Moreover, sometimes the need to use support-
ing electrolytes for electrochemical detection creates problems.
For example, the high performance liquid chromatography
electrochemical detection (HPLC-ECD) system has become
a powerful tool in chemical, clinical, pharmaceutical and
environmental analysis due to its excellent sensitivity and
selectivity to electroactive species.’> > However, the support-
ing electrolytes might precipitate in the HPLC system after
long-time use causing, for example, high back-pressure and
ghost peaks.3®

Some promising methods for electrochemical detection in
flow systems have successfully been developed. In these
applications, the detection is done with ultramicroelectrodes
(UMESs) or their modifications with moist ion-exchange
membranes such as Nafion.'>?**"*} Fuchigami and Tajima
have developed another novel method to generate in situ the
supporting electrolyte during the electro-organic synthesis.
This procedure not only eliminates the use of expensive
supporting electrolytes in organic media, but also makes the
product separation very simple.**!

As part of our ongoing research in developing immobilized
ILs,* in this paper, we report a straightforward approach
towards electrochemistry in supporting electrolyte-free solu-
tions based on a polyelectrolyte-functionalized ionic liquid
(PFIL, as illustrated in Scheme 1) where the imidazolium part
functions as the ionic liquid. Our previous results have
indicated that the PFIL combines the individual advantages
of each functional part in the material: high ionic conductivity,
solvation properties originating from the ionic liquid part in
the molecule, and good immobilization properties and stability
in aqueous solution originating from the polyelectrolyte.**
Moreover, when the polyelectrolyte was used for the electro-
chemical detection of analytes, owing to the high chemical and
electrochemical stability, the detection with the PFIL modified
on the electrode would not be interfered with by the redox
behaviour of polyelectrolyte itself. Therefore, the PFIL is an
interesting material to be used for electrochemical measure-
ments in supporting electrolyte-free solutions. Furthermore,
two aspects of green chemistry would be involved: one is the
elimination of supporting electrolytes for electrochemistry,
which are often corrosive and expensive; the other originates
from the ionic liquid part of PFIL, such as chemical and
thermal stability. The experiments in this work are to develop
a simple ion-conductive polyelectrolyte-modified electrode
for electrochemistry in aqueous solutions without any supporting
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Scheme 1 Structure of the polyelectrolyte-functionalized ionic liquid
(PFIL) used in this study.
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Scheme 2 (A) Illustration of the assembly electrode; (B) the detection
cell (cross-section view): (1) electrode assembly; (2) inlet; (3) outlet.

electrolyte. The electrochemical performance of the PFIL-
modified electrode assembly [as shown in Scheme 2(A)] in
supporting electrolyte-free solution will be studied, and further
applied to flow analysis in supporting electrolyte-free aqueous
solutions as an example of the potential applications of the
developed concept.

2. Experimental
Chemicals and materials

Polyethylenimine (PEI; M, = 25000) was obtained from
Aldrich. The polyelectrolyte-functionalized ionic liquid (PFIL,
Scheme 1) was prepared according to our previous report.**
Unless otherwise stated, reagents were of analytical grade and
used as received. All aqueous solutions were prepared with
double-distilled water from a Millipore system (>18 MQ cm).

Preparation of electrode assembly and detection cell

The structure of the electrode assembly is shown in
Scheme 2(A). The working electrode is a glassy carbon
electrode (d = 3 mm), and coaxial Pt and Ag rings are used
as counter and quasi-reference electrodes, respectively. The
electrodes are a three concentric circle on the same plane. The
three parts were encapsulated with epoxy resin and assembled
into an integrated electrode.

The detection cell used in this study is schematically shown
in Scheme 2(B). The electrode assembly, the inlet and outlet
tubes are inserted into their corresponding preset access holes
and connected to the cell body with screws. The solutions are
pumped through a microinjection pump.

Modification of the electrode assembly with PFIL

The electrode assembly was polished with aqueous slurries of
fine alumina powders (1, 0.3 and 0.05 um) on a polishing cloth.
Then this electrode assembly was finally rinsed with double-
distilled water in an ultrasonic bath for 5 min. Because the
PFIL is a kind of hydrogel, it can form a rather stable film on
the electrode surface simply by traditional casting. Typically,
ca. 15-60 pL of aqueous solution of 3 mg mL™! PFIL was
evenly spread onto the surface of the electrode assembly. Then
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the electrode assembly was dried overnight in air to form a
uniform film. The thickness of the PFIL film was estimated
from the volume of PFIL used for modification and the
geometry of the electrode. For example, when 30 pL of
aqueous solution of 3 mg mL™' PFIL was cast onto the
electrode, the film thickness was ca. 1.4 um.

Determination of diffusion coefficient and partition coefficient

The diffusion coefficient and partition coefficient of HQ in the
PFIL film was obtained by chronoamperometry. The experi-
ment was carried out in a conventional three-electrode electro-
chemical cell. The working electrode was a PFIL-modified Pt
microelectrode (d = 20 um), the auxiliary electrode was a Pt
wire, and the reference electrode was Ag|AgCl (saturated KCl).
The thickness of the PFIL film was ca. 1.4 pm.

Instruments

All electrochemical experiments were performed using the
CHI 660A and CHI 900 electrochemical workstations (CHI
Inc., USA).

3. Results and discussion

3.1 Electrochemical performance of the PFIL-modified electrode
assembly

3.1.1 Electrochemical microenvironment provided by the
PFIL. The electrochemical performance of the PFIL-modified
electrode assembly in supporting electrolyte-free solution was
investigated by using an electrically neutral electroactive
species hydroquinone (HQ) as the model compound. Fig. 1
shows a study where cyclic voltammograms (CVs) of a 20 uM
HQ solution have been recorded with different electrode
assemblies. As can be seen in curve ‘a’, in the absence of HQ
there are no redox peaks at the PFIL-modified electrode
assembly in pure water. Upon addition of HQ to the pure
water, a pair of well-defined redox peaks of the HQ can clearly

1 N 1 s 1 L 1 L 1 . 1

04 02 00 02 04 06
E/V

Fig. 1 Cyclic voltammograms (CVs) in supporting electrolyte-free
aqueous solutions: (a) pure water at the 1.4 um thick PFIL-modified
electrode assembly, (b) 20 uM HQ at the 1.4 pm thick PFIL-
modified electrode assembly, and (c) 20 uM HQ at a bare glassy
carbon electrode. Scan rate: 0.1 V s\,

I/pA

a2t

1 2 1 " 1 " 1 " 1

0.0 02 04 0.6 0.8
E/V

Fig. 2 Cyclic voltammograms (CVs) at a bare glassy carbon electrode
in 1 M KCI aqueous solution: (a) without, and (b) with HQ (20 uM).
Scan rate: 0.1 Vs~ '

be seen (curve b’).* Those redox peaks can also be found at a
bare glassy carbon electrode (curve ‘c’), but are much smaller
than at the PFIL-modified electrode (curve ‘b’). These results
indicate that the PFIL film on the modified electrode provides
a good electrochemical microenvironment for the redox
reaction of HQ.

To further demonstrate the essential role of the PFIL film,
two control experiments were also performed. Cyclic voltam-
mograms (CVs) in a traditional manner with a supporting
electrolyte were recorded. Fig. 2 shows the CVs at the bare
glassy carbon electrode in 1 M KCI aqueous solution. Curve
‘a’ is recorded in the presence of the supporting electrolyte only
and curve ‘b’ after making the solution 20 uM with respect to
HQ. When comparing curve ‘b’ in Fig. 2 and curve ‘b’ in Fig. 1,
we can conclude that the current recorded at the PFIL-
modified electrode is enhanced. This indicates that the PFIL
on the electrode assembly not only exhibits the properties of an
electrolyte, but also shows a good affinity towards HQ. If HQ,
however, is irreversibly absorbed on the PFIL film, similar
results would also be obtained. Therefore, we performed an
additional experiment where the CVs at the PFIL-modified
electrode assembly in HQ solution were recorded. The
electrode was briefly rinsed with water and the CVs at the
same electrode in pure water were collected. It was found that
no redox peaks of HQ were observed, which indicated that
although PFIL exhibited a good affinity towards HQ, there
was no irreversible absorption in the film. Therefore, these
results showed that the PFIL on the electrode assembly
offered a suitable electrochemical microenvironment for
electrochemical reaction.

3.1.2 Effect of film thickness on the electrochemical
performance. The film thickness was expected to influence
the electrochemical signal of HQ, because both the ionic
conductance of the PFIL film and the diffusion of HQ in the
film depend on the film thickness. On the one hand, an
increase in the film thickness increases the amount of ionic
species in the electrode assembly, thus improving its ionic
conductance; on the other hand, the thick film also limits the
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Fig. 3 Cyclic voltammograms for HQ (20 puM) in supporting
electrolyte-free solution at an electrode assembly modified with (a)
0.7 pm, (b) 1.4 pm and (c) 2.8 pm PFIL film. Scan rate: 0.1 V s 1.

diffusion of HQ from the solution into the PFIL film matrix
and further to the electrode. Therefore, the effect of film
thickness was investigated by potential cycling measurements.
As shown in Fig. 3 (curve ‘a’), a small current peak was
obtained on the electrode assembly modified with a ca. 0.7 pm
PFIL film. When the thickness of the PFIL was increased to
ca. 1.4 pm, a significant growth in the peak current was
observed (curve ‘b’). However, when the film thickness
was increased to ca. 2.8 um, a decrease in the current peak
was observed (curve ‘¢’), and the control experiments showed
that the current did not increase with the incubation times. As
a conclusion, the film thickness significantly affected the CVs
signal and an optimized film thickness should be adopted for
the potential applications. It was also noted that the back-
ground currents in Fig. 3(a) and 3(c) were almost the same,
which might be due to the fact that in the present experimental
conditions there was a balance between film porosity, thick-
ness and ionic conductivity on the influence of the background
currents.

3.1.3 Electrochemical dynamics of HQ at the PFIL-modified
electrode. To further investigate the electrochemical process of
HQ at the PFIL-modified electrode assembly, the relationship
between the scan rate and the peak current was studied. Fig. 4
shows the voltammetric scans with different scan rates
recorded in 20 uM HQ in supporting electrolyte-free solution
at the electrode assembly modified with a ca. 1.4 um PFIL
film. As shown in Fig. 4, the peak current was found to be
directly proportional to the square root of the scan rate, con-
firming a diffusion-controlled process. Such a linear relation-
ship may also indicate that there was no significant irreversible
adsorption of HQ or its oxidation product, quinone, onto the
electrode surface during the potential cycling.

The relationship between the concentration of HQ and the
peak current was also studied (Fig. 5). As shown in Fig. 5(B),
the peak current is proportional to the concentration of HQ,
and the line goes through zero. It indicated that the partition
coefficient of HQ was not related to the concentration of HQ
in solution. And it again suggested that the electrochemical
process was well diffusion-controlled.

1/ pA

-0.5F 1 1 L L
-0.2 0.0 0.2 0.4 0.6
E/NV
041+
B L]
03
<
Rl 11 !
-
0.1F
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Fig. 4 (A) Linear sweep voltammograms for an aqueous solution of
20 uM HQ without any supporting electrolyte at a 1.4 pm thick PFIL-
modified electrode assembly. Scan rate: 0.01, 0.02, 0.03, 0.04, 0.05,
0.06, 0.07, 0.08, 0.09 V s~'. (B) Plot of I, vs. v"* for HQ at the PFIL-
modified integrated electrode.

The peak potential experiences a positive shifts with the
increase in HQ concentration, as shown in Fig. 5(A). The
positive shift should originate from the good solubility of
the PFIL film to the oxidized product — quinone. The resulting
quinone species is enriched in the PFIL film matrix and is hard
to diffuse into the solution. It is quite similar to the case where
the product is insoluble in the solution. Then, at this time the
peak potential should not be constant any more, but shifted to
a more positive value for an increase in the concentration of
HQ in the body of the solution.

Chronoamperometry was used to determine the diffusion
coefficient and the partition coefficient of HQ in PFIL film
(Fig. 6). The experiment was performed by holding the
potential at 0.1 V for 20 s, and then a step to 0.45 V (which
is sufficient for oxidation of HQ) for 5 s [Fig. 6(A)]. By
plotting the current, 7, vs. the reciprocal of the square root of
time, ¢~ 7 [Fig. 6(B)], a straight line was found corresponding
to the modified Cottrell equation,*®

nFADY2C
(l)=W+ﬂnFDCmV (1)
where A4 is the geometric area of the microelectrode, r is the
radius of the microelectrode, D is the diffusion coefficient of
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Fig. 5 (A) Linear sweep voltammograms for a supporting electrolyte-
free aqueous solution of 20, 50, 75, 100, 125, 150, 175 and 200 pM HQ
at a 1.4 pm thick PFIL-modified electrode assembly. (B) Relationship
between the current and the concentration of HQ.

HQ in the PFIL film, and C,, is the concentration in the PFIL
film. D and C,, values were obtained from the slope and
intercept of the linear regression line. The partition coefficient,
K, is defined as the following way,

Cn
K= )
where C is the concentration of HQ in the solution. From this
experiment, the following values were obtained: D = 4.74 x
107% cm? s~ ! and K, = 0.346, which were comparable to the
reported values of ions in traditional membranes, such as
Nafion film 478

Based on all these results, the electrochemical process of HQ
at the PFIL-modified electrode assembly is summarized and
illustrated in Scheme 3: First, the conductive PFIL film
connects the working (WE), counter (CE) and reference (RE)
electrodes, giving an electrolytic contact between these
electrodes. Second, the good affinity towards HQ and the
sufficient diffusion of HQ through the PFIL film to the
electrode assembly surface are also crucial factors for
the electrochemical process. But it should be pointed out that
the thickness of the PFIL film on electrodes should be
optimized in order to obtain the high conductivity of the film
and effective diffusion of analytes through the film.
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Fig. 6 (A) Chronoamperometry for HQ oxidation at the Pt micro-
electrode/PFIL interface in 1 mM HQ solution. The potential was
first held at 0.1 V for 20 s, then stepped to 0.45 V for 5 s. (B) The
resulting 7 vs. 1~ 7 plots.

3.2 Application in amperometric flow analysis

Within the past years, the amperometric detection in support-
ing electrolyte-free solution in a flow system has received
increasing interest.** 2 In this work, we will demonstrate how
the PFIL-modified electrode assembly can be used in flow
injection analysis (FIA) in supporting electrolyte-free solu-
tions.>”** The structure of a detection cell for the flow system
was shown in Scheme 2(B).

Fig. 7(A) displays the amperometric responses of the
repeated injection of 20 uM HQ in a supporting electrolyte-
free solution. The potential of the electrode was held at
+0.3 V. The current response remained almost unchanged
upon continuous running for several hours. The relative
standard deviation was 0.66% (n = 11). It should be noted
that even after hundreds of repeated cycles; only a small
decrease in current response was observed, indicating that the
PFIL film on the electrode assembly is rather stable. The
response time was determined by the passage of the sample
zone over the PFIL-modified electrode assembly.>® As can be
seen in Fig. 7, the response time is rather long, even at a few
minutes. This is due to the flow cell design where all three
electrodes had to be covered by the PFIL film (the
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Scheme 3 Illustration of the electrochemical process of the analytes at the PFIL-modified electrode assembly in a supporting electrolyte-

free solution.
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Fig. 7 (A) Amperometric responses of repeated injection of a
20 uM HQ solution. (B) Amperometric response of HQ at different
concentrations. The signal was recorded at the 1.4 um thick PFIL-
modified electrode assembly at +0.3 V. Double-distilled water was

used as the carrier solution. Flow rate: 1 mL min™".

diameter of the glassy carbon electrode was 3 mm and the
diameter of the electrode assembly was 10 mm). This
construction resulted in a rather big dead volume of the
cell. For practical assay work, the cell design and flow rate
should be optimized.

Fig. 7(B) shows successive injections of HQ at different
concentrations. The current is linear with the concentration of
HQ. Similar results have been obtained with some other ion-
exchange membranes employed in electrochemical flow
systems without any added supporting electrolyte.’”™** The
advantage of our approach is that we do not need any internal
electrolyte in the flow cell construction. Another advantage in
our system is that the PFIL film has good dissolving properties
for many analytes. The FIA results obtained clearly show the
good properties of the PFIL-modified electrode in ampero-
metric detection. The same system can certainly also be used in
the HPLC-electrochemical detection (HPLC-ECD) system in
supporting electrolyte-free solutions.

3.3 Electrochemical behavior with charged analytes

It should be admitted that the PFIL we have demonstrated
here is a cationic polyelectrolyte and some special attention
should be paid when PFIL is applied to cationic analytes in
practical analytical work. For example, Fe(CN)¢® "~ exhibits
surface-enhanced redox waves at the PFIL-modified electrode
assembly (Fig. 8). The peak current increased little by little
with time, indicating the enrichment behavior of Fe(CN)g> 4~
at the PFIL-modified electrode assembly [Fig. 8(A)]. And
when this electrode was put back into pure water, the current
decreased gradually with time [Fig. 8(B)]. Therefore, it is
beneficial for the detection of negative analyte species at
low-concentration due to significant enrichment of the analyte
species in the PFIL film. In contrast, no redox response
was found for Ru(NH;3)¢> ™" at the PFIL-modified electrode
assembly due to electrostatic expulsion [Fig. 8(C)].
Fortunately, the structure of this kind of PFIL can be designed
to be a cationic or an anionic polyelectrolyte if necessary.® The
tunable design makes this IL suitable for the detection of most
cationic or anionic analytes. Therefore, this PFIL material can
be used in electrochemical studies in supporting electrolyte-free
solutions.

4. Conclusions

The results presented in this work show how a simple
polyelectrolyte-functionalized ionic liquid (PFIL) covering
the electrode assembly can be used in electrochemical studies
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Fig. 8 (A) Cyclic voltammograms (CVs) at the PFIL-modified
electrode assembly in 20 uM K;Fe(CN)g with different immersion
times: (a) 0, (b) 4, (¢) 7, and (d) 28 min. (B) CVs at the PFIL-modified
electrode assembly which has been enriched with K3Fe(CN)g with
different immersion times in H,O: (a) 0, (b) 10, and (¢) 28 min. (C) CV
of 1 mM Ru(NH;)6Cl; at the PFIL-modified electrode assembly.

in aqueous solution without a supporting electrolyte. The
electrochemical performance of the PFIL-modified electrode
assembly in supporting electrolyte-free aqueous solutions was
tested with hydroquinone (HQ) as the model compound. The
electrochemical reactions take place in the thin PFIL film
covering the three electrodes. The analyte has first to enter the
PFIL film before any electrochemical reaction can take place.
By proper design of the polyelectrolyte, either anionic or
cationic species can be excluded in entering the film, and in
that way selectivity can also be enhanced. Because the ionically
conductive PFIL film covers all of the three electrodes, it is not
necessary to have any supporting electrolyte in the carrier
solution in amperometric flow injection analysis (FIA)

experiments. The PFIL film can prevent any possible short
cuts in amperometric detection, e.g. air bubbles entering the
flow system. The same detection concept can also be used in
the HPLC-electrochemical detection (HPLC-ECD) system in
supporting electrolyte-free solution. The electrochemical sys-
tem developed in this work can be used in other fields of
electrochemistry in supporting electrolyte-free solutions as a
green process, such as electrochemical synthesis, and electro-
lysis in industry. To realize the full potential of such
polyelectrolytes grafted with ionic liquid for electrochemistry
in supporting electrolyte-free solutions, we are currently
investigating the influence of different kinds of ionic liquid
polyelectrolytes, such as anionic and cationic ionic liquid
polyelectrolytes.
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A novel pre-polymer deriving from cardanol—a well known renewable organic resource and
harmful by-product of the cashew industry—in combination with cellulose based materials (i.e.
jute fibres) has been used to produce bio-composites having a high percentage of renewable
materials. Cardanol and its derivatives are considered nowadays very attractive precursors to
developing new materials from renewable bio-sources to use in eco-friendly processes. This paper
deals with the synthesis and characterization of a novel cardanol based benzoxazine monomer
used for the preparation of new bio-composites. The new cardanol-based benzoxazine was
characterised by 'H and '*C NMR, FT-IR spectroscopies and LC mass spectrometry analysis,
while a differential scanning calorimeter was used to study and monitor the polymerization
process. Different bio-composites have been obtained by thermal cure of jute fibres impregnated

with a cardanol based benzoxazine resin.

Introduction

Phenol-formaldehyde resins were the first fully synthetic com-
mercial polymer resins and were first described over 100 years
ago. Because of their relatively low cost and their dimensional
stability, the resole type resins are still largely used in the
industry of polymeric materials.

More recently, the development of the benzoxazine-based
family of phenolic resins has attracted significant attention.
Particular attention was devoted to the synthesis of poly-
benzoxazines, one of a series of phenolic-type polymers
with good thermal and mechanical properties. In fact, these
new materials combine the thermal properties and flame
retardance of phenolics and the mechanical performance and
molecular design flexibility of advanced composites.'> For this
reason, the new polybenzoxazines showed physical and
mechanical properties comparable with those of conventional
phenolic and epoxy resins. Benzoxazines are bicyclic hetero-
cycles (see Fig. 1) generated by the Mannich-like condensation
of a phenol, formaldehyde and an amine.>*® Moreover,

R
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Fig. 1 Structure of a 3,4-dihydro-2H-1,3-benzoxazine.
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polybenzoxazines, one of a series of phenolic-type polymers,
which are generated upon thermal polymerization from
various types of substituted 3,4-dihydro-2H-1,3-benzoxazines,
offer excellent mechanical, physical and thermal properties
due to the phenolic groups, Mannich base linkages and the
existence of extensive inter- and intramolecular hydrogen
bonds. A great deal of effort was expended towards the
understanding the curing chemistry of these resins.

On the other hand, the development of new polymers,
especially those based on renewable organic raw materials
using alternative sustainable processes, deserve the attention of
both academic and industrial research.

Cardanol is an industrial grade yellow oil obtained by
vacuum distillation of “‘cashew nut shell liquid” (CNSL), the
international name of the alkyl phenolic oil contained in the
spongy mesocarp of the cashew nut shell from the cashew tree
Anacardium occidentale L. (Fig. 2).

CNSL derived from the most diffused roasted mechanical
processes of the cashew industry represents nearly 25% of
the total nut weight, and its production worldwide (Africa,
Asia, and South America being the main producer areas) is
estimated to be about 300 000 tons per year. In addition,
CNSL represents a powerful phenolic pollutant of the cashew
agro industry.

CNSL, indeed, is a mixture of anacardic acid, cardanol, and
traces of cardol and 2-methylcardol, as shown in Fig. 3. The
alkyl side chain (R) of each of them may be saturated,
monolefinic (8), diolefinic (8, 11) or triolefinic (8, 11, 14), with
a high percentage of the components having one or two double
bonds per molecule.”*!

Due to the easy thermic decarboxylation of anacardic acid
during the distillation process, cardanol is the main component
of distilled CNSL (see Table 1).!!

CNSL, as well as cardanol, can be considered a sustainable,
low cost and largely available natural resource by-product of
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Fig. 2 Picture of cashew tree with fruits and nuts.
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Fig. 3 Main components of CNSL.

the cashew industry. Therefore, CNSL, as well as cardanol and
its derivatives, are becoming important starting materials
having possible industrial utilizations, such as additives
for lubricants, diesel engine fuels, pour point depressant,

Table 1 Chemical composition of CNSL in natura and technical
grade

Room temperature  High temperature

Components extraction (80-200 °C) extraction
Anacardic acid 71.7 1.1
Cardol 18.7 18.2
Cardanol 4.7 67.8
Methyl cardol 2.7 33
Unidentified products 2.2 2.2
Polymerised products — 7.4

antioxidants, stabilizers, flame retardants, resins, inks, hydro-
repellents as well as fine chemicals and intermediates.'* >

The increasing interest to develop renewable cardanol-
cellulose based materials prompted us to investigate the
synthesis and characterization of a novel cardanol-based resin
having a benzoxazine structure, thermal and cationic catalyzed
polymerization of the benzoxazine monomer, as well as its
formulation for the production of cellulose-based bio-compo-
sites, pursuing the strategies to minimise the environmental
impact of new materials and processes.

Experimental
Materials and methods

Cardanol was kindly supplied by Oltremare Spa (Bologna,
Italy).

The aqueous solutions of ammonia (30% w/w) and
formaldehyde (37% w/w) were purchased from Aldrich
Chemical Co. and used as received. Silica gel (Merck) was
used in the chromatographic separations. Jute fibres were
supplied by Companhia Jauense Industrial (Jat, Brazil). The
fibres were previously cut (40 cm x 35 cm in length), washed
with water and neutral detergent to remove residue, and
washed with distilled water at room temperature. The fibres
were dried and kept in a desiccator to avoid humidity excess.
Solutions of NaOH and NaClO (both Aldrich) were prepared
for fiber bleaching and were used without any previous
treatment. Mercerization: dried jute fibres were treated with
5% and 10% NaOH solutions respectively, at temperature
intervals of 60-70 °C, for 6 hours for removal of lignin,
cellulose and other residues. After this period, the fibres were
submitted to washing several times with distilled water to
remove sodium hydroxide excess from the surface.

Measurements

FT-IR spectra were obtained on a Jasco 430; 'H and '*C
NMR spectra were taken on a Bruker 400 Ultrashield
spectrometer with proton frequency of 400 MHz and with
deuterated chloroform as solvent.

Mass spectrometry analyses were carried out by using an LC
mass spectrometer (LC-MS) 1100 Series (Agilent) equipped
with electrospray ionization interface (ESI).

The samples, dissolved in chloroform, were injected into the
mass spectrometer by an auto sampler spraying an aceto-
nitrile-water (90 : 10) solution at a flow rate of 0.6 mL min .
Positive ions were extracted via a heated capillary to a skimmer
lens arrangement at reduced pressure and transferred by an
octapole to the main analytical quadrupole assembly. The
instrumental conditions were: drying gas (nitrogen) 10 L min ™",
nebulizer pressure 60 psi, drying gas temperature 350 °C, mass
range 100-1000 a.m.u.

Viscosity measurements were carried out using a strain-
controlled rheometer Rheometric ARES and repeated twice to
assess the reproducibility of the results. The viscosity of the
freshly prepared benzoxazine was 0.43 Pa s measured at 28 °C
using a shear rate of 0.8-100 s .

A Perkin Elmer DSC-7 Differential Scanning Calorimeter
(DSC) was employed, in order to monitor the polymerization
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reactions of benzoxazine and to measure the polymer glass
transition temperature (7). Each dynamic scan was performed
by heating a sample at 10 °C min~ ' under nitrogen purge at a
constant flow rate of 20 ml min~".

Synthesis of the benzoxazine (Bz)

136.46 g of cardanol, 12.80 g of aqueous solution of ammonia
(30% w/w) and 54.95 g of formaldehyde (37% w/w in aqueous
solution) were placed in a 500 ml three-neck round flask
equipped with magnetic stirrer, thermometer and reflux con-
denser. The mixture was heated under stirring at 75-80 °C for
3 hours. The crude of the reaction, conveniently diluted by
addition of chloroform was thoroughly washed by distilled
water using a separating funnel; then, the organic phase was
collected, dried with anhydrous sodium sulfate and filtered.
The solvent was removed under vacuum and the crude product
was purified by column chromatography using chloroform as
eluent. A consistent amount of benzoxazine was isolated and
characterised by 'H and '*C NMR, FT-IR spectroscopies and
LC-MS analysis.

Selected data for Bz. Elemental analysis: C, 82.24; H, 10.76;
N, 2.13; O, 4.87. LC-MS (ESI interface—positive ions): cluster
of signals due to (Bz + H)" adducts centered respectively at m/z
652, 654, 656, 658, 660 amu. 'H NMR (400 MHz, CDCl;):
0 = 6.90-6.63 (aromatic protons), 5.45-5.37 (vinylic protons,
=C-H), 4.89 (s, -OCH,;N-), 4.07 (s, ArCH,N-), 4.03 (s,
ArCH,N-), 2.90-2.70 (aliphatic CH, protons), 2.57 (t, J =
7.8 Hz, benzylic CH,), 2.20-2.00 (aliphatic CH, protons),
1.70-1.50 (aliphatic CH, protons), 1.29 (aliphatic CH, pro-
tons), 0.90-1.00 (CH5 protons) ppm. '*C NMR (100.64 MHz,
CDCl3): 6 = 157.87, 153.54, 144.96, 143.74, 130.83, 130.80,
130.56, 130.40, 130.37, 130.28, 130.25, 129.75, 129.55, 128.62,
128.46, 128.43, 128.05, 128.02, 127.89, 127.25, 121.99, 120.14,
118.50, 116.73, 116.19, 115.14, 81.10, 55.87, 54.94, 49.37,
36.15, 36.11, 32.37, 32.23, 31.96, 31.75, 31.70, 30.20, 30.18,
30.15, 30.11, 30.07, 29.86, 29.85, 29.81, 29.77, 29.74, 29.66,
29.43, 27.64, 26.10, 26.02, 23.24, 23.10, 14.54, 14.24. FT-IR
(em™ 1) 1578, 1505, 1240, 1164, 1107, 978.

Results and discussion

The novel cardanol based benzoxazine (Bz) used as monomeric
starting material for the polymerization reaction was prepared
by a condensation reaction of cardanol with formaldehyde, in
the presence of ammonia, as shown in Scheme 1 (step 1).

Cardanol and, consecutively, the aqueous solutions of
ammonia and formaldehyde were placed in a 500 ml three-
neck round flask. The mixture was heated under stirring at
75-80 °C for 3 hours; after appropriate work-up, a consistent
amount of benzoxazine was isolated and characterised (see
Experimental). The "H NMR spectrum was consistent with the
proposed benzoxazinic structure; it shows three typical singlets
centered respectively at 4.89, 4.08 and at 4.03 ppm due to the
hydrogen atoms of the three nitrogen bonded methylene
groups.

13C resonances at 49.37, 54.94 and 81.10 ppm present in the
spectrum for Bz monomer are also diagnostic for benzoxazine
systems.”* The FT-IR spectrum of the benzoxazine shows

OH
o™ N
2 - 3CIL=0 + NHy ———— - 3H,0

step |
R 74

Bz

OH
N
—_—
step 2 R
HO Rl

Scheme 1

5@

significant bands respectively at 1578, 1505, 1107, 978 cmfl,
some of which are typical of benzoxazine structures.”

The liquid mass spectrum of Bz, showed a cluster of signals
of the positively charged benzoxazinic (Bz + H)* adducts
centered, respectively, at m/z 652, 654, 656, 658, 660 amu, as
expected by using the ESI interface and corresponding to the
molecular ion peaks of variously unsaturated benzoxazinic
adducts.

The typical polymerisation process to obtain polybenzoxa-
zines is based on the ring opening of benzoxazine monomer.

In this work, the Bz monomer was polymerised using
different processes: (a) thermal polymerization, (b) catalytic
polymerization by phosphorus pentachloride (PCls), (c)
thermal polymerization of Bz impregnated jute fibres to
produce bio-composites.

Thermal polymerization of Bz

Thermal polymerization was achieved, as shown in the
Scheme 1 (step 2), by heating—in the DSC instrument
(Fig. 4)—the Bz monomer at 10 °C min~' in nitrogen
atmosphere from 25 °C to 300 °C. A second scan was carried
out, on the cured sample, at 10 °C min~! from —60 °C to
140 °C, for the measurement of 7},. The first scan was used to
calculate a heat of reaction of 61 J g~ ! using the baseline

24
o 14
3
3]
2o .
(0]
5 1
: |
3 2 AH = 60.67 Jig
. T =243°C
g 7 ’
I
4
5 T T T T T T
150 200 250 300

Temperature (°C)

Fig. 4 DSC thermogram of the cure of Bz monomer.
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Fig. 5 Thermogram of thermally polymerised Bz (second scan) for T,
determination.

reported in Fig. 4. The obtained polymer is solid at room
temperature and it was characterised by a 7, of 36 °C, as
revealed by a second DSC scan (Fig. 5).

In accordance with that reported in the literature,
thermal treatment of Bz produced the ring opening typical of
benzoxazines, by ring cleavage of the CH,-O bond and
successive polymerization as reported in Scheme 2 as also
confirmed by FT-IR analysis (see Fig. 6).

As shown in Fig. 6, the disappearance of the peak at
3006 cm ™~ '—typical of the C—H vinylic stretching present in
the cardanol chain in Bz monomer—confirms the reactivity of
the double bond(s) at high temperature occurring after the
thermal treatment of Bz, with the possible production of a
network of cross linked material.

The formation of imine groups (-N=CH)—also observed
during the thermal cure of novolac resins with hexamethyl-
enetetramine’’—as well the formation of carbonyl groups
evidenced for the thermo-oxidative degradation of poly-
benzoxazines>® can not be excluded. In this way, the presence
of a large peak in the range of 1640-1760 cm ™' was justified
(see dotted line in Fig. 6).

1,2,25,26

Catalytic polymerization of Bz. A number of catalysts as
initiators have been used in order to induce the ring-opening
(cationic, anionic, and radical) polymerization of benzoxa-
zines. Recently, Ishida et al. reported the cationic ring-opening
polymerisation of benzoxazines.

Among the various cationic initiators, phosphorus penta-
chloride (PCls) was used efficiently for the polymerisation
reaction of benzoxazine monomers in chloroform solution.

In particular, in our case, the polymerisation reaction was
carried out as shown in Scheme 2 (step 1), following a

OH

o}
O/\N PCls N/—‘ A N B
 — B
R step 1 step 2 R
R
R HO

————————— thermally cured Bz (1h at 250°C)
Bz monomer

T(%)

60

T 1T ' T T 1 T T T T T T T T T 1
3200 3000 2800 2600 2400 2200 2000 1800 1600

wavenumber (cm™)

Fig. 6 Comparison of a portion of FT-IR spectra of Bz monomer
(solid line) and thermally polymerised Bz (dotted line).

procedure similar to that already reported in literature®
(molar ratio of PCls : Bz was 1 : 100) using a dry glove box
under nitrogen atmosphere to reduce the high reactivity of
PCls with wet air and/or oxygen. The initiator was added at
room temperature and the reaction continued at the same
temperature for a few minutes, leading to polymerised
thermoplastic material after chloroform was removed by
rotavapor under vacuum.

The FT-IR spectrum of the cationically polymerised
benzoxazine showed the disappearance of the peak centered
at 1575 cm ™! as well as the presence of typical signals at 1625,
1463, 1421, 1307, 1240, 1105, 994 cm ™'

A relatively weaker band in the range 3200-3500 cm ™' due
to the stretching of ~O-H groups could be ascribed to the
“free” OH groups, many of which are in the polymer chain
(Scheme 2, step 1).

The thermal treatment of the catalytic polymerization pro-
duct of Bz (carried out by DSC at 10 °C min~! from 25 °C
to 300 °C under nitrogen atmosphere) evidenced a feeble
exothermic reaction peak (8.97 J g~ ' at 220 °C), ascribed to
structural changes of the catalytically obtained polymer
converted into the thermal obtained one as shown in
Scheme 2 (step 2).

The comparison of FT-IR spectra demonstrates that different
polymeric structures were produced by PCls catalyzed ring
opening or thermal cure of Bz monomer, as well as the
structural analogies existing for the thermally cured polymer
and cationically polymerised polymer after a thermal post-cure.

R| n HO R

Scheme 2
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Juta Natural

Juta NaD H 5% Juta NaOH 10%

Fig. 7 Jute fibres after alkali treatment.

The post-cure polymer spectrum shows a large peak in the
range of 1750-1580 cm ™!, also observed in Fig. 6, and not
detected in the PCls polymerised Bz. As expected, in the
thermally cured polymer spectrum, the band at 1307 cm ™!
arising from the CH, wagging mode disappears as well the
band at 1107 cm™! characteristic of C-O stretching, demon-
strating that a different structure is obtained upon thermal
treatment of the cationic polymerised Bz; a new band ascrib-
able to the stretching of C—OH appears at 1086 cm ™~ '. These
results suggest that the cationically polymerised Bz heated up
to 260 °C is transformed in a structure similar to that obtained
after thermal polymerization of Bz (Scheme 2, step 2).

In light of these considerations, as well taking into account
the fact that PCls has a relatively high toxicity, although its
catalytic properties gave rapid polymerization at ambient
temperature, the bio-composites materials were prepared
only by thermal cure of natural fibres impregnated with the
cardanol based benzoxazine resin.

Preparation of composite materials reinforced with natural jute
fibres

Part of the present work is aimed at the preparation and
characterization of cardanol based benzoxazine matrix com-
posites, reinforced by jute fibres.

It is well known that plant fibres are renewable and
biodegradable natural cellulosic materials.

In particular, fibres are an important alternative, offering
several advantages such their abundance, biodegrability,
light weight, renewability, negligible toxicity, low cost and
properties comparable with those of glass, carbon and aramid
fibres. Moreover, they can be modified by a number of
chemical treatments.

In our case, the surface modification on the fibres was
carried out through alkali treatment (see Fig. 7), NaOH 5%
and NaOH 10% (75 °C), and bleaching with sodium
hypochlorite (NaClIO-H,O 1 : 1) (60 °C).

Table 2 Composite properties depending on fiber treatment

Fig. 8 Jute fibres based composite.

The alkali treatment removed non-cellulosic components
from the fiber surface, exposing their internal fibrillar
structure. As a consequence, the treatment promoted an
increase on interfacial adhesion between jute fibres with the
benzoxazine matrix.

Subsequently, the cardanol based benzoxazine resins were
used as building blocks for the development of a thermosetting
matrix for composites. Bio-composites based on natural
components were prepared by open mold and hand lay up
impregnation of the fibres with the thermally polymerizable
cardanol-based resin cured at a moderately high temperature.

Fig. 8 shows a bio-composite obtained by thermal cure of
jute fibres impregnated with freshly prepared cardanol based
benzoxazine resin. The results of the surface treatments on
jute fibres resulted in an increase of mechanical properties
of corresponding composites. The best mechanical perfor-
mance was generally obtained for composites of jute after
NaOH 5% and NaOH 10% treatment, showing an enhance-
ment of mechanical properties, such as resistance at break
(28% and 48%, respectively).

Moreover, a higher elongation to break and a lower
void content indicate that the fiber treatment improves the
composite quality. The reduced properties of the composite
obtained with NaOH treated fibres can be explained by the
lower fiber content (Table 2).

The final content of natural originating material in the
benzoxazine resin is more than 75%, reaching more than 90%
in the composite loaded with 33% by weight of natural fibres.
Also, if a development route is successfully explored, more
work is still needed in order to improve the mechanical
properties of the resin, at the same time improving its glass
transition temperature and further lowering the curing
temperature. Future research efforts will be also devoted to
the construction, by filament winding, of composites rein-
forced with long natural fibres in the form of a non-woven or
rope like yarn, and to the improvement of their wettability
with the cardanol based resin.

Conclusions

In this work, a new cardanol-based benzoxazine (Bz) was
synthesised from cardanol—a well known renewable organic

Fibre Void Densit?// Tensile Tensile Elongation
Composite type content (wt%) content (%) gem modulus/MPa strength/MPa to break (%)
Benzoxazine/untreated jute fibres 33 15 0.930 4890 20.6 2.9
Benzoxazine/(5%) NaOH treated jute fibres 26 7 1.002 2006 13.07 6.6
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resources and harmful by-product of the cashew industry—
and successively polymerised to produce different poly-
benzoxazines depending on the polymerization method. Bz
was characterised by analytical and spectral data.

Thermal polymerization of the Bz monomer during a DSC
scan showed a polymerization reaction starting at 150 °C and
characterised by a heat of polymerisation of about 61 J g~ !. A
glassy polymer, characterised by a T, of 36 °C, as revealed by a
second DSC scan, is obtained at room temperature. Catalytic
polymerization of Bz was obtained at ambient temperature by
using PCls as catalyst. Moreover, the catalytically polymerised
Bz can be converted into in the thermally polymerised polymer
by the subsequent thermal cure. Bz was also used as pre-
polymer in combination with cellulose based materials
(jute fibres) to produce novel bio-composite materials having
a high percentage of renewable materials. In the light of
these results, cardanol and its derivatives could be considered
nowadays very attractive renewable bio-sources to use in eco-
friendly processes.
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Effects of different head groups and functionalised side chains on the
cytotoxicity of ionic liquidsT
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To enlarge the restricted knowledge about the hazard potentials of ionic liquids to men and the
environment we have concentrated on systematically analysing the effects of 7 head groups, 10
side chains (mainly containing functional groups) and 4 anions on cytotoxicity. For our
investigations, we used the promyelotic leukemia rat cell line IPC-81 as test system, with the
reduction of the WST-1 dye as an indicator of cell viability. Our results show that most of the
tested 100 ionic liquids generally exhibit a low cytotoxicity compared to previously investigated
ionic liquids in consequence of their polar ether, hydroxyl and nitrile functional groups within the
side chains. Those functional groups hamper cellular uptake by membrane diffusion and reduce
lipophilicity based interactions with the cell membrane.

In general, a low influence of the head group and a clear anion effect of the [(CF3S0,),N]™
anion could be observed. Furthermore, we could confirm the general dependency between ionic
liquid cation lipophilicity and cytotoxicity using a HPLC derived lipophilicity parameter. For one
head group and for one side chain, deviations were obtained concerning this general dependency.
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This can be interpreted as a first hint for a more specific mode of action for these structural

elements.

Introduction

Especially because of the imminent intensification of the EU
chemicals legislation (REACH project), increasing importance
is attached to the knowledge of (eco)toxicological hazard
potentials of chemical substances. This requires efficient
testing strategies to generate data sets leading to a profound
insight in modes of toxic action and target sites of chemicals.
Regarding this issue we follow a T-SAR'? (thinking in terms
of structure activity relationships) guided strategy to:

i. Systematically select test compounds and structural
elements according to the “testkit concept”.>>

ii. Test the selected substances in a flexible (eco)toxicological
test battery at different levels of biological complexity (e.g.
enzymes, cells, microorganisms and organisms).’

iii. Identify toxicophore substructures in chemicals and to
use this knowledge in the prospective design of inherently safer
chemical products.

iv. Improve the molecular understanding of (eco)toxicolo-
gical results by relating them to physicochemical properties.*

Following this concept, we are aiming to assess the hazard
potential of ionic liquids. The interest in ionic liquids and
in their promising physical and chemical properties is still
growing rapidly. Diverse applications of ionic liquids in

“UFT - Centre for Environmental Research and Technology, University
of Bremen, Leobener Strafe, Bremen, D-28359, Germany.

E-mail: jranke@uni-bremen.de

bMerck KGaA, Frankfurter Strafie 250, Darmstadt, D-64293, Germany
+ Electronic supplementary information (ESI) available: Confidence
intervals of the ECs, values and a complete listing of the parameters of
the fitted dose response models. See DOI: 10.1039/b615326g

different fields have been recently described.’ ' They are
discussed as “green” or “sustainable’ chemicals just based on
their negligible vapour pressure, resulting in reduced inhala-
tory exposure and the absence of flammability. However, the
knowledge about their (eco)toxicity is still very basic and
restricted to only a few chemical entities out of the enormous
pool of available ionic liquids.

To handle this structural variability, we subdivide ionic
liquids into the following sub-structural elements: the cationic
head group, the side chain and the corresponding anion.
Following this classification we systematically examine the
(toxic) effects of these structural elements on different test
systems out of our flexible (eco)toxicological test battery.
Recently we described the effects of the alkyl side chain
length,!! the cation lipophilicity* and the anion'? inter alia on
the cytotoxicity.

The test kit presented here was assembled to identify the
impact of further head groups and functionalised side chains
on biological effects.

To attain the goal of producing more sustainable ionic
liquids, which imply an optimum of technical applicability
on the one hand and a minimum of hazard potentials for
man and the environment on the other hand, we formed a
university—industry partnership. Sustainable chemicals cannot
be developed in academia alone because of the need for
knowledge on current industrial products and processes. The
Merck KGaA synthesised a set of ionic liquids—guided by the
test kit concept and T-SAR—with the result of 100 new ionic
liquids, which allows the systematic investigation of the impact
of 7 different head groups, 10 side chains and 4 anions in
(eco)toxicological studies.
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Table 1 Structures of the tested head groups, side chains and their abbreviations. List of all ECs, values as halides with the exact anion species in
brackets

R ECs5¢/uM (anion)

\NCN* r { N-R SNTSNR N+R N*R E\/N+'R thR
Structure / N\ / N\ / \—/ O\_/ ~ ~ N PN

Abbreviation ‘‘Py-4NMe2” “Py” “IM1” “Morl” “Pipl” “Pyrl” “N112”

_C,H; 2 790 (Br)
_CH,CH,-OH 20H 14300 (1) >20000 (1) >20 000 (I) >20 000 (I) >20000 (I)  >20 000 (I)
_CH,CN ICN 6100 (Cl)  >20000 (Cl) >20 000 (Cl) >20 000 (Cl) 17 100 (C)  >20 000 (Cl)
~C4Hy 4 85 (CI) 8000 (Br) 3600 (Cl) >20 000 (Br) 11000 (Br) ~ >20 000 (CI) >20 000 (Cl)

“CH,CH,CH, OH  30H
~CH,-O-CH,CH, 102
~CH,CH, O CH, 201
~CH,CH,-O-CH,CH; 202
~CH,CH,CH, O_CH; 301

>20 000 (CI) >20 000 (CI) >20 000 (CI) >20 000 (Cl) >20 000 (CI)

2100 (C) 4000 (CI) 3300 (Cl) 17200 (Cl) 850 (Cl) 3900 (Cl)
>20 000 (CI) >20 000 (C) >20 000 (Cl) >20 000 (Br) >20 000 (Cl) >20 000 (Cl)
17 500 (Br) 13 800 (Br) 20 000 (Br) >20 000 >20 000 (Br) >20 000 (CI)
>20 000 (CI) >20 000 (Cl) >20 000 (Cl) >20 000 (Cl) >20 000 (Cl) >20 000 (Cl)
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For our first screening investigations, we used the promye-
lotic leukemia rat cell line IPC-81'2 as a test system, with the
reduction of the WST-1'*1¢ dye as an indicator of cell
viability. This test system has proven to provide reproducible
results for measuring cytotoxicity of various industrial
chemicals.'"'""1?

Furthermore, we are aiming to correlate the obtained
cytotoxicity data with a HPLC derived lipophilicity parameter,
which is described in detail by Ranke et al.* for some of
the test kit compounds. In this previous study, a good
correlation between the lipophilicity parameter of the cation
and the observed cytotoxicity for a set of approximately
70 ionic liquids was found.* In general, the lipophilicity
of chemical substances is considered to be the mediator of
non-specific toxic effects evoked by membrane interactions,
termed narcosis (polar and non polar)*>?* or baseline
toxicity?*?® when applied to mammals or in aquatic toxico-
logy, respectively.

In this context, several recent publications outline
that the acute toxic effects of ionic liquids can be attributed to
side chain length or lipophilicity of the compounds as
descriptive parameters. Due to this fact, we suggest that in
the absence of more specific modes of actions, a type of
baseline toxicity similar to polar narcosis is assumed to be the
predominant mode of toxic action for ionic liquid cations.

4.11,12,26-35

The test kit compounds

The test kit comprised three aromatic head groups
(4-(dimethylamino)pyridinium, pyridinium and imidazolium),
three non aromatic heterocycles (4-methylmorpholinium,
I-methylpiperidinium, 1-methylpyrrolidinium), and one non-
cyclic quaternary ammonium head group (N,N-dimethylethyl-
ammonium).

The seven head groups (Table 1, second row) are combined
with eight different aliphatic side chains containing ether (in
different positions), terminal hydroxyl and nitrile functions
(Table 1, first column).

For all cationic head groups one halide (chloride, bromide,
or iodide; Table 1) and the [(CF3S0O,),N]™ anion was tested
(Table 2).

Acronyms for ionic liquids

A detailed description of the following system of acronyms will
be published elsewhere. The cation is abbreviated according to
the type of the head group as “Py-4NMe2” (dimethylamino)
pyridinium, “Py” (pyridinium), “IM” (imidazolium), “Mor”
(morpholinium), “Pip” (piperidinium), “Pyr” (pyrrolidinium)
and as “N” (quaternary ammonium). The substituents at the
nitrogen atom(s) of the head group are given as numbers
corresponding to their alkyl chain length. For example the

Table 2 Structures of the tested head groups, side chains and their abbreviations. List of all ECs, values as [(CF3SO,),N] anion

R ECs5¢/uM (anion = [CF3S0,),N]")
Structure - — NN /~\ .R . TN\ 4
\ N—R NCR ONTONTRO G N CN "ONR
0N\ N\ / \—/ AR ~ N N
Abbreviation “Py-4NMe2” “Py” “IM1” “Morl” “Pipl” “Pyrl” “NI112”
~C,H; 2 700
~CH,CH,-OH 20H 6200 5800 1500 4500 5200 6300
~-CH,CN ICN 3200 8000 3400 10 000 6400 7300
—-C4Hy 4 50 500 2700 2600 1000 2700
~CH,CH,CH,-OH 30H 3500 4600 3400 4200 4000 6700
-CH,-O-CH,CH; 102 1300 1600 2300 2600 1800 6300
—CH,CH,-O-CHj3 201 1500 1800 6500 1900 2000 2000
—-CH,CH,~O-CH,CH; 202 1800 1500 4900 2200 1600 2000
~CH,-CH,CH,-O-CH; 301 2400 2200 5900 1900 2500 6700
7C6Hl3 6 9
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1-butyl-3-methylimidazolium cation has the shorthand nota-
tion IM14. Ether containing side chains are indicated by
splitting the chain in alkyl units with the symbol “O” for the
oxygen in between (e.g. IM1102 for 1-(ethoxymethyl)-3-
methylimidazolium). Terminal hydroxyl or nitrile groups are
shortened as OH (e.g. IM140H is 1-(4-hydroxybutyl)-3-
methyl-imidazolium) or CN (e.g. IM11CN is 1-cyanomethyl-
3-methylimidazolium). The acronyms used for the halides are
as in the periodic table. The bis(trifluoromethylsulfonyl)imide
is written as [(CF3;SO,),N]” according to its structural
formula. The identifiers for the cation and for the anion—
separated by a white space—give the whole acronym for an
ionic liquid.

Results

All fitted ECsq values are shown in Table 1 and Table 2 and
are described in the following sections. Confidence intervals
and a complete listing of the parameters of the fitted models
are given in the ESL.¥

Range of cytotoxicity

To illustrate the range of cytotoxicity covered by the test kit
compounds, we composed a set of reference chemicals
consisting of ionic liquids tested in earlier studies, antifouling
biocides and conventional solvents (Table 3).

Looking at the cytotoxicity of the ionic liquid reference
substances we can demonstrate that in general, ECs, values of
ionic liquids cover five orders of magnitude. This range can be
interpreted to result from the contributions of different head
groups, side chain lengths and anions. We consider substances
showing ECsy values lower than 100 pM to be significantly
cytotoxic. As demonstrated earlier, ionic liquids can reach
drastic cytotoxicities (ECsy < 1 pM) comparable with
commonly used and highly active biocides such as carbenda-
zim and 4,5-dichloro-2-n-octyl-3(2 H)-isothiazolone (DCOIT).

On the other hand the 1-ethyl-3-methyl-imidazolium ethyl
sulfate is introduced in our lab as a reference ionic liquid
exhibiting a comparatively low cytotoxicity (ECsy ~
10 000 pM) but which is still some orders of magnitude more

Table 3 Reference compounds to demonstrate the range of cytotoxicity of ionic liquids, biocides, and common solvents

Structure Name ECso/pM
~N /%NV\(CH )/ 1-Methyl-3-tetradecyl-imidazolium chloride 0.4
2712
—/ I
AN 1-Octyl-quinolinium bromide 1
| N
N
Br
\N A N+/\ 1-Ethyl-3-methyl-imidazolium [bis(1,2-benzendiolato)] borate 10
\:/ O\ _/O
CLa 10
/ N\
O 0
~ N/%[«N/\/\/\ 1-Methyl-3-octyl-imidazolium chloride 100
\:/ C]_
\N&N+/\/\ 1-Butyl-3-methyl-imidazolium tetrafluoroborate 1300
~ N/§ N+/\ 1-Ethyl-3-methyl-imidazolium ethyl sulfate 8500
— " oso,
Cl S_ _(CH,),CH, 4,5-Dichloro-2-n-octyl-3(2H)-isothiazolone (DCOIT) 1
M
Cl 0}
H Carbendazim 10
N H o
/>—N
N
O\
/\/OH Propanol 100 000
\/OH Ethanol 700 000
CH;0OH Methanol 1 600 000
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cytotoxic than ordinary polar organic solvents, e.g. methanol,
ethanol or propanol.

Midway in the above described cytotoxicity spectrum (ECsg
~ 1000 uM) one can find ionic liquids such as the 1-butyl-3-
methyl-imidazolium tetrafluoroborate showing neither a
significant nor a negligible cytotoxicity.

Ranking our results for the test kit compounds (Table 1 and
Table 2) due to this scheme, 45 of the 100 ionic liquids showed
a lower cytotoxicity than the 1-ethyl-3-methyl-imidazolium
ethyl sulfate reference for a low cytotoxicity. Furthermore, 52
out of the test substance pool are located around the 1-butyl-3-
methyl-imidazolium tetrafluoroborate reference for moderate
cytotoxicity. Significant cytotoxicity (ECsy < 100 uM) was
only found for 4 compounds.

In the following sections the influence of the different
structural features (anion, head group and side chain) on the
observed biological effects are illustrated.

Influence of the anion

The halides (chloride, bromide and iodide) do not exhibit an
intrinsic anion effect up to a concentration range of 5000 pM.'?
Thus, it was concluded that all observed cytotoxic effects for
compounds with these anions (Table 1) can be exclusively
attributed to the cation.

In a recent paper from our group, the intrinsic cytotoxic effect
of the [(CF3S0,),N] ™ anion is described.'?> Comparing the ECs,
values of the halides (Table 1) with the cytotoxicity data of the
corresponding [(CF3S0O,),N]™ anion (Table 2) this observation
could be confirmed for nearly all investigated ionic liquids
(with the exception of Py6-4NMe2, Pyr1102 and N112102).

Influence of the head group

The influence of the 7 investigated head groups on cytotoxicity
is analysed by comparing the results obtained with ionic
liquids containing the same fixed side chain and halides as
counter ions (Table 1).

As mentioned above, most of the ionic liquids tested in this
study have a relatively low cytotoxicity (high ECs, values).
There are no clear differences in the ECs, values within the
rows (Table 1) indicating a generally low influence of the head
group itself on cytotoxicity. Only for the butyl substituted
head groups and for one further compound (PylCN Cl) one
can observe a more general pattern in the ECsy values. By
comparing the different head groups with the butyl side chain,
a clear head group effect on cytotoxicity can be found for the
4-(dimethylamino)pyridinium cations. For this head group, no
functionalised side chains were available. Thus, the test kit was
supplemented by the ethyl and the hexyl side chain for a
comparison with the corresponding imidazolium moieties. For
all three side chains, the 4-(dimethylamino)pyridinium cation
shows a remarkably lower ECs, value (by 1-2 orders of
magnitude) than the corresponding imidazolium head group.
Additionally, the well known side chain length effect (decrease
in ECsy values with elongation of the alkyl side chain)
could also be confirmed for the 4-(dimethylamino)pyridinium
cation (Fig. 1).

For the cations with the [(CF3S0,),N] anion (Table 2) the
general pattern observed for the halides is still present, but

N\ TN e SR T T
ol M o @ O
o a

— S X
AN NN 5 N™ N
N q //N 2) ®) \:/CI_
a

10 |

NN
/Ng\\\_//N\v/ ®)
cr

Normalized response
1.0
]

0.5

0.0

T T T T
-2 0 2 4

Decadic Logarithm of the dose in uM

Fig. 1 Dose response curves of the 4-(dimethylamino)pyridinium
(dashed lines) and imidazolium (bold line) head group with different
alkyl chain length. Most of the dose response curves show a hormetic
effect (response > 1) to which no significance is attributed in the
context of the present study.

higher deviations within the head groups can be found.
However, a consistently higher cytotoxicity for one head
group over the other, except for the 4-(dimethylamino)-
pyridinium compounds, was not found.

Influence of the side chain

The impact of the side chains on the cytotoxicity of an ionic
liquid can be analysed by comparing the results for one head
group and one anion, only varying the ten side chains.

For the ionic liquids with the halides, in general, a low
cytotoxicity was observable. However, the ethoxymethyl
(-CH,OCH,CH3;) side chain clearly increases the cytotoxicity
for all head groups with exception of the piperidinium cation
(Table 1) as compared to the isomeric methoxyethyl
(-CH,CH,OCH3) side chain. This finding could also be
confirmed for most of the ionic liquids containing the
[(CF3S0,),N]™ anion but the effect is negligibly low (Table 2).

Furthermore, the increased cytotoxicity of the ionic liquids
with the [(CF3S0,),N] ™ anion allows for a more differentiated
interpretation of the observed effects and the influence of
the side chains. Generally, the butyl side chain has the
strongest cytotoxic influence on all head groups except for
the morpholinium head group. Taking a closer look at the
imidazolium compounds, it can be found that the introduction
of oxygen into the side chain results in a lower cytotoxicity
(Fig. 2). In particular, the terminal hydroxyl group and the
nitrile function reduce the cytotoxicity by about one order of
magnitude.

For the other head groups, a resembling trend is perceptible
but not consistent for all compounds (e.g. Morl20H
(CF380,):N).

This journal is © The Royal Society of Chemistry 2007
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Fig. 2 Dose response curves of imidazolium ionic liquids to
demonstrate the shift in ECs, values for the functionalised side chains
compared to the alkyl side chain. Furthermore, the anion effect of the
[(CF3S0,),N] " species (dashed lines) is demonstrated by comparison
with the chlorides (bold line). The presented curves illustrate that
cations containing terminal hydroxy functions in their side chain are
able to equalise the anion effect of the [(CF3S0,),N]™ moiety.

Correlation of cytotoxicity with HPLC lipophilicity data

First of all, the results from the HPLC based lipophilicity
determination of selected ionic liquid cations are presented. As
expected, one can find increasing log k, values (increasing
lipophilicity) with elongation of the alkyl chain (Table 4). For
the functionalised side chains the pattern is similar. The short

Table 4 Lipophilicity parameter log k, and log ECs, values for all
compounds shown in Fig. 3. Previously published data are marked
with an asterisk

Compound log ko log ECs

Halides [(CF380,),N"]
IMI1ICN —-0.29 >4.3 3.9
IM120H —0.28 >4.3 3.76
IM130H -0.23 >43 3.66
IM1201 —-0.02 >4.3 3.25
Morl4 0.18 >43 3.48
IM1102 0.21 3.6 3.2
IM1202 0.45 4.14 3.18
Pyrl4" 0.51 3.77 3.01
Py4” 0.57 3.9 —
IM14 0.63 3.55 2.68
Pipl14 0.68 >43 3.41
N1124 0.51 >4.3 3.43
Py2-4NMe2 0.51 29 2.85
Py4-4NMe2 1.08 1.94 1.85
Py6-4NMe2 1.8 0.95 1
M13" 0.42 >4.3 —
M14" 0.63 3.55 2.68
M15" 0.92 >3 —
M16" 1.24 2.85 2.24
M17" 1.57 2.53 —
M18" 1.85 2.01 1.59
IM19° 2.1 1.4 —
IM1-10" 2.37 1.34 —

and polar —-CH,CN side chain exhibits the lowest log ko,
whereas for the long and relatively non-polar -CH,~CH,-O—
CH,-CHj; ether side chain, the highest log ky value can be
found. Additionally, the terminal hydroxyl groups are to be
found more polar than the ether functions (e.g. IM130H
versus IM1201) as predicted from T-SAR. One can find even
significant differences in the log ko values of IM1201 and
IM1102. Responsible for this observation are electronic
and steric effects due to the vicinity of the oxygen atom to
the positively charged imidazolium core which increases the
lipophilicty of the -CH,-O-CH,—~CH3 chain.

Focusing on the cationic head groups with the butyl side
chain, the 4-(dimethylamino)pyridinium moiety exhibits the
highest lipophilicity (log ko = 1.08) due to the broadly
delocalised positive charge and the lipophilicity of the
dimethylamino group. On the other hand the non-aromatic
and oxygen containing morpholinium head group is found to
be the most polar moiety with a log ko of 0.18. The remaining
cations are located with their log k, in between the polar
morpholinium and lipophilic 4-(dimethylamino)pyridinium
moiety (Table 4).

Plotting the logarithm of the ECs, values derived from the
cytotoxicity assay versus the logarithm of the HPLC derived
lipophilicity parameter, ko reveals that ionic liquid cations in
general span several orders of magnitude considering their
lipophilicity and cytotoxicity (recently published data* supple-
mented with results from this study, Fig. 3).

Taking a closer look at the results obtained in this study
for the ionic liquids containing the [(CF3;SO,),N]~ anion
versus those with the small halides (with the same cation), an
anion effect becomes obvious (Fig. 3). The halides can be
described by a good linear correlation between cytotoxicity
and lipophilicity, whereas for the corresponding compounds

IM1102
5
highest tested concentration
\.A
o 4
O a O cations as (CF3S02)2N anion
o A cations as halides
8 O o o ——Linear (linear regression halides)
[+
w 3 u]
o
2 o
Py2-4NMe2
2
Py4-4NMe2
1 ]
Py6-4NMe2
r 9 T T T T T d
-0.5 [ 0.5 1 1.5 2 2,5 3

log ko

Fig. 3 The correlation between lipophilicity log k, and cytotoxicity
log ECs, is demonstrated for the cations as halides (closed symbols)
and for the [(CF3S0,),N]™ anions (open symbols). The linear regres-
sion (R = 0.9825) relates to all cations with halides as anion (except
IM1102 Cl, Py2-4NMe2 Cl, Py4-4NMe2 Cl and Py6-4NMe?2 Br).
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containing the [(CF3S0,),N] anion, an increasing deviation to
higher cytotoxicities from this linear correlation is observed
with decreasing lipophilicity of the ionic liquid cation. For
the 4-(dimethylamino)pyridinium compounds combined with
[(CF3S0,),N]™ no, or just a small anion effect, was observable.

However, it must be noted that for the ionic liquids cations
with low log kg values no ECs, data are presented in Fig. 2 for
the halides because no cytotoxic effects were detectable up to
concentrations of 20 mM.

Additionally, four data points (IM1102 Cl, Py2-4NMe2 Cl,
Py4-4NMe2 Cl and Py6-4NMe2 Br) for the halides exhibit a
significant deviation to higher cytotoxicities from the above
mentioned linear correlation.

Discussion

The correlation of our cytotoxicity data with the HPLC
derived lipophilicity parameter gives a more detailed view on
the effect of the substructural elements on cytotoxicity and
leads to the following inferences.

A good linear correlation (R> = 0.9825) for all halides
(different head groups and side chains) from Table 4 can
be found, which demonstrates the interdependency of lipo-
philicity and cytotoxicity for ionic liquids cations. Only for one
head group (4-(dimethylamino)pyridinium) and one side chain
(-CH,-O-CH,-CHs3) is an obvious deviation from this
regression observed. These compounds exhibit a higher
cytotoxicity than could be expected from the measured
lipophilicity parameter log kq. In general, the -CH,~O-CH,—
CHj; side chain (with the sole exception of the piperidinium
head group) and the 4-(dimethylamino)pyridinium head group
show this relative decrease in their ECsy values. In con-
sequence, beside the lipophilicity based toxic interaction with
membranes, the possibility of further and more specific modes
of toxic action (i.e. reactive interactions, inhibition of certain
enzymes, interaction with signal transduction pathways) has to
be taken into account.

The lipophilicity, and concomitantly the cytotoxicity, of the
investigated ionic liquid cations are mainly affected by the
polarity of the side chain (log kj in the range of —0.29 to 2.37).
Thus, the side chains of the ionic liquid cations should be
considered as one of the key structural elements when
identifying toxicophore substructures.

In support of this thesis we could show that the structure of
the cationic head group itself—apart from the 4-(dimethyl-
amino)pyridinium moiety—plays only an inferior role in
altering the lipophilicity/cytotoxicity of the entire cation
(log ko from 0.18 to 0.68).

The data points for the cations combined with the
[(CF3S0,),N]™ anion show two trends. For high log ko and
for the 4-(dimethylamino)pyridinium compounds, the cation is
dominating the cytotoxicity of the ionic liquid, which can be
demonstrated by an approximation of the ECsy values for
the ionic liquids with either the [(CF3SO;),N]™ anion and the
halides. On the other hand, the intrinsic cytotoxicity of the
[(CF3S0,),N]™ anion represents the minimal cytotoxicity for
ionic liquids containing cations with low log &, values (low
cytotoxicity). It is proposed that the intrinsic (cyto)toxicity of
this anion species is also based on its lipophilicity (log ko > 2,

unpublished data). More detailed studies of toxic effects of the
[(CF3S0,),N]” on microorganisms, aquatic and terrestrial
plants and on terrestrial invertebrates are described by Matzke
et al.*® and Juffernholz and co-workers.’

Conclusion

We used the WST-1 cytotoxicity assay for a preselection
of toxicologically favourable structural elements for a large
number of ionic liquids. Therefore, we analysed 100 ionic
liquids with different head groups, side chains and anions. We
could confirm a previously found linear correlation between
ionic liquid cation lipophilicity and cytotoxicity using an
HPLC derived lipophilicity parameter.

Considering the structural design of ionic liquids cations, the
side chain is the main effector to alter cytotoxicity. According
to their relatively low lipophilicity, short functionalised side
chains can diminish the observed cytotoxcity compared to
non-polar alkyl chains.

Our HPLC data revealed that the head groups are of
minor concern—compared to the side chain—regarding their
influence on the lipophilicity and therefore on the ionic liquid
cytotoxicity.

Thus, our investigations support the general hypothesis
that the cytotoxic effects of ionic liquids can be attributed to
lipophilic interactions with cell membranes and cellular
proteins, leading to disruption of membrane or protein
function. Furthermore, the uptake rates of ionic liquids into
the cells, and thereby their intracellular effect concentrations,
are closely related to the lipophilicity of the compounds.

However, the 4-(dimethylamino)pyridinium head group in
general and the ethoxymethyl (-CH,OCH,CHj3) side chain
exhibit a significant deviation to higher cytotoxicities from the
above mentioned linear correlation. This can be interpreted as
a first hint for a more specific mode of action not only based
on lipophilicity.

Furthermore, the clear influence of the [(CF3SO,),N]”
anion on cytotoxcity could be verified. However, combined
with a polar cationic species this anion effect is shifted to a
moderate cytotoxicity.

Nevertheless, the following arising questions concerning the
structural design and hazard potentials of ionic liquids are still
unanswered and need additional investigations:

i. Is the design with respect to beneficial toxicological
properties of ionic liquids compatible to their technical
applicability?

ii. Can the observation that the anion effect of the
[(CF3S0,),N]  is reduced by choosing a cation with negligible
cytotoxicity be expanded to other intrinsically toxic anions?

iii. Can the toxic effects be verified in higher level test
systems (e.g. plants, animals)?

In general, the used acute cell viability assay and the tested
IPC-81 cell line provide a useful tool for the screening of a
large number of compounds, allowing the identification of
possible toxicophore substructures. However, since in vitro
assays are lacking toxicokinetic and toxicodynamic parameters
and some major metabolic pathways, for a detailed (eco)toxi-
cological risk assessment further testing with different
organisms and endpoints is required.

This journal is © The Royal Society of Chemistry 2007
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Experimental
Cell viability assay

The cytotoxicity assay using the WST-1 reagent was described
in detail in.!" Briefly, promyelocytic rat cells from the IPC-81
cell line are incubated for 4 hours in 96-well plates with 2-(4-
iodophenyl)-3-(4-nitrophenyl)- 5-(2,4-disulfophenyl)-2H-tetra-
zolium monosodium salt (WST-1) reagent. Each plate
contained blanks (no cells) and controls (no toxicant). The
cell viability assays were generally carried out for a 1:1 dilution
series. Each dose response curve was recorded for at least 9
parallel dilution series on three different 96-well plates.
Positive controls with Carbendazim were checked in regular
intervals.

Dose-response curve parameters and plots were obtained
using the drfit package (version 0.05-86) for the R language and
environment for statistical computing (www.r-project.org).>

The HPLC system

The HPLC system used for deriving the lipophilicity para-
meters was a Hewlett Packard system Series 1100, with
gradient pump, online degasser, autosampler and a Bruker
esquire ESI-MS ion trap detector. The column was a
MetaChem Polaris Ether bridged RP-18 column with 150 mm
length, 3 mm inner diameter and 3 pum particle size. A guard
column with octadecylsilica material was also used (both
Varian, Inc.). The eluent was composed of 0.25% acetic acid
(p.a.) in Milipore (TM) water (pH = 3.2), mixed with gradient
grade acetonitrile. The column dead time #, was calculated
from retention time difference of thiourea with and without
the column. The equipment dwell volume ¢, was quantified by
switching from water to 0.1 mM NaNOj; in 10 minutes. Cation
retention times from a single gradient run with a gradient
time 7g of 10 min were obtained for all substances listed in
Table 4. The theoretical background and the calculation of the
log ky values were recently described in detail.*

Chemicals

All tested ionic liquids were received from Merck KGaA
(Darmstadt, Germany), with the exception of I-ethyl-3-
methyl-imidazolium ethyl sulfate, which was obtained from
Solvent Innovation (K6In, Germany) and 1-octyl-quinolinium
bromide, which was prepared at the ITUC in Jena, Germany.
The 4,5-dichloro-2-n-octyl-3(2H)-isothiazolone ~ (DCOIT)
was donated by Rohm and Haas (Philadelphia, USA).
Carbendazim, acetic acid, acetonitrile, methanol, ethanol,
propanol and dimethylsulfoxide were purchased from the
Sigma-Aldrich Corporation (Germany).

Cell culture media, sera, and phosphate buffer were
purchased from GIBCO BRL Life Technologies (Eggenstein,
Germany). Antibiotics and glutamine were obtained from PAA
Laboratories (Colbe, Germany), and the WST-1 reagent was
purchased from Roche Diagnostics (Mannheim, Germany).
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Inorganic—polymer nanocomposites are of significant interest for emerging materials due to their
improved properties and unique combination of properties. A novel one-step synthesis route has
been developed for making the polymer nanocomposites silica—poly(vinyl acetate) (SiO,—PVAc)
in supercritical CO, (scCO,), wherein all raw chemicals, tetracthoxysilane (TEOS)/
tetramethoxysilane (TMOS), vinyltrimethoxysilane (VTMO), vinyl acetate, initiator, and
hydrolysis agent were introduced into one autoclave. In-situ ATR-FT-IR was applied to monitor
the process in scCO,, and the parallel reactions of free radical polymerization, hydrolysis/
condensation, and linkage to the polymer matrix, were found to take place. The nanocomposites
were also studied by transmission electron microscopy (TEM) and EDX element Si-mapping.
Well-dispersed nanoparticles of 10-50 nm were formed. This process provides a significant
improvement by providing a one-step synthesis route where the potentially recyclable scCO,
works as a solvent, a modification agent, and a drying agent. This green process has potentially
many advantages in producing new and unique materials, along with waste-reduction and energy-
saving properties. Production of metal-oxide—polymer nanocomposites from non-inhalable liquid
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precursors also has significant potential for non-toxicity in biomedical and other fields.

1. Introduction

Significant progress has been achieved in recent years for
developing new green chemical processes to meet the ever
stringent governmental policies for environmental protec-
tion."? The main criteria for developing a green chemical
process is producing the required (or superior) materials either
by a waste-free process or with a significant reduction in the
amount of generated waste.>” Generally, the development
in green chemical processes can be divided into two scopes:
reaction route alternatives® > and solvent alternatives.®® It is
widely accepted that reducing the number of synthesis steps
can significantly reduce the amount of waste and energy
consumption. Hence, changing the reaction route to lower the
number of synthetic steps is of significant environmental and
economic advantage.® As well, alternative synthesis design and
approaches utilizing green solvents for pollution prevention
are highly desirable.® Regulation of the use of hazardous
organic solvents is becoming increasingly stringent and has
spurred the development of environmentally conscious,
economical reaction media.

Supercritical carbon dioxide (scCO,) has emerged as a
viable ‘green’ alternative to organic solvents for several
applications since carbon dioxide is inexpensive, non-toxic,
non-flammable, and environmentally benign.” In the super-
critical state (7. = 31.1 °C, P. = 73.8 bar), it can have
unique properties such as a liquid-like density and a gas-like
diffusivity, and these properties are ‘tunable’ by varying the
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Engineering, University of Western Ontario, London, Ontario, Canada
N6A 5BY. E-mail: pcharpentier@eng.uwo.ca; Fax: +1 (519) 661-3498;
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pressure and/or temperature.’ Previously, DeSimone and co-
workers have shown that scCO, is a promising alternative
medium for free radical, cationic, and step-growth poly-
merizations, and continuous processes.m’12 Indeed, DuPont
has recently commissioned a plant to manufacture various
grades of polymers based on polytetrafluoroethylene
(TeﬂonTM), using scCO, as the solvent instead of 1,1,2-
trichloro-1,2,2-trifluoroethane.'® In addition to polymer syn-
thesis, scCO, has also been developed as an enabling solvent
in various chemical processes such as particle formation,'*!?
extraction, coating,'® cleaning,” drying, and media for
organic and inorganic reactions including nanomaterials,'”"!3
many of which are unique with exciting properties.

Polymer nanocomposites are finding widespread industrial,
household and biomedical applications in both existing and
several new areas.'! In comparison with the virgin plastics,
polymer nanocomposites often have unique morphologies,
physical and chemical properties, and exhibit marked improve-
ments of fuel and gas (oxygen and CO,) barriers, flame
resistance, stiffness, thermal and structural stabilities. The
polymer nanocomposites normally contain fine inorganic
particles or inorganic fibers well dispersed in the polymer
matrix, with the particle size of the inorganic particles/fibers
having a significant effect on the mechanical properties.”
However, controlling the particle size at the nanometer level is
a challenging project.’® Of additional challenge is the success-
ful coupling of the nanoparticles to the matrix, which is highly
desirable to maximize mechanical properties.'” Generally, the
conventional methods for the synthesis of polymer composites
are through complex multi-step synthetic processes, includ-
ing:2?*?? (1) formation of inorganic particles or polymer;
(2) modification of the obtained inorganic particles or the
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polymer; and (3) introducing the inorganic particles into the
polymer matrix. The most popular method is simply by mixing
the two obtained parts of polymer and inorganic particles,
either by melt compounding, which adds inorganic particles
into a polymer melt,>**** or by a solution obtained by
dissolving the polymer in an organic solvent,”>?®3! then
evacuating the solvent after mixing with the inorganic
particles. In addition, usually the inorganic particles or the
applied polymer requires further modification by adding a
coupling agent to enhance the interaction of the inorganic
part with the organic polymer for coupling to the polymer
matrix.”3® In these multi-step synthetic processes, each
synthesis step consumes energy, time and labor, and results
in significant waste. Hence, a green approach to polymer
nanocomposite synthesis that provides small, nanometer-size
particles, good distribution of the nanofiller throughout the
matrix, chemical attachment of the nanofiller to the matrix,
along with reducing the number of synthesis steps while using
a green solvent, is extremely desirable.

In the present work, we applied in-situ FT-IR to analyze free
radical polymerization and hydrolysis in scCO,, respectively,
to generate polymer nanocomposites. A novel one-step
synthesis route of SiO,~PVAc polymer composites was
discovered by combining parallel reactions of free radical
polymerization and hydrolysis, and subsequent linkage of the
particles to the polymer chain.

2. Experimental
2.1 Materials

High purity CO, (from BOC Gases, 99.99%, with dip-tube)
and high purity N, (BOC, 99.99%) were further purified by
passing through columns filled with 5 A molecular sieves and
reduced 20% copper oxide/Al,O5 to remove the moisture and
oxygen, respectively. Heptane and vinyl acetate were pur-
chased from Aldrich Canada (ACS grade) and were distilled
under vacuum. NaOH, 30% H,0O,, ethyl chloroformate, 0.1 N
sodium thiosulfate solution, sodium bicarbonate, sodium
sulfate, glacial acetic acid, potassium iodide, tetracthoxysilane
(TEOS), tetramethoxysilane (TMOS), and vinyltrimethoxy-
silane (VTMO) were purchased from Aldrich Canada and
used as received.

2.2 Initiator preparation

The initiator diethyl peroxydicarbonate (DEPDC) was synthe-
sized as previously described,** and the yield of DEPDC was
measured using the standard iodometric analysis technique
(ASTM E298-91) to exceed 90%. The reaction mechanism for
the synthesis of DEPDC is shown in Scheme 1.

2.3 Polymerization procedure

Synthesis was conducted in a 100 mL high-pressure stainless
steel autoclave (Parr 4842) coupled with a digital pressure
transducer. The stirring speed was controlled at 400 rpm.
The designated chemicals were charged into the reactor,
purging with a flow of nitrogen, then pumping CO, into the
autoclave by means of a syringe pump (Isco 260D). After the

0
2 E_ /H\ + Hy0, + 2NaOH
o cl

O0—O0
/o‘_< >\O/E‘ + 2NaCl + 2H,0
Et Y 4

Scheme 1 Overall reaction of synthesis of DEPDC.

reaction, CO, was carefully vented leaving the formed sample
in the autoclave.

In-situ Fourier transform infrared (FT-IR) monitoring of
the solution concentration in the stirred 100 mL high-pressure
autoclave was performed using a high-pressure immersion
probe (Sentinel-Mettler Toledo AutoChem). The DiComp
ATR probe consists of a diamond wafer, a gold seal and a
ZnSe support/focusing element, housed in alloy C-276. The
probe was attached to an FT-IR spectrometer (Mettler Toledo
AutoChem ReactIR 4000) via a mirrored optical conduit,
connected to a computer, supported by ReactIR 2.21 software
(MTAC). This system uses a 24-hour HgCdTe (MCT)
photoconductive detector. The light source is a glowbar from
which the interferometer analyzes the spectral region from 650
to 4000 cm ™~ '. The beamsplitter inside the RIR4000 is ZnSe.
Spectra were recorded at a resolution of 2 cm™ ! and the
absorption spectra were the results of 64 scans. In-situ
ATR-FT-IR was applied to monitor the various chemistries
studied in scCO, including: (i) thermal decomposition of
DEPDC; (ii)) homopolymerization of vinyl acetate; (iii)
copolymerization of vinyl acetate and VITMO; (iv) hydrolysis
of silicon alkoxides in the presence of a copolymer; and (v) the
one-pot synthesis of nanocomposites.

2.4 Characterization

Transmission electron microscopy (TEM) images were
recorded using a Philips CMI10 Transmission Electron
Microscope operated at 80 kV. The specimens were previously
dissolved in THF, and then placed on a copper grid covered
with carbon film. EDX elemental mapping was recorded using
a Hitachi S-2600N Scanning Electron Microscope.

3. Results and discussion
3.1 Copolymerization

Diethyl peroxydicarbonate (DEPDC) was selected as the
polymerization initiator for copolymer synthesis due to its
relative ease of synthesis, its ability to polymerize acrylate
monomers, its solubility in supercritical carbon dioxide
(scCO,) and the success in polymerizing under sol-gel
hydrolysis conditions for nanoparticle formation, as described
below. Fig. 1 displays a set of typical in-situ FT-IR spectra of
the thermal decomposition of DEPDC. It was found that
the characteristic peaks of DEPDC in scCO, at 1803 and
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Fig. 1 In-situ FT-IR waterfall plot showing the decomposition of DEPDC initiator in scCO), (the experimental conditions are: 50 °C, P = 2850 psi,

DEPDC concentration 2.6 wt%).

1203 cm ™! decreased following heating time, while new peaks
gradually developed at 1756 and 1250 cm~'. The thermal
decomposition kinetics of DEPDC in scCO, were studied
previously in both a batch reactor coupled with in-siru FT-IR>?
and a continuous stirred tank reactor (CSTR)* in the
temperature range of 45-85 °C.

Although this one-pot process can work with essentially any
vinyl monomer and silane linker that are soluble in scCO,,
vinyl acetate (VAc) was chosen as the monomer of interest due
to its relatively high solubility in scCO,,**%” and the wide-
spread industrial and biomedical applications of poly(vinyl
acetate) (PVAc). Vinyltrimethoxysilane (VITMO) was applied
as the second monomer for coupling to the sol-gel-derived
nanoparticles, as shown in Scheme 2.

Fig. 2 shows the FT-IR spectra of the homopolymerization
of vinyl acetate in scCO,. In order to identify clearly the
change of absorbance peaks in the homopolymerization and

H H
H__ H \_OCHs
T CHs + Si —
H 0 /" ocH o—=" si—OCHs
o) H,CO 8

/ N\
CHs, HsCO OCHjs

Scheme 2 Copolymerization of vinyl acetate (VAc) and vinyl-
trimethoxysilane (VIMO) to form the copolymer.

the copolymerization reactions, a transform was made in
Fig. 2f by subtracting the spectrum at reaction time ¢ = 0
(Fig. 2a) from the spectrum at reaction time ¢ = 300 min
(Fig. 2e). The absorbance intensities at 1766, 1648, 1212, and
1140 cm ™! decreased during the polymerization, while those at
1729 and 1233 ecm ™! increased. The decrease in height of the
peaks at 1648 cm ™! (due to the C=C stretching vibration) and
1140 cm ™! (due to the O—C—C asymmetric stretching vibration
of the CH3C(O)-O-CH=CH, molecule) indicates the con-
version of vinyl acetate to poly(vinyl acetate).® That the
absorbance peaks changed from 1766 to 1729 cm ™! (due to the
C=0 stretching vibration) and from 1212 to 1233 cm ™! (due to
the C-C-O asymmetric stretching vibration) indicates the
transfer of the ester groups from the monomer molecules to
the polymer chains. Depending on the molecular weight of
the polymer chains, partial solubility is expected due to the
acetate functionality.-*°

The copolymerization of vinyl acetate and VIMO was
carried out in scCO, by introducing the monomers, initiator,
and CO; into the reactor, respectively. Fig. 3 shows the FT-IR
spectra of a typical copolymerization at 60 °C and 2440 psi. A
transform was also made in Fig. 3f by subtracting the spectrum
at reaction time ¢ = 0 (Fig. 3a) from the spectrum at reaction
time ¢ = 300 min (Fig. 3e). Similar to Fig. 2, vinyl acetate
consumption is indicated at 1764, 1649, 1214 and 1140 cm L
By contrast with the IR spectra of the homopolymerization of
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Fig. 2 In-situ FT-IR measurement of free radical polymerization of vinyl acetate in supercritical CO, (the experimental conditions are: 60 °C,

P = 3000 psi).

vinyl acetate, it was found in Fig. 3 that the previously observed
peaks during the homopolymerization of vinyl acetate drifted
slightly and some peaks grew at 1368 and 1021 cm ™', which
are assigned to a CHj; symmetric deformation vibration and

e. t=300 min

d. t=180 min

c. t=60 min

b. t=30 min

JL’}\:. t=0 min

1840 1760 1680 1600 1620 1440 1360

a Si-O stretching vibration, respectively.*' This silane-modified
PVAc was further applied in the next step, where the hydrolysis
of TMOS/TEOS to generate the inorganic part in the polymer
composite was studied.

1200 1120 1040 960 880 800 720

Wavenumber (cm-1)

Fig. 3 In-situ FT-IR measurement of free radical copolymerization of vinyl acetate and VTMO in supercritical CO, (the experimental conditions

are: 60 °C, P = 2440 psi, molar ratio: VAc : VIMO =40 : 1).
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Fig. 4 In-situ FT-IR measurement of hydrolysis of TEOS in the silane-modified PVAc in scCO, (the experimental conditions are: 60 °C,

P = 2440 psi, molar ratio: HAc : TEOS = 4.3 : 1).

3.2 Hydrolysis

Hydrolysis using sol-gel chemistry is one of the most
important methods for producing fine particles such as
nanometer-size inorganic particles.**** Supercritical CO, has
previously been used to generate nanoparticles by drying the
sample obtained from the sol-gel process,**** while our
previous work has shown that a direct or ‘one-pot’ synthesis
technique for the hydrolysis of metal alkoxides in scCO, was
possible.***> We found that a variety of liquid metal alkoxides,
such as tetraethoxysilane (TEOS) or tetramethoxysilane
(TMOS), are relatively soluble in scCO,, particularly in
the presence of a polar modifier/hydrolysis agent such as
acetic acid. We also found that both TEOS and TMOS poly-
condensation could be carried out at a temperature above
35 °C in scCO, by using acetic acid.

Fig. 4 demonstrates the FT-IR spectra of the hydrolysis of
TEOS mixed with the previously obtained copolymer of vinyl
acetate and VITMO in scCO, at 60 °C, in which acetic acid was
added as the hydrolysis agent. It is seen that the peaks grew
with reaction time at 1742, 1238, 1050 and 1023 cm ™! but were
lowered at 1714 and 1292 cm™'. The growing peaks at 1742
and 1238 cm™ ' are due to the formation of acetic esters
from the polycondensation reaction. The growing peak at
1050 cm~! is due to the formation of Si-O-Si, while the
shrinking peaks at 1714 and 1292 cm ™' indicate the consump-
tion of acetic acid. Fig. 5 displays a TEM image of the formed
PVAc nanocomposite. The spherical nanoparticles of various
sizes are well dispersed in the polymer matrix. The particle size
range is approximately 50-150 nm.

3.3 One-pot synthesis

The goal of this research was not only to synthesize polymer
nanocomposites, but also to explore a novel, green, one-pot
technique. For this purpose, all the raw materials such as vinyl
acetate, VITMO, TEOS/TMOS, acetic acid, and the initiator
DEPDC were introduced into the autoclave. Then the

' ‘ . :' . 7' .
& ®

200 nm

s

Fig. 5 TEM image of the PVAc nanocomposite from the hydrolysis
of TEOS with acetic acid in the presence of the copolymer of vinyl
acetate and VTMO in scCO,.
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Fig. 6 Parallel reactions of the copolymerization of vinyl acetate and VITMO and hydrolysis of TEOS/VTMO with acetic acid in scCO, (the

experimental conditions: 60 °C, P = 2440 psi, molar ratio: VAc : VTMO : HAc : TEOS : DEPDC =40 :1:43:10: 1).

compressed CO, was pumped into the autoclave and heated nanocomposites was then obtained. Fig. 6 and 7 display the
to reach the supercritical state. After 1080 min of reaction FT-IR spectra from the synthesis process by using TEOS
at 60 °C and subsequent cooling and evacuation of CO,, and TMOS, respectively. Both the figures show the parallel
a viscous liquid was collected from the autoclave and placed reactions of copolymerization and hydrolysis proceeding
in a vacuum oven. A monolith product of SiO,-PVAc simultaneously. Fig. 6 shows the consumption of the monomer

o]
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i

d. t=360 min

c. t=120 min
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Fig. 7 Parallel reactions of the copolymerization of vinyl acetate and VITMO and hydrolysis of TMOS/VTMO with acetic acid in scCO, (the

experimental conditions: 60 °C, P = 2440 psi, molar ratio: VAc : VTMO : HAc : TMOS : DEPDC =40:1:43:10: 1).
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from the decreasing intensity of the peak at 1648 cm ™!, by

comparing with the spectra discussed previously. The growing
peaks at 1740 and 1235 cm™ ' are due to the formation of
acetic esters from the polycondensation reaction, while the
absorbance decreases at 1712 and 1293 cm™! indicate the
consumption of acetic acid. The formation of oxo bonds
between silicon atoms can be noticed by the widening peak in
the 1052 cm ™! region, which is similar to Fig. 4 where TEOS
nanoparticles were attached to an existing vinyl acetate—
VTMO copolymer. When using TMOS as the polycondensa-
tion agent, Fig. 7 also shows the parallel reactions occurring of
copolymerization and hydrolysis. The consumption of the
monomer is observed from the decreasing intensity of the peak
at 1649 cm ™!, while the growing peaks at 1739 and 1236 cm ™!
are due to the formation of acetic esters from the poly-
condensation reaction, and the absorbance decreases at 1715

and 1294 cm ™! indicate the consumption of acetic acid. The
formation of oxo bonds between silicon atoms can be noticed
by the widening peak in the 1068 cm ™" region.

Fig. 8 demonstrates the TEM images and particle size
distribution histograms of the PVAc nanocomposites from the
one-pot synthesis by using TMOS and TEOS, respectively.
From the images, nanoparticles with a diameter of ca.
10-50 nm were well dispersed throughout the polymer matrix.
The particle size distribution histograms show that the silica
nanoparticles obtained when using TEOS have a smaller
diameter and narrower size distribution than those obtained
when using the TMOS precursor. This may be due to the lower
reactivity of TEOS than TMOS in the sol-gel process.***” Low
reaction rate could reduce agglomeration of particles and
result in uniform and narrow distribution of particles.**
Besides, these particles obtained from the one-pot synthesis
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c =972nm

Number of particles

25 30 35
Particle diameter (nm)

R0 <@>=19.0 nm
50 o =399nm
w 40
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Fig. 8 TEM images and particle size distribution histograms of the PVAc nanocomposites from the one-pot synthesis in scCO, using TMOS (left)

and TEOS (right).
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Fig. 9 EDX element Si-mapping of PVAc nanocomposite from the
one-pot synthesis in scCO, using TMOS.

route are significantly smaller than those from the two-step
synthesis route discussed above. This may be due to an
enhanced interaction of the TEOS/TMOS alkoxide with the
silane linker groups in the copolymer that forms during the
one-pot synthesis, compared with that of the two-step
procedure, where the previously synthesized copolymer was
placed in the reactor before subsequent hydrolysis. One can
envision that as the polymer chain grows and incorporates
vinyltrimethoxysilane, the silane linkage is more accessible
and easier to attach to the growing nanoparticles, hence
slowing down the condensation reaction and subsequently
providing smaller nanoparticles. The EDX Si-mapping (Fig. 9)
also shows that the element Si was well dispersed within
the material.

Hence, all the FT-IR evidence regarding the independent
copolymerization and hydrolysis steps are found in the one-pot
experiment, such as the conversion of monomers, polymer
formation, consumption of acetic acid, and the formation of
Si-O-Si bonding. Based on the knowledge developed on
polymerization and hydrolysis, we have successfully achieved
this goal: silica—poly(vinyl acetate) was synthesized by parallel
reactions of the free radical copolymerization of vinyl acetate
and VTMO and hydrolysis of TEOS/TMOS with acetic acid.
This technique can be extended to other vinyl systems with
solubility in scCO,, and hydrolysis of other metal alkoxides
including TiO,, ZrO,, etc.

Several significant advantages of using scCO, as a green
solvent for both polymerization and hydrolysis over conven-
tional methods of using aqueous or organic solvents are likely.
Small nanoparticles were formed that attach directly to the
polymer matrix, which is extremely challenging using existing
multi-step approaches. On the one hand, owing to the low heat
of vaporization of CO,, energy costs can be substantially
reduced relative to water-intensive or even solvent-based
processes, which often demand a large amount of energy
associated with drying operations.*® On the other hand, using
the parallel reactions of polymerization and hydrolysis in a
one-pot reactor has significant advantages over multiple-step
approaches which would require more time, labor and organic
solvents. In addition, this process is amendable to a continuous
process, with potential coupling to supercritical fluid extrac-
tion (SFE) for resin purification. Future work will further

explore the details of the one-pot mechanism in scCO,,
and how to change the synthesis conditions to form desirable
nanocomposites.

4. Conclusions

A green chemical process for the synthesis of polymer
nanocomposites of SiO,~PVAc in supercritical carbon dioxide
(scCO,) was developed. In-situ ATR-FT-IR analysis showed
that the steps of polymerization, hydrolysis, and coupling
occurred simultaneously in scCO, in the autoclave.
Nanoparticles in the 10-50 nm range were formed that were
well distributed throughout the polymer matrix. A significant
improvement has been made by reducing a complex multi-step
procedure to a one-step synthesis route. As the recyclable
supercritical carbon dioxide worked as solvent, modification
agent, and drying agent, this green process demonstrated many
advantages in waste-reduction and energy-saving.
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The formation of diazonium salts from the corresponding primary aromatic amines and their
reaction with potassium iodide to give the corresponding aryl iodide have been performed in a
CO,/H,O0 solvent system. The weak acidity of this system (pH about 3) allowed the formation of

triazenes as an intermediate via a reversible reaction.

Furthermore, several aryl iodides have been synthesised with high purity. Their isolation was
achieved by venting CO,, without the utilization of organic solvents.

Introduction

In the last two decades, an enormous interest has been focused
on CO, and H,O as green alternatives to conventional organic
solvents. Both water and CO, are non-toxic, non-flammable,
do not release hazardous residues, are easy to handle,
abundant and cheap.'

In this context, mixtures of water and dense CO, have
peculiar properties: when water is mixed with CO,, the
resulting pH remains constant (~2.9) over a wide range
of pressures and temperatures.” Despite a limited acidity
being obtained, the aqueous phase is substantially buffered

This behaviour prompted us to explore potential applica-
tions of such solvent systems for organic synthesis. It is well
known that diazonium salts are obtained in the aqueous acidic
phase by action of nitrous acid on anilines’ (eqn (1)). Since the
required pH is not very low, conventional mineral acids (e.g.
HCI, H,SO4)** may, in principle, be safely replaced by an
acidic CO,/H,O mixture. In this work, the diazotization of
primary aromatic amines has been examined (eqn (2)).

ArNH, +NaNO, —25 ArNy €I~ (1)
ArNH, + NaNO, % ANy HCO; @)

An excellent test reaction for the formation and reaction of
diazonium salts is the synthesis of aryl iodides from anilines
and potassium iodide in the presence of an acid solution of
NaNO,, according to classic procedures® (eqn (3)). Moreover,
aryl iodides are interesting compounds for their unique
reactions,® and are synthesized according to many non-
conventional methods. For example, Smith and Ho employed
isoamyl nitrite in an excess of dilodomethane to form aryl
iodides in good yields from aryl amines.’

Ar," HCO;™ + KI — Arl + N, + KHCO; &)

Dipartimento di Scienze Ambientali, Universita Ca’ Foscari Venezia,
Italy, and Consorzio Interuniversitario Nazionale La Chimica per
I’Ambiente, Dorsoduro 2137 - 30123 Venezia, Italy.

E-mail: tundop@unive.it; Fax: +390412348620

Results

In a preliminary series of reactions carried out at 0 °C, an
aqueous solution of sodium nitrite (1.5 mmol), KI (1.5 mmol)
and aromatic amine (1.0 mmol) were charged in an autoclave;
it was then pressurised with 5 bar of CO,. The autoclave
was then introduced into an H,Olice bath to maintain the
temperature at 0 °C. Under these conditions, conversion of
anilines to phenyl iodides were low (~50% after 6 hours)
which may be attributed to the relative stability of diazonium
salts at this temperature. In these experiments, however,
formation of biaryls (Ar-Ar [1]) was observed.®

More promising results were obtained working at room
temperature (ca. 25 °C) and employing p-anisidine as
substrate. The higher conversion observed and the easy
detectability of this compound and its products by GC-MS
prompted us to choose this substrate for further investigations.

According to Scheme 1, p-anisidine was reacted at two
different pressures of CO,: 30 and 65 bar; in the former case
carbon dioxide was gaseous, and in the latter a liquid.

Using these conditions (see Experimental), biphenyls [1]
were no longer observed.

The yield of [4] was higher with liquid (65 bar) than for
gaseous CO, (30 bar) (Table 1, entry 7 and 8, respectively).
Since the difference in pH at the two pressures is negligible, the
increased amount of [4] was attributed to the higher density
of CO,, which improves its solvent power.” Additionally,
organic compounds are more soluble in liquid CO, than in
gaseous CO,.

Since aryl iodides are completely soluble in liquid CO,
(anilines are slightly soluble in this media and diazonium salts
in aqueous solution only), separation of the product from the
reaction mixture was carried out by simply venting CO,.

However, since the acidity of the CO,/H,O system is limited,
free aniline remains in the reaction media at high concentra-
tions. This allows the diazonium cation to react with the
amine and form the corresponding symmetric triazene [5] in

NaNC, rt KI, rt
CH;0 NH, —————=  CH,O N“NHCOy ———= CH;0 I+ Ny
H,0/C0,

[2] [31 [41

Scheme 1 Formation of diazonium salt and its reaction with I~ in
CO,/H,0 system.
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Table 1 Diazotization and iododediazotization of several p-sub-
stituted anilines

Entry ArNH, P(COy)/bar  Arl (%) Isolated yield (%)
1 Aniline 30 50

2 65 58 45

3 p-Nitroaniline 30 69

4 65 89 78

5 p-Chloroaniline 30 62

6 65 65 58

7 p-Anisidine 30 85

8 65 95 87

¢ Aniline: 1.0 mmol, NaNO, 1.5 mmol, KI 1.5 mmol, H,O 2.0 mL;
time: 6 h, rt.

. .
No* HCOj NHz om0

H
N-N=N
s
HaCO” :[3] HaCO” : 2 HsCO~ : : ~OCH,

+
[5]

Scheme 2 Formation of triazene.

"
N-N=N COSH,O I NH,
+ Kl —m77— + + Ny
HCO OCH, it HyCO H,CO

[51 [41 [2]

Scheme 3 Reaction of triazene [5] in the presence of I in the system
CO,/H,0.

considerable amounts, according to Scheme 2. In fact, in the
reaction of p-anisidine at 65 bar of CO, and in the absence
of KI, [5] was isolated in nearly quantitative yield (see
Experimental).

In order to establish the reaction pathway under these
conditions, the isolated triazene [5] was treated with KI
under the same conditions; however, in the absence of sodium
nitrite, [4] and p-anisidine were obtained in the same amount
(47 and 48%, respectively), thus showing that an equilibrium
is established between [5], the amine and the diazonium salt
(Scheme 3).

It is noteworthy that triazenes are very sensitive to strong
acids as they decompose to nitrogen, anilines and phenols.'® In
our case, the low acidity of carbonic acid might be responsible
for the absence of phenols forming.

An additional kinetic investigation was performed in order
to establish whether the reaction pathway occurred towards
the formation of triazene exclusively (which afterwards reacts
with 1), or if its formation was reversible with the diazonium
salt acting as the reactive species.

Kinetics were conducted by drawing samples from the CO,
phase by means of a sample loop connected to the autoclave
with a valve (see Experimental). The reactions are carried out
at 65 bar (liquid CO,) and at room temperature. For
comparison another experiment was carried out under the
usual procedure in a flask with an aqueous solution of HCI
and n-heptane as the organic phase; this latter solvent was
chosen because both its density and dielectric constant are

+ In a small laboratory scale, the reaction products are more easily
collected in a solvent like diethyl ether. In a larger scale many methods
have been developed to collect Pure products from CO, phase without
the use of any organic solvent.'!
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p-Anisidine: 1.0 mmol, NaNO;: 1.5 Mol, KI: 1.5 mmol,
n-octane: 1.0 mmol, H.0: 2.0 mL, CO>: 65 bar,rt.

Fig. 1 Extent of conversion to form aryl iodide.

similar to liquid CO,” and can mimic what occurs in the
autoclave. In Fig. 1 conversions vs. time are reported: in the
case of the CO,/H,O system (squares) the trend is almost linear
and does not look to be affected by the intermediate triazene;
hence, this step is not rate determining. In the system
HCl/n-heptane (circles), where triazene is not present, the
reaction is faster, but the trend is consistent.

From such mechanistic investigations, it may be concluded
that Scheme 4 supports the reaction pathway for the formation
and reaction of diazonium salt in the CO,/H,O system.

According to the above reported conditions for p-anisidine,
several primary aromatic amines (aniline, p-nitroaniline,
p-chloroaniline) were reacted in the presence of gaseous and
liquid CO,.

As reported in Table 1, all conversions toward aryl iodides
were higher when the pressure was 65 bar.

The diazotization of aliphatic amines was also considered.
Similarly to the aforementioned experiments, n-octylamine was
reacted with nitrite in the CO,/H,0O system, in the presence of
K1, according to Scheme 5.

After 15 min in the presence of liquid CO, (65 bar) all the
starting amine disappeared from the reaction mixture;
the products were 1-octyliodide (77%), 2-octyliodide (9%),

NaNO, Kl
ArNH, ArN,® HCO;” ———  Arl + KHCO; + N,
H,0/CO,
ArNH,
H
Ar—N—N=N-—-Ar

Scheme 4 Proposed pathway for the formation of diazonium salt and
its reaction with I in CO,/H,O system.

NaNO,;
n-CgHy7NHp e

n-CgHq7Ny* HCOZ n-CgHqy7l + KHCO3 + Ny

CO, HyO; 1t COL/H0; 1t

Scheme 5 Diazotization and further substitution reactions of

n-octylamine.
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l-octanol (11%) and 2-octanol (3%). Such a distribution of
products is comparable with previous reports in the literature'?
obtained under ““classic”” conditions: this low selectivity makes
this method unsuitable for preparation of alkyl halides under
CO,/H»0 conditions.

Conclusions

Operating in a CO,/H»O system, at relatively mild pressure
and at room temperature, yields of aryl iodides are comparable
with those obtained in the classic procedures (mineral acids in
water). The presence of triazenes as intermediates does not
affect the rate of the reaction. Phenols were never observed as
by-products, while formation of biaryls were avoided by
operating at room temperature. Isolation of the products,
aryl iodides, did not require organic solvents. The isolation
process and the avoidance of inorganic acids makes this
system “‘green”.

Experimental

All reagents were ACS grade and employed without any
further purification.

Reactions mixtures were analyzed by a GC-MS (Agilent
5973 N) spectrometer and compared with authentic samples.

Typical experiment

Aniline (1.0 mmol), NaNO, (1.5 mol), KI (1.5 mol) and H,O
(2.0 mL) were charged in a 30 mL autoclave equipped with a
sapphire window. CO, was pumped with a syringe pump (Isco
260 D) to the desired pressure (5, 30 and 65 bar); the autoclave
was kept at rt the whole time and the mixture was stirred.

After 6 hours CO, was vented in a 50 mL beaker filled with
diethyl ether; the same solution was employed to extract the
organic phase from the reaction mixture.

Preliminary results

The autoclave was charged as above described, then immersed
in an H,Olice bath. The pressure of CO, was 5 bar.

Preparation of triazene |5]

The aforementioned procedure was employed for the prepara-
tion of 1,3-bis(4-methoxyphenyl)-triazene [5] starting from
p-anisidine, with the difference that KI was not used; the
pressure of CO, was 65 bar. As triazene decomposes in the
GC column, it was isolated by filtration on silica gel with a
petroleum ether—diethyl ether mixture (20/80 V/V%), it was
than analyzed by '"H NMR, (CDCl;), ppm 3.82 (s, 6H), 6.90
(d, 4H), 7.26 (dd, 4H), 9.40 (s, 1H)."?

Reaction of triazene with KI

In the same conditions as above, 0.5 mmol of 1,3-bis(4-
methoxy-phenyl)-triazene [5] were reacted with KI (1.5 mol)
and H,O (2.0 mL); 0.5 mmol of n-octane were introduced as

internal standard; the pressure of CO, was 65 bar. After 4 h,
CO, was vented in diethyl ether, as explained above, and the
solution was analyzed by GC-MS: conversion resulted to be
47% in p-iodoanisole and 48% in p-anisidine.

Kinetic investigation with CO,/H,0O system

A 30 mL autoclave was equipped with a sample loop (vol.
1.1 mL) connected with a valve. p-Anisidine (1.0 mmol),
NaNO, (1.5 mol), KI (1.5 mol), n-octane as internal standard
(1.0 mmol) and H,O (2.0 mL) were charged at rt; the autoclave
was pressurised with CO, at 65 bar. Samples were withdrawn
by stopping stirring and connecting the autoclave with the
loop, 1.1 mL of liquid CO, were collected in the loop. After
closing the connection, the loop was vented in diethyl ether,
than washed with fresh diethyl ether: the solution containing
p-iodoanisole and the standard was analyzed by GC-MS.

Kinetics with HCI

In a 50 mL round bottomed flask, aniline (1.0 mmol), NaNO,
(1.5 mol), KI (1.5 mol), n-octane (1.0 mmol), n-heptane
(30 mL) and 2.0 mL of HCI (10> M) were charged at rt.
Samples were withdrawn by removing an aliquot of mixture
which was then diluted and analyzed with GC-MS.

Diazotization and substitution reactions of n-octylamine

In the same conditions described for aromatic amines,
n-octylamine was reacted for 15 min in the presence of liquid
CO, (65 bar). The mixture was analized by GC-MS and
the conversion was: 1-octyliodide (77%), 2-octyliodide (9%),
1-octanol (11%) and 2-octanol (3%).
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Ionic liquids improve citronellyl ester synthesis catalyzed by immobilized
Candida antarctica lipase B in solvent-free mediaf
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Several citronellyl esters (acetate, propionate, butyrate, caprate and laurate) were synthesized by
immobilized Candida antarctica lipase B (Novozym) in high yields (>99%) using equimolar
mixtures of citronellol and alkyl vinyl ester as substrates in solvent-free medium. The best results
were obtained for citronellyl butyrate synthesis (17.4 pmol min~! mg IME™") at 70 °C, which
could be improved up to two-fold by coating the biocatalyst particles with alkyl imidazolium-
based ionic liquids, which favoured partitioning of the substrate and product molecules.

Introduction

The use of enzymes in non-aqueous environments has
increased recently as chemists attempt to broaden the
applications of biocatalysis.! In the context of green chemistry,
the technological utility of enzymes can be greatly enhanced
by using them in neoteric solvents, e.g. ionic liquids (ILs)
and supercritical carbon dioxide (scCO5), due to their excellent
solvent properties.”> Water-immiscible ILs have been shown to
be excellent non-aqueous media for enzyme-catalyzed reac-
tions (especially for lipases), because of the high level of
activity, stereoselectivity and stability displayed by enzymes
in chemical transformations.® Furthermore, the greenness of
enzymatic reactions in neoteric solvents also arises from the
fact that enzymes themselves are environmentally benign
catalysts obtained from living systems. Also, in the same
context of sustainable and ecologically friendly organic
synthesis, a solvent-free strategy is another important alter-
native for avoiding the use of organic solvents, and one
which has not been extensively studied in the core of enzyme-
catalyzed chemical transformations.

Terpene esters of short-chain fatty acid are among the most
important flavour and fragrance compounds used in the food,
beverage, cosmetic and pharmaceutical industries (e.g. citro-
nellyl acetate and citronellyl propionate are used in perfumery
for a fresh fruity rose odor).* Most flavour compounds are
traditionally provided by chemical synthesis or extraction from
natural sources. However, natural flavour esters extracted
from plant materials are often too scarce or expensive for
industrial uses, while terpene esters produced by chemical
methods are not considered as natural products and present
drawbacks, such as the formation of undesirable byproducts;
furthermore, their market value is less than esters from natural

“Departamento de Bioquimica y Biologia Molecular B e Inmunologia,
Facultad de Quimica, Universidad de Murcia, P.O. Box 4021, Murcia,
E-30100, Spain. E-mail: jliborra@um.es; Fax: +34-968-364148
bUniversité de Rennes-1, Institut de Chimie, UMR-CNRS 6510, Campus
de Beaulieu, Av. Général Leclerc, Rennes cedex, F-35042, France

+ Electronic supplementary information (ESI) available: SEM images
of Novozym particles. See DOI: 10.1039/b617444b

sources.” The great interest for “natural” products has led
industries to seek new methods for producing flavour com-
pounds. However, even esters may be considered natural when
produced by enzyme-mediated catalysis.® Since the 1990’s,
lipases have been used to synthesize citronellyl*® and
geranyl'*'® esters by means of esterification or transesterifica-
tion in organic solvents,> 71013 supercritical fluids'*"> or ionic
liquids”’ as reaction media. In most cases, substrate solutions
were used at concentrations lower than 0.5 M, and only for the
best of them were acceptable conversion levels (< 90%) reached
after long reaction times (>24 h). A solvent-free strategy has
also been assayed to enzymatically synthesize citronellyl
esters by direct esterification® or transesterification® (using ethyl
acetate as an acyl donor) approaches. In both cases, the assayed
citronellol : acyl donor mixture was in a 2 : 1 molar ratio, leading
to a mixture of the synthetic product and the excess of unreacted
citronellol. Furthermore, for the former approach, the best yield
for the citronellol esterification was 74%, while the latter
approach provided a 69% yield after 3 h, after which it was
necessary to remove the formed ethanol by distillation, reaching
a 91% yield after a new catalytic cycle of 3 h.

This paper describes, for the first time, a fast and efficient
approach to synthesize citronellyl esters by Novozym-catalyzed
transesterification from alkyl vinyl ester and citronellol in
anhydrous solvent-free media (Fig. 1). The effect of tempera-
ture, the amount of enzyme and the alkyl chain length of the
acyl donor (vinyl acetate, vinyl propionate, vinyl butyrate, vinyl
caprate or vinyl laurate) on the enzyme activity was determined.
Additionally, three different ionic liquids (ILs), based on alkyl-
immidazolium cations, 1-butyl-3-methylimidazolium [bmim],
1-hexyl-3-methylimidazolium [hmim], and 1-methyl-3-octyl-
imidazolium [omim], associated with the same anion (hexa-
fluorophosphate, [PF¢]), were used to coat biocatalyst particles
in order to improve both activity and stability.!”

Results and discussion

Fig. 2A shows several time course graphs for the synthesis of
citronellyl butyrate catalyzed by different amounts of enzyme
and using a solvent-free equimolar (3.12 M) mixture of
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Fig. 1 (A) Kinetic mechanism of transesterification reaction. (B)
Scheme of Novozym particles coated with ionic liquids catalyzing
citronellyl alkyl ester synthesis in solvent-free medium.
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Fig. 2 (A) Time-course of citronellyl butyrate yields catalyzed by
different amounts of Novozym: (@) 2 mg, (M) 5 mg, (A) 10 mg and
(¢) 15 mg, respectively. (B) Effect of the amount of immobilized
enzyme (IME) on the initial synthetic rate of citronellyl butyrate at
50 °C.

citronellol and vinyl butyrate as reaction medium at 50 °C. The
reaction mechanism occurs via a covalently linked acyl-enzyme
intermediate, which deacylates through the nucleophilic attack
of either water (hydrolytic pathway), or another nucleophile,
such as citronellol (transesterification, see Fig. 1A). This latter
synthetic pathway can be regarded as a kinetically controlled
process, where both the rapid accumulation of the acyl-
enzyme intermediate and the preferential nucleophilic attack
by the alcohol are essential.>!> The first condition is enhanced
by the use of activated acid acyl-donors, such as vinyl esters,

because the vinyl alcohol released in the degradation of the
vinyl ester tautomerizes to acetaldehyde, which cannot act as a
substrate for the enzyme. The second condition arises from
using anhydrous reaction media, resulting in the full conver-
sion of the acyl donor to the desired citronellyl ester with high
yield (>99%). The use of a solvent-free equimolar mixture of
substrates allowed us to obtain citronellyl butyrate at 95%
purity, which was identical to the assayed citronellol. The
excellent suitability of Novozym for the proposed reaction was
demonstrated by the linear increase in the synthetic activity
with the amount of enzyme (see Fig. 2B), providing a
maximum value of 15.3 U mg IME™'. By this strategy, the
full conversion of the offered citronellol was achieved for
Novozym > 1.6 g mol citronellol ! after 2 h, which is one half
of the amount used for the previously reported transesterifica-
tion approach in solvent-free medium.® Vinyl esters were also
used as acyl donors for the Novozym-catalyzed synthesis of
terpene esters in organic solvents, resulting in 66-95% yields at
24 h, as a function of the log P of the solvent."?

Although the enzymatic synthesis of terpene esters has
mainly focused on the acetate derivatives,®!'"!* other esters,
such as citronellyl butyrate,*'>!3 citronellyl valerate,*® citro-
nellyl methacrylate® and citronellyl laurate'®'" have also
attracted researchers because of the interest in developing
perfumery compounds that are gradually released over long
periods of time and/or in a controlled manner. Along these
lines, we have determined the influence of the chain length
of the acyl donor on Novozym-catalyzed citronellyl ester
synthesis by using different vinyl esters as substrates at 50 °C
(see Table 1). Because of the different molecular weight of the
acyl donors, the concentration of each the assayed equimolar
mixture of vinyl ester and citronellol was different. As can be
seen, Novozym was able to catalyze the synthesis of all the
proposed citronellyl esters, the synthetic activity increasing
from acetate to butyrate, but then decreasing until laurate. In
all cases, full conversion of the engaged citronellol was reached
in 2 h, when the amount of immobilized enzyme was higher
than 2.8 g IME per mol of citronellol. This behaviour is in
agreement with the observed increase in synthetic yields,
from citronellyl acetate to citronellyl valerate, obtained by
transesterification in both solvent-free media® and organic
solvents.'? Acetate has been described as a powerful inhibitor
of lipases in terpene ester synthesis by esterification, for which
reason it is used at concentrations lower than 0.2 M.% 81416
These facts emphasize the excellent suitability of our proposed
transesterification approach, based on the use of equimolar

Table 1 Influence of the acyl donor chain length on the Novozym-
catalyzed synthesis of citronellyl alkyl esters in solvent-free media
based on equimolar substrate mixtures at 50 °C

Alkyl chain [Acyl

Activity/ Yield at

Acyl donor length donor]y/M U mg IME ™" 2 h* (%)
Vinyl acetate 2 3.52 12.1 + 0.4 100

Vinyl propionate 3 3.30 14.0 + 0.8 100

Vinyl butyrate 4 3.12 153 +£ 0.2 100

Vinyl caprate 10 2.34 13.7 + 0.6 984 + 0.4
Vinyl laurate 12 2.20 9.8 £ 0.5 100

“ Reaction system composed of 1 mL substate (1 : 1 molar ratio of
citronellol and vinyl alkyl ester) with 5 mg IME.
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Fig. 3 Influence of temperature on both the activity (@) and yield at
2 h (A) for Novozym-catalyzed citronellyl butyrate synthesis in
solvent-free medium.

amount of vinyl esters as acyl donors and citronellol in
solvent-free media, leading to product yields near to 100%
and with high purity.

In order to improve the efficiency of the lipase-catalyzed
synthesis of citronellyl esters, the influence of temperature,
ranging from 30 to 80 °C, in the case of citronellyl butyrate,
was also studied in solvent-free medium (see Fig. 3). As can be
seen, the synthetic activity of Novozym shows a bell-shaped
curve with a maximum level of activity (17.4 U mg IME ") at
70 °C, which agrees with other works.'®'? It is worth noting
how the yield in citronellyl butyrate after 2 h of reaction
improved from 96 to 100% as the temperature was increased.

On the other hand, the stability of any enzyme to be reused
is an essential aspect of the cost-effectiveness of a bioprocess.
Therefore, the use of ILs to improve the activity and stability
of the biocatalyst was also considered, since their ability to
preserve active enzymes in non-aqueous media is recognized.>?
Thus, three different alkyl imidazolium ILs ([bmim][PFg],
[hmim][PF¢] and [omim][PF¢]) were considered to improve
lipase-catalyzed citronellyl butyrate synthesis. However, the
proposed ILs are not miscible with citronellol. A 217.5 mM
citronellol concentration in [bmim][PF¢] has been determined
as the saturation limit at room temperature. Indeed, Barahona
I'® report the Novozym-catalyzed synthesis of geranyl
acetate by direct esterification of a 0.1 M geraniol and 0.1 M
acetic acid solution in [bmim][PFg], obtaining a very poor
product yield (30% after 70 h). In this context, we have studied
the influence of three different ILs ([bmim][PFg], [hmim][PFg]
and [omim][PF¢]) on both the activity and the stability of
supported Novozym on previously coated particles with
these neoteric solvents, before testing for citronellyl butyrate
synthesis during eight daily cycles at 50 °C under solvent-free
conditions. It is also necessary to point out that the assayed
ILs were unable to synthesize citronellyl butyrate in the
absence of the enzyme. Synthetic activities were determined
using low enzyme loading (0.24 mg IME mol citronellol "),
because of the first-order kinetics obtained for all the time-
course profiles during the first hour of reaction (Fig. 4A). The
synthetic activity shown by the immobilized enzyme for the
first cycle was enhanced up to two-fold in the presence of ILs
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Fig. 4 (A) Time-course of citronellyl butyrate yields catalyzed by
Novozym particles (0.24 g IME mol citronellol ') coated with ionic
liquids (@, None; B [bmim][PFg]; A, [hmim][PF]; and ¢ [omim][PF],
respectively) at 50 °C. (B) Residual activity profiles of reused Novozym
particles coated with ionic liquids for citronellyl butyrate synthesis in
free solvent medium at 50 °C.

(Fig. 4B). This increase follows the hydrophobicity of the
alkyl-chain of the cation ([omim][PF¢] > [hmim][PF¢] >
[bmim][PF]).

All immobilized biocatalysts showed a continuous decay in
activity with the number of operation cycles to reach the same
level (55-65% residual activity) after 8 cycles. The loss of
activity observed in immobilized lipases during citronellyl ester
synthesis in both organic solvents and solvent-free media was
related with the direct interaction of the hydrophobic media
(e.g., organic solvents, citronellol, efc) resulting in protein
denaturation.*!*!? The important role played by the immo-
bilization support material in encouraging preferential parti-
tion effects of substrates and/or products towards the enzyme
microenvironment has been related with changes in enzyme
activity.”!* Similarly, the improvement in synthetic activity
obtained by coating immobilized enzyme particles with ILs
may also be related with an improvement in the transfer-rate
of substrates/product from the bulk media to the enzyme
microenvironment®>*!7 (see Fig. 1B). To support this hypo-
thesis, the partition coefficients (P) of both citronellol and
citronellyl butyrate for three different IL/octane biphasic
systems were determined by using initial solute concentrations
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A P=1.67 B
— 6 B 16 =
= =
= P.=106 E
2 4 = 14 .=
- e P005 z-
(3} P.=0.58 m P=0.08 )
= 2 - A P0.11 42 =

=

0 2 4 6 0 2 4 6 8 10
[ € Foctae (MM) [ CB T octane (MM)

Fig. 5 Equilibrium concentration of citronellol (A, [C]*) and
citronellyl butyrate (B, [CB]*) in the ionic liquid phase (@,
[bmim][PFg); M, [hmim][PF¢] or A, [omim][PFg]) vs. their equilibrium
concentration in the octane phase.
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ranging from 0 to 10.6 mM at room temperature (see Fig. 5).
After equilibrium was reached, the P parameter of each solute,
defined as P = C*IL/C*oclanea was calculated by linear regres-
sions of experimental GC measurements. Fig. 5 shows that the
P parameter of citronellol (Pc) was increased up to 3 times as
the hydrophobicity of the alkyl side chain of the assayed ILs
increased. Furthermore, Pc was 12-fold higher than the P
parameter of citronellyl butyrate (Pcg) in all cases. These data
clearly show how both the transport of substrate towards the
enzyme microenvironment and the release of the product
towards the bulk medium are favoured by the presence of
ILs. Thus, both the synthetic activity and stability of the
immobilized enzyme for reuse in citronellyl butyrate synthesis
were improved by using [omim][PF¢] to coat the Novozym
particles. Desorption of the IL shell coating the enzyme
particle as a consequence of the magnetic stirring might have
contributed to activity loss during reuse. This suggests that an
appropriate selection of both the IL and the immobilization
support may improve biotransformation efficiency.'”

In conclusion, the proposed enzymatic transesterification
approach, based on the use of vinyl alkyl esters as acyl donors
in solvent-free media, is an excellent way of producing terpene
esters with 100% yield and purity. Furthermore, coating
immobilized enzyme particles with ILs is shown to be an
excellent strategy for improving catalytic activity by favouring
mass-transfer phenomena. These results clearly show how
clean synthetic chemical processes directly providing pure
terpene esters can be designed.

Experimental
Materials

Immobilized Candida antarctica lipase B (Novozym™ 435, EC
3.1.1.3) was from Novozymes S.A. (DK), and was equilibrated
to 0.11 Aw by over saturated LiCl solutions in a closed
container at 25 °C for one week prior to use. 1-Butyl-3-
methylimidazolium  hexafluorophosphate  ([bmim][PFg],
99%),  1-hexyl-3-methylimidazolium  hexafluorophosphate
([hmim][PF¢], 99%) and I-methyl-3-octylimidazolium hexa-
fluorophosphate ([omim][PFg], 99%) were from Merck.
Citronellol (95% GC), vinyl acetate (VA), vinyl propionate
(VP) and vinyl caprate (VC) were from Aldrich, while vinyl
butyrate (VB) and vinyl laurate (VL) were from Fluka.
Solvents and other chemicals were purchased from Sigma-
Aldrich-Fluka Chemical Co.

Adsorption of IL onto novozym particles

In a 5 mL capacity test tube, 40 pL of IL ([bmim][PF],
[hmim][PF4] or [omim][PF4]) were dissolved in 1 mL aceto-
nitrile. Then, 50 mg of Novozym were added, and the mixture
was gently stirred for 30 min at room temperature. Finally, the
acetonitrile was eliminated by continuous bubbling of N,
for 30 min at room temperature. The resulting immobilized
enzyme particles were equilibrated to 0.11 Aw by over
saturated LiCl solutions in a closed container at 25 °C for
one week. Particle morphology was not modified by coating
with ILs (see ESI for SEM picturest), and the coated particles
behaved in a similar way to the uncoated ones in liquid media.

Drying of substrates

Water was removed from hexane, octane, vinyl esters and
citronellol by adding molecular sieves (0.1 g mL™ '), shaking
the resulting mixture for 24 h at room temperature, and finally
storing them in the presence of the adsorbent.

Transesterification reactions

Transesterification reactions were carried out in 3 mL screw-
capped vials with teflon-lined septa, containing 2 mL (1 : 1)
molar ratio mixture of citronellol and vinyl alkyl ester (vinyl
acetate, vinyl propionate, vinyl butyrate, vinyl caprate or vinyl
laurate). The reaction was started by adding 5 mg of Novozym
and magnetically stirred at 200 rpm and 50 °C in a glycerol
bath for 24 h. In all cases, stirring speeds higher than 400 rpm
resulted in the disruption of biocatalyst particles after 24 h.
At regular time intervals, 10 pL aliquots were taken and
suspended in 790 pL hexane, and then cooled in an ice bath.
Then, 200 pL of 50 mM butyl butyrate (internal standard)
solution in hexane were added, and finally analyzed by GC.
One unit of synthetic activity was defined as the amount of
enzyme that produces 1 pmol of citronellyl alkyl ester per min.
All experiments were carried out in duplicate.

Operational stability

After one reaction cycle carried out as described above for
citronellyl butyrate synthesis by using a 0.24 g IME mol
citronellol !, the liquid medium was collected and the
immobilized biocatalyst (coated or non-coated with IL) was
recovered for reuse. First, it was washed twice with dry hexane
(3 mL) to ensure that all the reaction products had been
extracted. Then another reaction was started by adding 4 mL
citronellol and vinyl butyrate mixture at (1 : 1) molar ratio to
the immobilized enzyme derivative. This process was repeated
eight times, the liquid phase being carefully collected every
time to avoid loss of the biocatalyst. All experiments were
carried out in duplicate.

GC analysis

Analyses were performed with a Shimadzu GC-2010 instru-
ment equipped with FID detector. Samples were analyzed
by a Beta DEX-225 column (30 m x 0.25 mm x 0.25 pm,
Supelco), using butyl butyrate as internal standard and the
following conditions: carrier gas (He) at 107 kPa (70 mL min
total flow); temperature program: 60 °C, 10 °C min~', 180 °C;
split ratio, 50 : 1; detector, 300 °C.

Production of citronellyl alkyl esters

Five different mixtures (4 mL) of citronellol with vinyl acetate,
vinyl propionate, vinyl butyrate, vinyl caprate or vinyl laurate,
were added to screw-capped vials of 5 mL capacity with teflon-
lined septa. Each reaction was started by adding 200 mg of
Novozym and magnetically stirred at 200 rpm and 50 °C in
a glycerol bath for 1 h. Then, the immobilized enzyme was
separated from the reaction medium by centrifugation.
The reaction mixture was collected and stored at 8 °C in a
refrigerator for further studies. The GC analysis of each
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reaction mixture showed one main peak corresponding to
citronellyl acetate, propionate, butyrate, caprate or laurate,
respectively, which represented 95-99% of the overall inte-
grated area. GC-MS analyses were carried out at the S.A.C.E
(University of Murcia), by using a GC-6890 (Agilent) coupled
with a MS-5973 (Agilent) system. The GC was equipped with a
HP-SMS column (30 m x 0.25 mm x 0.25 pm), being used at
the following conditions: carrier gas (He) at 1 mL min~'; inlet
split ratio, 1 : 60; temperature program: 60 °C, 10 °C min~ ',
310 °C; MS source ionization energy 70 eV; the scan time was
0.5 s covering a mass range of 50-800 amu. Each citronellyl
alkyl ester was identified by comparison of its mass spectra
with those in a computer library (NIST Library). Citronellyl
acetate, retention time (R,): 10.53 min; positive-ion (m/z) 55.2,
69.2, 81.2, 95.2, 109.2, 123.2, 138.2. Citronellyl propionate,
R;: 11.69 min; m/z: 55.2, 69.2, 81.2, 95.2, 109.2, 123.2, 138.2.
Citronellyl butyrate, R,: 12.79 min; m/z: 55.2, 69.2, 81.2, 95.2,
109.2, 123.2, 138.2. Citronellyl caprate, R,: 18.85 min; m/z:
55.2, 69.2, 81.2, 95.2, 109.2, 123.2, 138.2, 155.2, 173.2;
Citronellyl laurate, R, 20.65 min; m/z: 55.2, 69.2, 81.2, 95.2,
109.2, 123.2, 138.2, 183.2; 201.2.

Solubility of citronellol in [bmim][PFg]

In a 1 mL test screw-capped vial with teflon-lined septum,
1.56 mmol citronellol (0.3 mL) were mixed 0.3 mL of
[bmim][PFg], and the resulting biphasic system was strongly
shaken for 3 h at room temperature. When both phases were
clearly separated, samples of 25 and 50 pL of the IL phase
were carefully withdrawn, and mixed with 975 and 950 uL of
hexane, respectively. For each sample, the new biphasic system
was strongly shaken for 15 min to extract all the citronellol
from the IL phase. Then, 100 pL of the hexane phase were
mixed with 400 pL of 50 mM butyl butyrate (internal
standard) solution in hexane, and finally analyzed by GC.

Partitions coefficients

In 3 mL test screw-capped vials with teflon-lined septa, 1 mL
of IL (bmim][PF¢], [hmim][PF¢] or [omim][PF¢]) were mixed
with 1 mL of either 3.1, 6.2 or 11.1 mM citronellol or
citronellyl butyrate solutions in octane. The mixtures were
vigorously shaken for 3 h at room temperature until reaching
equilibrium. After this step, the mixture was centrifuged for
10 min at 8000 rpm to ensure phase separation. Samples of
50 pL from the octane phase were diluted in 450 uL of 10 mM
butyl butyrate in octane, and then analyzed by GC. Samples of
50 pL from the IL phase were mixed with 450 uL octane, and
then were strongly shaken for 15 min to extract all the
citronellol or citronellyl butyrate from the IL phase. Finally,
350 uL of the octane phase were mixed with 150 pL of 30 mM

butyl butyrate (internal standard) solution in octane, and then
analyzed by GC. The partition coefficient (P) of each
compound between the IL and the octane phase was calculated
as P = C11/C oetane, Where C'pp and Coerane are the equili-
brium solute molar concentrations in the IL and octane phase,
respectively. All experiments were carried out in duplicate.
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This paper reports a detailed analysis of the resource intake necessary for the separation of a
mixture of diastereoisomers (2R,3 R)-3-(3-methoxyphenyl)-N,N-2-trimethylpentanamine 6 and
(2R,395)-3-(3-methoxyphenyl)-N,N-2-trimethylpentanamine 7 in the production of an active
pharmaceutical ingredient. The resource intake analysis is based on exergy calculations of both
material (chemicals) and energy (utilities) requirements. For two separation processes,
crystallisation and preparative chromatography, analysis is not only carried out at the process
level (o level), but also at the plant level (B level) taking into account the 6 preceeding synthesis
steps towards the diastereoisomers and the supporting processes, e.g. for delivering heating media
from natural gas or treating waste gases. Finally, exergetic life cycle analysis allowed the inclusion
of the overall industrial metabolism (y level) that is required to deliver all energy and materials to
the plant to carry out the separation.

The results show that, in this example, the large scale chromatography process is not the most
resource efficient option because of its high utilities requirement, despite its lower chemical
requirement (180 MJ versus 122 MJ total requirement per mol of the RR stereoisomer (2R,3R)-3-
(3-methoxyphenyl)- N, N-2-trimethylpentanamine monohydrochloride 8) (a level). Due to its
higher efficiency, the plant only requires 4.6% more resources when it selects chromatography
instead of crystallisation (434 versus 415 M1J total requirement per mol of the RR stereoisomer 8)
(B level). Since the efficiencies of the overall industry depend on the type of materials and energy
that it has to deliver to the plant, overall resource withdrawal from the environment differs by
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4.2% for crystallisation and chromatography (883.7 and 920.6 MJ mol ! stereoisomer 8).

The study has also shown that resource efficiency gain can be achieved by recycling solvents on
the plant. Moreover, it is clear that there is more potential for resource efficiency improvement for
the crystallisation than for chromatography because of the different nature of the resources

consumed: chemicals, including solvents, versus utilities.

Introduction

Currently, there is no need to convince stakeholders of the
necessity to shift towards greener chemical technology. The
key to research in this area is twofold. First, innovative
chemical reactions and better performing unit operations have
to make the green concepts happen. Research efforts are
numerous, but also industrial implementations have been
achieved.' Second, there is a need for an adequate assessment
of the “greenness’” when decisions have to be taken, primarily
in green technology development. At the same time, metrics
also allow better communication of the efforts, be it for
stimulating involvement of personnel or for external commu-
nication. Three major subgroups of indicators can be distin-
guished: (1) indicators for resource efficiency (e.g. reaction
mass intensity, kg raw materials per kg product, kg water
consumed per kg product, kg solvent loss per kg solvent used,

“Research Group EnVOC, Ghent University, Coupure Links 653, Ghent,
B-9000, Belgium. E-mail: Jo. Dewulfl@ UGent.be; Fax: +32 (0)92646243;
Tel: +32 (0)9 264 59 49
b Johnson & Johnson PRD, Janssen Pharmaceutica nv, Turnhoutseweg
30, Beerse, 2340, Belgium

kg product recyclable per kg product, kg recycled feed per kg
feed etc.); (2) indicators for energy efficiency (energy required
per kg product, eventually normalized to the theoretical
minimum); and (3) human and eco-toxicity indicators (e.g.
ecotoxicity to aquatic life, photochemical ozone formation,
acification, human health effects ezc.).? The latter toxicity type
indicator is typically included in metrics used by large chemi-
cal, fine chemical and pharmaceutical manufacturers, e.g. in
the tools used by Johnson & Johnson,? GlaxoSmithKline* and
BASF.? Also, the first type of indicators, dealing with mass
resource efficiency, is introduced into practice. The second type
of indicator is not that easy to implement for specific products in
practice. Indeed, whereas mass resource use is product-specific,
e.g. reagent and solvent need for a specific reaction, energy needs
are ubiquitous in a fine chemical plant, making allocation to a
specific product or process inconvenient. Therefore, energy
resource requirements are often handled as ‘red light’ guidances,
e.g. setting minimum and maximum operating temperatures
and pressures, rather than quantifying specific energy limits in
terms of J per kg of final product.

Apart from specific energy requirement quantification,
green metrics today show two other shortcomings. First, there
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is the frequently too narrow system boundary approach. For
example, in metrics for resource efficiency, it is common
practice to use the gate-to-gate system boundary, resulting in
the omission of the overall resource intake upstream of the
own facility. Put in a misleading way, this approach promotes
outsourcing in order to reduce the environmental impact. A
second limitation of the current environmental metrics, is
splitting up resource and energy inputs. When looking to the
overall production chain, numerous natural resources can
fulfil both functions. For example, fossil oil is used both as fuel
and feedstock in the petrochemical based industry. But this
is also true for emerging renewable resources: bioresources
can be either feedstock for renewables-based products and the
source for biofuels.

Basically, the rather artificial subdivision of energy and raw
materials can be overcome by exergy analysis.*”® Exergy
analysis provides a powerful tool for assessing the quality and
quantity of a resource: it stands for the upper limit of the
portion of the resource that can be converted into work, given
the prevailing environmental conditions. The exergy value of
resources diminishes each time they are used in a process.
Exergy analysis, covering both utilities and feedstocks at
the input, and products, waste streams and generated
irreversibilities at the output, shows how efficient resources
are employed towards products and not towards waste and
lost work, i.e. the irreversibilities. Applications in the process
industry from an economical and environmental point of
view are huge today.”!%!1121314 Eor the chemical industry,
the US Department of Energy investigated within its EERE
programme (Energy Efficiency and Rewable Energy) the
manufacturing processes for 25 bulk chemicals by exergy
analysis in order to identify inefficiencies.'> However, applica-
tions within the pharmaceutical industry have not been
reported so far.

The other limitation of currently used assessment tools, i.e.
the system limits caused by, for example, the gate-to-gate
approach, can be overcome through the life cycle approach.
Indeed, detailed information on feedstocks and utilities going
into a particular process, whether they are produced within the
same facilities or supplied, should be taken into account if
overall impact assessment is targeted. Here, for a large number
of resources, one can make use of life cycle inventory data, as
they are available from the US National Renewable Energy
Laboratory or EMPA (Eidgendssische MaterialPriifungs- und
Forschungsanstalt) in Switzerland.

The scope of this paper is to evaluate resource use in two
processes, covering energy and material resource requirements
simultaneously. The processes are two alternative methods for
the separation of two diastereoisomers that are intermediates
in the chemical synthesis of an active pharmaceutical ingre-
dient Tapentadol under investigation.'® One option consists of
a separation by a classical batch crystallisation process, the
other of industrial chromatographic separation (Fig. 1). The
exergy and cumulative exergy approach is envisaged in order
to evaluate the overall resource intake at three different levels.
First, resource consumption evaluation at the process itself is
carried out. Second, intake at the facility level, i.e. all resources
necessary to deliver the intermediate to be separated and the
mass and energy agents necessary to carry out the separation,
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Fig. 1 Reaction scheme of the synthesis of the intermediate 8.

are quantified. Thirdly, the overall resource intake from the
environment into the industrial metabolism to deliver the
feedstocks and energy to the facility of Janssen Pharmaceutica
to carry out the separation process are studied.

Results and discussion
Process level (a system boundary)

Chemical input, nitrogen gas input, electromechanical power
for pumping and stirring, heating and cooling requirements
and cleaning have been quantified per mol of 8 (crystallisation)
or 6 (chromatography) in Table 1 and 2. Both products are

Table 1 Resource inputs for the crystallisation process
(MJexergy mol ™' 8)

Input Mcxergy mol '8
Chemicals 110
Solution 6 + 7 92.7
HCI solution 6.9
THF 10.2
NaOH solution 0.036
Water 0
N, gas 0.0016
Electromechanical power 4.11
Pumping in fluids 0.0051
Stirring 3.38
Pumping heating media 0.201
Pumping cooling media 0.343
Circulation pumping 0.0074
Vacuum setting 0.133
Thermal inputs 0.186
Heating media 0.156
Cooling media 0.030
Cleaning agents 8.20
Water 0
Methanol 8.07
Acetone 0.13
Opverall input 122
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Table 2 Resource inputs for the chromatography process
(MJexergy m0171 6)

Input MJexergy mol ' 6
Chemicals 107
Solution 6 + 7 70.3
EtAc 1.79
NaOH 0.0050
Water 0
EtAc-Et;N 345
N, gas 0.0010
Electromechanical power 46.1
Pumping in liquids 9.96
Scraping 7.22
Stirring 0.646
Pumping cooling medium 16.4
Pumping heating medium 11.7
Vacuum setting 0.164
Thermal inputs 13.9
Cooling medium 7.57
Heating medium 6.28
Cleaning 13.2
Water 0
MeOH 2.52
EtAc 2.63
CH,Cl,-MeOH 4.08
EtOH 3.54
EtAc-Et;N 0.438
Overall 180

suitable for the next step in the synthesis scheme of the drug. In
both cases, it is obvious that chemicals are the major resource
for the process: 89 and 57%, respectively. For crystallisation,
thermal and inert gas inputs are negligible (<0.2%), the
remaining 11% is mainly due to electromechanical power
(3.6%) and cleaning agents (7.3%). For the chromatography
process, only nitrogen consumption is negligible (0.01%).
Cleaning agents have a share that is comparable to the
crystallisation process (7.8%), but the heating and cooling
requirements (8.1%) and especially the electromechanical
power (27.3%) are higher than in the crystallisation process.
Whereas chemicals, nitrogen gas and cleaning in absolute
numbers are very similar for both processes, electromechanical
power and thermal inputs increase by a factor 11 and 75,
respectively, if one shifts from the crystallisation towards
chromatography, ending up in an overall input increase of
48%. This is inherent in the batch chromatography process
requiring significant pumping energy and heating and cooling
for solvent volatilisation and condensation. In terms of
efficiency, 7.54% of the exergy intake is found back in the
target product in case of crystallisation; or 113 M1 is lost per
mol of endproduct 6. Cleaning agents and the mother liquor
amount up to 108 MJ, with a share of 96 MJ for the mother
liquor. These are, in principle, recoverable on the plant within
the B-system boundary. In practice, part of the cleaning
agents (solvents) are recuperated; the mother liquor is not.
For chromatography, efficiency is 5.15% with a total loss of
170.4 MJ mol ™' 6, which is 51% higher than with crystal-
lisation. However, 111 MJ are, in principle, recoverable
(solvents). But the electromechanical power and thermal
requirements are dissipated to the surroundings and are
irreversably lost. In conclusion, the higher electromechanical
and thermal requirements mean that the chromatography
process is less resource efficient.
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Fig. 2 Scheme for the analysis of the resource intake for the
separation of the diastereoisomers 6 and 7 into 8 (= 6-HCI)
(crystallisation) or 6 (chromatography). Considered levels are the
process level with its o system boundary, the Janssen Pharmaceutica
plant with its B system boundary, and the overall industry with its y
system boundary.

Plant level (B system boundary)

For the calculation of the resource requirements for the plant
to manufacture 6 or 8, two kinds of processes have to be
considered. First, there is the synthesis route from 3-pentanone
towards 8 (Fig. 1), including the crystallisation or the
chromatography as last step.

Secondly, there is the set of supporting processes for energy
and mass exchange, as shown in Fig. 2. For the crystallisation
process, the supporting processes are: cooling and heating
agent production from electricity and natural gas, respectively,
scrubbing of waste gases, condensation of solvents and
distillation of methanol so that 90% can be reused within the
B system boundary. It means that only 10% fresh methanol
has to be taken in and will result in a significant resource
saving on one hand; on the other hand resources for the
distillation operation come in. With respect to chromato-
graphy, scrubbing waste gases, condensing solvents (ethyl
acetate), methanol distillation and heating media production
from natural gas have to be taken into account.

The inputs for the generation of 8 or 6 by crystallisation or
chromatography are the chemicals purchased and introduced
immediately at the synthesis steps themselves and the resources
bought that are necessary for the supporting processes. From
the analysis of the typical batch process used in the synthesis,
it proves that chemicals going into the reaction chain are
predominant with a share of 94% of the total intake. Energy
requirements in the reaction chain and resources for the
supporting processes are 6%.

A detailed inventory of all steps from 3-pentanone towards 6
and 7 shows that the exergy value of the purchased chemicals is
368 and 230 MJ to manufacture 1 mol 8 and 6 for crystallisa-
tion and chromatography, respectively. The difference can be
explained by the higher active yield obtained with chromato-
grahy versus crystallisation: in order to produce 1 mole of 8
and 6, crystallisation and chromatography require 2.61
(92.7 MJcxergy, Table 1) and 1.98 kg solution of the mixture
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of 6 and 7 (70.3 MlJcyergy, Table 2), respectively. If one
summarises the inputs to the plant for crystallisation, it turns
out that 415 MJ are needed to deliver 1 mol of 8 (9.23 MJ)
which is 2.22% efficiency. For chromatography, the result
shows an overall intake of 434 MJ and an efficiency of 2.13%.
This means that the plant has to take in 4.6% more resources in
case of chromatography instead of the crystallisation case.
Fig. 3 shows the shares of the intakes to the plant. Intake of
chemicals is clearly lower for the chromatography case: 266
versus 385 MJ for crystallisation, which is basically the result
of its higher yield (Table 1 and 2), resulting in lower chemical
input in the overall chain. However, this advantage of
chromatography cannot compensate the high electricity and
natural gas inputs for power (56.2MJ), cooling (31.2MJ) and
heating (67.3M1J) that results in 35% of the total resource
intake of the plant for the production of 6 by chromatography.
These utilities are limited, respectively, to 20.0, 23.2 and
25.4 MJ in case of crystallisation, which is only 7% of the
total (Fig. 3). The results show that cleaning solvents are not
negligible, being in the order of 1 to 3% of the total. Nitrogen
gas, scrubbing and solvent distillation are, however, negligible.

It is worth analysing the generated exergy losses in the two
cases. Overall, with an exergy value of 9.2 MJ of the target
product and a respective intake of 415 and 434, the exergy
losses at the plant amount to 405.8 and 424.7 for crystal-
lisation and chromatography, respectively, a difference limited
to 4.6%. However, the nature of the losses is very different:
whereas in crystallisation chemicals make up more than 90%
of the losses, in chromatography their share is only 60%. This
means that the potential of recoverable exergy losses is much
higher in case of crystallisation. In other words, irreversible
losses by heat and power utilities are more than six times
higher with chromatography.

Moving from the process to the plant level can shift the
results in two directions. First, if one has to include preceding
processes, e.g. from 3-pentanone towards the mixture of 6
and 7 or heating media production from natural gas, exergy
requirements drastically increase if one considers the plant
instead of the process. The production of the heating fluid
Shellsol necessary to produce 8 from 6 by crystallisation
(0.156 MJ) requires 0.494 M1J of natural gas. Creating internal
loops of solvents result in an opposite result. For example in
case of crystallisation, 0.108 MJ are necessary for recovery of
90% of the methanol, allowing the reduction of the fresh
methanol intake from 8.07 MJ down to 0.807 MJ. This means
that the solvent intake drops from 8.07 down to 0.915 MJ if

(a) (b)

Cleaning solvents
1%

Natural gas (heating)
1%

Scrubber operation
Nitrogen 0%
0% Cleaning solvents

. . Scrubber operation 3% Nitrogen
Electricity (cooling) 0% Natural gas 0%
1% i Y
: Solvent destillation (heat‘:rg} Solvent destillation
Electricity (power) 0% 15% 0%
5%

Electricity (cooling)
7%

Chemicals

Chemicals
92% 13% 62%

Electricity (power)

Fig. 3 Share of the overall intake of resources for the plant to
produce (a) 8 by crystallisation and (b) 6 by chromatography

one moves from the process to the plant level, emphasizing the
high usefulness of closing cycles.

Industry level (y system boundary)

In order to deliver the necessary materials and energy to the
plant for the production of 8 and 6, the industry has to extract
a number of resources out of the environment. Basically, three
main intakes have to be considered (Fig. 2). First, resources to
feed the power stations to deliver electricity to the plant for
electromechanical energy and cooling energy are required.
Secondly, natural gas has to be supplied for heating media.
Finally, there is the intake of fossil resources by the basic
chemicals manufacturing industry to deliver the base chemi-
cals, including solvents. Nitrogen gas can be omitted given its
negligible share. The analysis of these supplying sectors shows
efficiencies of 48, 34 and 85% for chemicals, electricity and
natural gas delivery, respectively. It turns out that 883.7 and
920.6 MJ have to be extracted out of the environment to
produce and isolate 1 mole of 8 or 6 through the industrial
metabolism for crystallisation and chromatography, respec-
tively. This is an overall efficiency of only 1.044 and 1.006%
respectively. Fig. 4 summarises the shares of the three resource
intake ways. If one focuses on materials intake (chemicals),
chromatography is the process of choice. However, natural gas
intake and especially electricity as utilities cannot be over-
looked: it is specifically their weight that leads to another
choice in terms of resource efficiency. In conclusion, the
analysis emphasises the necessity to take into account both
material and energy resource requirements at the same time.

Material and methods
Data inventory

The investigated process concerns the isolation of (2R,3R)-3-
(3-methoxyphenyl)-N, N-2-trimethylpentanamine monohydro-
chloride 8 (Fig. 1). This is the 7th isolated intermediate in the
synthesis of Tapentadol. For the isolation, both batch
crystallisation and chromatography are considered. For both
operations, a functional unit has to be chosen. In the case of
batch crystallisation, involving a reactor, filter, dryer and a
mother liquor tank, it is the net result of one batch: 199.77 kg
of 8. For batch chromatography, it is the net result from
a sequence involving a solvent change in a batch reactor

1000
900 1
800 1
700 1
600 T ONat. gas
500 T B E|ectricity
400 1 B Chemicals
300 1
200 1
100 1

0 -

Crystallization Chromatography

Fig. 4 Overall resource intake (MJ) of the whole industry necessary
to deliver the 1 mol 8 (crystallisation) and 6 (chromatography)
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Table 3 Detailed operations and related inputs and outputs for the batch crystallisation process

Operations Inputs Outputs
At the reactor:
Inerting 9.73 kg N, at 6 bar
Pumping energy, 3300 kJ
Pumping in solution 6 + 7 1915.25 kg solution 6 + 7 9.73 kg N,

Stirring at 80 rpm (continuous)
Heating up to 46 °C

Pumping in HCI in 2-propanol (6N)

Cooling to 46 °C

Adding seedling crystals 8
Stirring for 7 h

Cooling to 40 °C over 3h
Cooling to 32 °C over 3h
Cooling to 22 °C over 3h

Stirring for 7 h
Emptying reactor

Cleaning reactor

At the filter:
Inerting

Pumping in product from reactor
Filtering under pressure

Adding washing solvent
Filtering under pressure

Emptying filter

Cleaning filter

At dryer:
Inerting

Take in of crystals
Vacuum setting

Heating to 50 °C
Cooling to 22 °C
Emptying

Cleaning dryer

Pumping energy, 4950 kJ
6.99 kg N, at 6 bar

Stirring energy, 1 350 000 kJ
15 740 kg Shellsol at 170 °C
Pumping energy 9000 kJ

197 kg HCI solution
Pumping energy, 3300 kJ
6.74 kg N, at 6 bar

15 740 kg Shellsol at —10 °C
Pumping energy, 9000 kJ
440 kg 8

141 660 kg Shellsol at —10 °C
Pumping energy, 81 000 kJ
141 660 kg Shellsol at —10 °C
Pumping energy, 81 000 kJ
141 660 kg Shellsol at —10 °C
Pumping energy, 81 000 kJ

80 kg water

59.25 kg MeOH

Pumping energy for water, 264 kJ
Pumping energy for MeOH, 247.5 kJ
7083 kg Shellsol at 170 °C

Pumping Shellsol, 4050 kJ

Stirring energy, 16 200 kJ

6.87 kg N, at 6 bar
Pumping energy, 9900 kJ
2116.65 kg from reactor
11.67 kg N,

Stirring energy, 270 000 kJ
215.30 kg THF

Pumping energy, 3300 kJ
15.54 kg N,

80 kg water

79 kg MeOH

Pumping energy for water, 264 kJ
Pumping energy for MeOH, 330 kJ
3935 kg Shellsol at 170 °C
Pumping energy, 13 500 kJ
Stirring energy, 27 000 kJ

4.58 kg N, at 6 bar
Pumping energy, 9900 kJ
273.35 kg crystals
Pumping energy, 98 100 kJ

47 220 kg Shellsol at 170 °C
Pumping energy, 108 000 kJ
Stirring energy, 792 000 kJ

80 kg water

79 kg MeOH

Pumping energy for water, 264 kJ
Pumping energy for MeOH, 330 kJ
4722 kg Shellsol at 170 °C
Pumping energy, 13 500 kJ

Stirring energy, 27 000 kJ

15 740 kg Shellsol at 167.18 °C

6.99 kg N, at 46 °C

15 740 kg Shellsol at —6.34 °C

141 660 kg Shellsol at —9.87 °C
141 660 kg Shellsol at —9.83 °C

141 660 kg Shellsol at —9.79 °C

2116.65 kg to filter

6.74 kg N,

80 kg water

59.25 liquid MeOH at 65 °C
7083 kg Shellsol at 168.39 °C

3.00 kg N,

15.54 kg N,

273.35 kg crystals to dryer
2058.60 kg mother liquor to tank
15.54 kg N,

80 kg water

79 kg gaseous MeOH at 65 °C
3935 kg Shellsol at 159.00 °C

64.69 kg gaseous THF at 1 mbar
4.58 kg N,
47 220 kg Shellsol at 169.58 °C

208.66 kg product 8

4.40 kg seedling crystals to reactor
80 kg water

79 kg gaseous MeOH at 65 °C
3935 kg Shellsol at 160.83 °C
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Table 3 Detailed operations and related inputs and outputs for the batch crystallisation process (Continued )

Operations

Inputs

Outputs

At the mother liquor tank:
Take in of mother liquor
Pumping in NaOH solution

Pumping in industrial water

Emptying mother liquor tank
Cleaning mother liquor tank

2058.60 kg mother liquor
50 L NaOH solution (50%)
Pumping energy, 165.00 kg
100.00 kg industrial water
Pumping energy, 330.00 kJ

80 kg water

47.40 kg MeOH

3.16 kg Acetone

Pumping energy for water, 264 kJ
Pumping energy for MeOH, 648 kJ
Pumping energy acetone, 463.20 kJ

2234.85 kg mother liquor
80 kg water

47.40 kg MeOH

3.16 kg acetone

Table 4 Detailed operations and related inputs and outputs for the batch chromatography process

Operations Inputs Outputs
At the reactor:
Inerting 9.73 kg N, at 6 bar
Pumping energy, 3300 kJ
Pumping in solution 6 + 7 1040.57 kg solution 6 + 7 9.73 kg N,

Stirring at 80 rpm (continuous)
Heating up to 66 °C

Addition of ethyl acetate

Soda liquor and industrial water addition

Removal of water layer
Emptying reactor

Cleaning reactor

At the column:

Pumping in solution from reactor
Heating of solvent mixture and column
Pumping in solvent mixture

Collection of fractions
Cleaning column

At the evaporator:
Inerting

Take in of fractions from column
Heating to 55 °C

Vacuum setting

Scraping
Emptying

Cleaning evaporator

Pumping energy, 2750 kJ

8.59 kg N, at 6 bar

Stirring energy, 324 000 kJ
194 544.77 kg Shellsol at 170 °C
Pumping energy 111 239.07 kJ
3669.48 kg ethyl acetate
Pumping energy, 11 825 kJ
4.92 kg N, at 6 bar

7.74 kg soda liquor

300 kg industrial water
Pumping energy, 880 kJ

4.92 kg N, at 6 bar

80kg water

59.25 kg MeOH

Pumping energy for water, 264 kJ
Pumping energy for MeOH, 247.5 kJ
7083 kg Shellsol at 170 °C

Pumping shellsol, 4050 kJ

Stirring energy, 16 200 kJ

3876.48 kg solution

65 360.19 kg water at 60 °C
Pumping energy, 4 153 248 kJ
70 794 kg EtAc/Et;N
Pumping energy,4 968 000 kJ

9.00 kg EtAc-Et;N

19.88 CHCl,-MeOH

15.80 kg EtOH

Pumping energy solvents, 3000 kJ

1.14 kg N, at 6 bar

Pumping energy, 1350 kJ

74 670 kg fractions

1 461 370 kg water at 60 °C
Pumping energy, 1 895 481 kJ
Pumping energy, 86 158.25 kJ

Scraping energy, 3 790 963 kJ

Pumping energy for water, 264 kJ
Pumping energy for MeOH, 5602 kJ

194 544.77 kg Shellsol at 168.96 °C
830.36 gaseous THF at 66 °C
8.59 kg N,

4.92 kg N,

310.95 kg water layer

3876.48 kg solution to column
4.92 kg N,

80 kg water

59.25 kg liquid MeOH at 65 °C
7083 kg Shellsol at 168.39 °C

65 360.19 kg water at 55 °C
47 220 kg Shellsol at 169.58 °C

74 670 kg fractions to evaporator
9.00 kg EtAc-Et;N

19.88 CHCl,-MeOH

15.80 kg EtOH

1 461 370 kg water at 55 °C

73 718.85 kg EtAc/Et;N
1.14 kg N,

123.89 kg T2653RR
827.74 kg waste stream
54 kg EtAc at 55 °C
119.88 kg CH,Cl,-MeOH at
40 °C 47.40 kg EtOH at 55 °C
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(123.89 kg of 6) that makes use of recycled (99%) ethyl acetate.
The subsequent chromatographic system consists of chroma-
tographic separation, solvent evaporation and condensation
that recuperates the solvent for the chromatographic separa-
tion. Both products 8 (= 6-HCI) from the crystallisation and 6
are suitable for the subsequent reaction. All operations,
inputs and outputs are summarised in Table 3 and 4 for both
processes. Notice that also cleaning procedures have been
allocated to one batch.

Both processes, situated within the process system boundary
o, are embedded in a network of related processes in the plant:
manufacturing processes towards mixture of 6 and 7,
supporting processes for energy exchange (hot and cold media
delivery, electricity delivery), and supporting processes for
mass exchange (solvent condensation and distillation, waste
gas scrubbing), all situated within the plant system boundary f
in Fig. 2. Here, similar process analyses as in Table 3 and 4
have been made for solvent condensation and heat and cooling
media delivery to quantify the energy and material inputs,
where energy intake is electricity and natural gas (data not
shown). For waste gas scrubbing and distillation, the flows to
be treated have been considered taking energy and material
requirement data for these operations as available from
Dewulf et al.'” and Hamelinck er al.'® With respect to the
manufacturing of mixture 6 and 7 starting from 3-pentanone,
all required mass and energy inputs have been quantified.
Finally, based on the life cycle data of Ecoinvent,'® the
resources to be extracted out of the natural environment to
deliver the mass and energy to the Janssen Pharmaceutica
plant have been quantified.

Exergy and cumulative exergy calculations

All energy and material inputs and useful outputs to both
crystallisation and chromatography and the supporting
processes have been quantified in exergy terms. To do so,
data available in the literature as such, data obtained by means
of group contribution methods, and data obtained from Gibbs
formation energy data have been employed.”® Exergy data for
waste gas treatment and for distillation were taken from
Dewulf et al.'” and Hamelinck er al.'®

Cumulative exergy consumption data for the overall
industrial metabolism were obtained from the eXoinvent
database developed by De Meester et al.*!

Conclusion

First of all, this study has shown that it is possible to quantify
energy and material resource intake simultaneously for
industrial processes. Exergy analysis is here the unique
scientifically sound tool that enables us to quantify all kinds
of resources and products on the same scale. However, exergy
analysis can only be done if detailed data inventory are
available, which is not common practice today, particularly
with energy resource intake. Next to data acquisition, setting
appropriate system boundaries is critical. It is important to see
to what extent the particular processes require supporting
processes for energy and materials not only within the facility

itself, but also outside the facility in the overall industrial
metabolism.

This study also illustrates the importance and usefulness
of considering energy and materials at the same time.
Considering the traditional material resource efficiency
would lead erroneously towards selecting chromatography.
However, the role of heat and power to the specific batch
chromatography process is so important that it disfavours the
chromatography option.

Furthermore, the study has also shown where efficiency
gains can be made by identifying and quantifying the exergy
losses. They can be either due to loss of chemicals that are
considered as wastes, or related to dissipation of energy,
typically heat and power, to the environment. The analysis has
shown the potential for better resource efficiency by no longer
considering chemicals, typically solvents, as waste but to
recover them.
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Methyl acrylate has been hydroformylated to the branched aldehyde with essentially perfect regio-
selectivity and extraordinarily high average turnover frequencies (up to 4000 h™'). Using 1,3,5,7-
tetramethyl-2,4,8-trioxa-6-phosphaadamantane based Rh catalyst with a substrate to catalyst
ratio of 10 000, hydroformylation in excellent yield was achieved with complete branched
selectivity in around 2 h. Performing this reaction in the presence of aromatic amines gave very
high yields of the corresponding enamines in a quick one pot domino hydroaminovinylation
reaction. Remarkably, this latter reaction works best under solvent-free conditions.

Introduction

Hydroformylation of alkenes represents a highly attractive
method to prepare aldehydes, and is one of the most
industrially important C-C bond forming reactions.
Production is estimated at 7 million tonnes per year, with
the majority of this being the production of commodity
chemicals, such as n-butanal.! Due to their higher value,
complexity, purity thresholds, and potentially shorter produc-
tion lifetimes synthesis of fine, ultra-fine and pharmaceutical
chemicals creates far more waste and is many times less
efficient than commodity and bulk chemical processes.
Although the volume of each reaction is comparatively small,
the total volumes of waste produced by the many different
processes being run worldwide is significant. Due to the
different challenges in these industries, the focus is on
developing new more efficient synthetic methods, minimising
solvent use, and developing tandem procedures such that
purification processes can be minimised. Although, many
modern reactions are cleaner than their counterparts 20 years
ago, there is a whole arsenal of cleaner synthetic chemistry
that needs to be developed in order for fine and pharma
chemical syntheses to approach the efficiency and lower
environmental impact of current commodity chemical pro-
cesses. Hydroformylation is an excellent example of a 100%
atom efficient reaction, and as a result of the rising importance
of greener organic synthesis, is now beginning to be recognised
as a useful clean synthetic method." There has been great
interest in the hydroformylation of functionalised substrates
such as vinyl acetate,” allyl cyanide,?” allyl alcohol® and
N-vinyl amide derivatives.* One substrate that has been the
subject of many studies is methyl acrylate:® hydroformylation
of which can serve to provide a starting material for a
range of products including heterocycles,® the widely used
enantio-pure  building block methyl-3-hydroxy-2-methyl
propionate,” methyl methacrylate,® and the B-amino acid,
[MeC(H)(CH,NH,)(CO>Me)].

School of Chemistry, University of St. Andrews, EaStCHEM, St.
Andrews, Fife, UK KY16 9ST. E-mail: mc28@st-andrews.ac.uk;
Fax: (+44) 1334 463808, Tel: (+44) 1334 463850

Methyl acrylate has been measured to be two orders of
magnitude less reactive to H,/CO relative to oct-1-ene.”
However, both linear and branched products have practical
and commercial value. In methyl acrylate hydroformylation,
Trzeciak and Ziolkowski found rhodium/triphenylphosphite
catalyst to give ~60% yield of pure linear aldehyde, along with
significant amounts of hydrogenation products.'® Lee and
Alper reported lower hydrogenation by-products (~5%) and
high branched selectivity for this reaction using [Rh(COD)(n°®-
Cg¢Hs-BPh3)] and dppb as catalyst.” Neibecker and coworkers
demonstrated an effective use of a mono-phosphine derived
catalyst for this reaction which gave a 70% conversion to
branched aldehyde with no hydrogenation products.'' There
have also been several interesting papers on hydroformylation
of this substrate in benign solvents or using supported catalysts
which show enhanced results compared to standard solvents
and conditions.” Recently, Xiao and co-workers reported an
important development in this reaction: using a fluoro-
polymeric ligand in supercritical CO,, excellent regio- and
chemo-selectivity were observed.>”

We have recently developed a protocol for hydroformyla-
tion of 1,1" disubstituted alkenes such as methyl atropate,
(H,C=C(Ph)CO,Me), with quaternary regio-selectivity.'? The
key to this process has been the use of the M*CgPPh ligand, 1
(Scheme 1), that gives extremely reactive Rh hydroformylation
catalysts.

This very active catalyst was not tested in methyl acrylate
hydroformylation in our initial study, but it occurred to us that
the high activity of the catalyst might allow a solvent-free
hydroformylation of this non-viscous liquid. In this paper, we
report how these studies have led to an optimised laboratory

Rh(acac)(CO),
JJ\ H,/CO, toluene ><CHO
R CO.R! R CO,R!
/ij\ QlL >99/1
O7/~R
ph !

Scheme 1 Hydroformylation of 1,1-disubstituted alkenes.
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scale (multi-gram) procedure for methyl acrylate hydro-
formylation. The high activity of the catalyst has also been
exploited in a domino hydroformylation-enamine formation
reaction. Remarkably, this gives highest yields under solvent-
free conditions.

Results and discussion

A range of ligands were tested in the hydroformylation of
methyl acrylate (Table 1) with most showing excellent
branched to linear selectivity. It was found that at room tem-
perature and a substrate to catalyst ratio (S/C) of 500, most
ligands gave excellent chemo- and regioselectivity, but insuffi-
cient reactivity, giving between 3-15% conversion in 24 h.
Tris-(3,5-bistrifluoromethyl)phenylphosphine 2, tris-(2,4-di-
tert-butyl) phenylphosphite, 3, tris(2-benzofuryl)phosphine,
4" and the caged ligand 1 all proved extremely effective under
such conditions giving much better conversion to the branched
aldehyde, that exists as a mixture of aldehyde and enol
tautomers. This is the first reported use of tris(2-benzofuryl)
phosphine as a ligand in a hydroformylation reaction, and this
result suggests some promise for this new catalyst system.
Using the most reactive ligand systems, the possibility of
solvent free hydroformylation was explored. At lower tem-
peratures and pressure using the cage phosphine, such
reactions were extremely sluggish, with the resulting mixture
consisting of very little aldehyde with a lot of hydrogenation,
polymerisation and aldol products. It was found that
increasing the catalyst loading resulted in a significant increase
in linear aldehyde production (Table 2). Presumably, these
reactions at higher loadings are limited by diffusion of CO to
the Rh-catalyst resulting in greater levels of isomerisation from
the branched Rh-alkyl intermediate to the linear Rh-alkyl that
ultimately gives more linear aldehydes. By keeping the catalyst
loading low and using increased pressure and temperature,
NMR showed consumption of all starting material after only
5 h compared to the 70 h reactions under milder conditions,
although the amount of aldehyde produced was found to be

Table 1 Hydroformylation of methyl acrylate using a range of
ligands

Rh{acac)(CO),
P-Ligand GHO
H CO,Me H,/CO, toluene Me CO,Me

Ligand Yield” B/L
PPh; 15 47/1
Ligand 3° 87 >99/1
MeCgPPh, 1 87 63/1
Tris-(2-benzofuryl)phosphine, 4 90 >99/1
Tris-(pentafluorophenyl)phosphine 3 >99/1
Ligand 2 82 96/1
(2-Methylphenyl)diphenylphosphine 5 50/1
Tris-(4-methoxyphenyl)phosphine 4 4/1

“ Conversion based on total aldehydes produced as determined by
NMR relative to internal standard. ° Ligands are tris-(3,5-bistri-
fluoromethyl)phenylphosphine 2, tris-(2,4-di-zert-butyl) phenylphos-
phite, 3, tris(2-benzofuryl)phosphine, 4. ¢ Reaction conditions:
Rh(acac)(CO), (0.2%), P-Ligand (1.0%), toluene (1.0 ml per mg Rh),
H,/CO(1 : 1) (50 bar), room temperature, 20-24 h.

Table 2 Solvent free hydroformylation of methyl acrylate

Ligand Conditions Yield” B/L
MeCgPPh A Low 1/1.7
MeCoPPh B 8h 6.0/1
MeCoPPh C 9° 45/1
MeCgPPh D 35°¢ 35/1
Ligand 2 D 33¢ 551
Ligand 4 D 39¢ 39/1

@ All reactions gave 100% conversion of methyl acrylate. ? Yield
determined relative to internal standard. ¢ Isolated yield of pure
aldehyde. 4 Reaction conditions: (A) S/C 1000, 50 bar, 40 °C, 70 h;
(B) S/C 1000, 50 bar, 50 °C, 20 h; (C) S/C 10000, 50 bar, 50 °C,
20 hr; D) S/C 10000, 75 bar, 75 °C, 5 h.

extremely low, even with an alternative phosphine catalyst.
This was due to significant polymerisation and aldol con-
densation occurring which was clearly evident by the viscous
reaction mixture observed upon opening of the autoclave.
Despite the ultimate failure to develop a practical process
under solvent-free conditions, these reactions demonstrated
that elevated temperature and pressure resulted in higher
turnover. Applying these higher temperature and pressure
(75-80 bar, 75 °C) conditions to hydroformylation reactions in
solvent resulted in a much higher rate with a substrate to
catalyst loading of 10 000. The rate is further enhanced by
increasing the Rh/L ratio to 1/10 and reducing the volume of
solvent by a factor of 2. It was found that under these optimal
conditions, the caged ligand proved the best choice with almost
twice the turnover frequency of the next best ligand (Table 3).
The choice of solvent was found to be crucial for the reaction
workup. Distillation was required for purification as the
aldehyde was found to degrade on silica, even when just a plug
of silica was used to remove the catalyst. For the reactions
performed in toluene, distillation proved problematic as the
aldehyde formed an azeotrope with the toluene and the pure
product could not be obtained, even with a fractionation
column. It was therefore reluctantly concluded that a very low
boiling solvent was required. Although complete consumption

Table 3 Optimisation of hydroformylation conditions”

Isolated
Solvent Ligand® Time/min Yield® TOF/h™ ' yield®  B/L
Toluene PPhy 300 44 880 7711
Toluene Ligand 3 300 36 720 >99/1
Toluene Ligand 2 300 30 600 82/1
Toluene Ligand 4 300 49 980 >99/1
Toluene M¢CgPPh 300 85 1700 96/1
THF MeCgPPh 300 36 720 3/1
Et,0 MeCoPPh 300 55 1100 71/1
Acetone  M°CgPPh 300 81 1620 39 >99/1
DCM  MeCgPPh 300 88 1760 75 >99/1
DCM/  MeCgPPh 130 92 4250 85 >99/1
Pentane/ M°CgPPh 240 92 2200 88 >99/1

“ Reaction conditions: Rh(acac)(CO), (0.01%), P-Ligand (1.0%),
solvent (10 ml per mg Rh), 75 bar, 75 °C. ® Ligands are tris-(3,5-
bistrifluoromethyl)phenylphosphine 2, tris-(2,4-di-tert-butyl)
phenylphosphite, 3, tris(2-benzofuryl)phosphine, 4. ¢ Yield to
branched aldehyde determined by NMR relative to an internal
standard. ¢ Average TOF over complete reaction based on moles of
product/total time in h mol™! of catalyst. Error is estimated at
<50 h™!. ¢Isolated yield of pure aldehyde after distillation.
/ Reaction carried out under 80 bar syngas.
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of methyl acrylate was achieved in most of the common low
boiling solvents, the degree of polymerisation and aldol
condensation side products was affected by solvent choice as
demonstrated by the conversion to product. The highest
turnover frequencies were observed when using the environ-
mentally unacceptable solvent, dichloromethane: 92% conver-
sion was achieved in only 130 min. This overall TOF of
4250 mol h™! is to the best of our knowledge, the highest
overall rate for the hydroformylation of acrylates.!> Although
not ideal, we were pleased to find that pentane, a more
environmentally and industrially friendly solvent than CH,Cl,
gave the highest isolated yield (88%) of pure branched
aldehyde, and is the procedure recommended for synthetic
purposes. The cage phosphine catalysts are very robust and it
is noted here that the distillation residue could be re-used with
similar yield in a further hydroformylation reaction.

A hot topic in green synthetic chemistry is the development
of one-pot domino reactions that can save on solvent use and
purification. A few years ago, Alper and co-workers reported
the first examples of a hydroaminovinylation reaction.'® In this
study only vinyl sulfones and a vinylphosphonate were used as
substrates. We were therefore intrigued to discover whether
hydroformylation of methyl acrylate in the presence of primary
and secondary amines could be directed towards hydroformyla-
tion—enamine formation (hydroaminovinylation), rather than
the expected Michael addition products (Scheme 2).

When highly nucleophilic amines such as morpholine and
benzylamine were introduced into the reaction mixture it was
found that the competing Michael addition of the amine to
methyl acrylate occurred at a faster rate to the hydroformyla-
tion reaction when triphenylphosphine was used (Table 4). The
use of the caged phosphine resulted in enamine production
being favoured although conversion remained low. To avoid
the possibility of Michael addition occurring, less nucleophilic
aromatic amines were tested. Again, Rh/PPh; showed little
reaction whereas the caged phosphine catalyst gave complete
conversion to the enamine which could be isolated in excellent
yield and, if desired the E/Z isomers separated by column
chromatography.

As hydroformylation in solvent-free conditions showed
promise, being let down by polymerisation and aldol
condensation of the product, it was decided to attempt
hydroaminovinylation reactions without solvent. The presence
of the amine would convert the aldehyde to the enamine before
any aldol reactions could occur and temporarily act as a
solvent for hydroformylation prior to its use as a reagent for
enamine synthesis. In such reactions we decided to use the very

2
Rh(acac)COR[ . R
J\ P-Ligand § HNR'R2 N. o
el _HNRR® R
H™ >CO,Me H,/CO Me™ Co,M /E
Me CO,Me
\ 5 Enamine
HNR'R? ll?

N
R ""co,Me

Michael product

Scheme 2 Possible outcomes from regioselective hydroaminovinyla-
tion reactions.

Table 4 Hydroformylation of methyl acrylate in the presence of

amines
Aldehyde Michael Enamine
Amine ngdnd (0 0) (0 0) (0 0) ZIE
©/\NH2 PPh; 0 82 0 N.D.
Me
©ANH2 CgPPh 0 39 61 16/84
hNH PPh;, 0 100 0 N.D.
o
(\NH MeCgPPh 0 83 17 N.D.
o
PPh; 30 41 29 N.D.
NH,
MeCgPPh 0 20 80 0/100
NH,
MeCgPPh 30 20 50 0/100
,T‘H
Me
Me,
NH CgPPh 5 56 39 0/100
Me
©/NH2 PPh;, 73 0 18 N.D.
©/NH2 MeCgPPh 0 0 100” 71/29
OMe PPh; 81 0 7 N.D.
©/NH2
OMe MeCoPPh 0 0 100¢ 57/43
F30\©/NH2 MeCgPPh 50 0 50 82/18
CFs
MeCoPPh 42 0 58 11/89

: "
=z
I
)

¢ Product ratios determined by NMR. Conversion to products
shown was ~ 100% in all cases. ” 98% isolated yield (77% Z, 20% E).
“ 93%isolated yield (59% Z, 34% E); N.D. = Not determined
¢ Reaction conditions: Rh(acac)(CO), (0.2%), P-Ligand (1.0%),
amine (1.1 eq.), toluene (1.0 ml per mg Rh), Ho/CO(1 : 1) (60 bar),
room temperature, 24 h.

low catalyst loading at 75 bar syngas at 75 °C that favoured
the neat hydroformylation reaction. The aniline derivatives
were tested as they had already shown that Michael addition
did not occur in any case and at higher temperature, all
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0.01% Rh(acac)(CO), H
0.1% P-Ligand | “Ar
H CO,Me  1.1eq H,NAr
75bar Hy/CO, 75°c ~ Me~  COMe
Ar=Ph 84% (4.7/1 E/Z)

2-MeO-CgHgy- 95% (1.211 E/2)
3,5-(Bis-CF3)-CgHa- 94% (5.0/1E/2)
2-F-CgH,- 97% (6.211 E/Z)

Scheme 3 Hydroaminovinylation reactions.

aldehydes would be expected to further react to form the
enamines. In a reaction mixture consisting of aldehyde with
just 1.1 eq. of amine and S/C 10 000 catalyst, all reactions went
to completion in 5 h. A simple acidic workup to remove excess
amine followed by filtration through a short plug of silica to
remove the catalyst yielded the enamine as an E/Z mix of
isomers (Scheme 3). An interesting observation is that the E/Z
ratio favours the E isomer in the neat reactions whereas the
reverse was true for most of the reactions conducted in solvent.

Conclusions

Methyl acrylate can be a problematic substrate to hydro-
formylate with simultaneous high chemo- and regioselectivity
and high turnover numbers. Although reports of methyl acrylate
hydroformylation have been previously published, some with
excellent turnover frequencies and selectivity, no definitive
practical method has been devised. In this paper we demon-
strated that not only does the phosphaadamantane ligand
modified rhodium catalyst greatly enhance the rate of reaction,
the choice of conditions and solvent allow for simple isolation
of the aldehyde providing a practical route to the product.

We have also demonstrated that such reactions can be per-
formed in the presence of amines to produce enamines in high
yield creating functionalised organic building blocks from a
simple substrate in one easy step with only water as an essential
by-product. Remarkably, these latter domino reactions work
particularly well in solvent-free conditions, giving higher (and
reversed) E/Z ratios, excellent yield and catalytic turnover. The
procedures described here should be suitable for technical
applications and provide the synthetic community with the
greenest simplest methods to prepare the products described.

Experimental
General

All chemicals and solvents were obtained through commercial
sources and used as supplied. Gases were obtained though
BOC. Solvents were removed by rotary evaporation on a
Heidolph labrota 4000. Flash column chromatography was
performed using Davsil silica gel 35-70 u 60A (Fluorochem).
NMR spectra were recorded on Bruker Avance 300 instru-
ments. Proton signal multiplicities are given as s (singlet), d
(doublet), t (triplet), q (quartet), m (multiplet) or multiples
thereof. Infrared spectra were recorded on a Perkin Elmer
Spectrum GX FT-IR system. Liquids were analysed as films,
solids were analysed as KBr discs or nujol mull. Mass
spectra were recorded on Waters Micromass LCT fitted with

lockspray for accurate mass (ESI). Hydroformylation and
hydroaminovinylation experiments were carried out in glass
lined stainless steel autoclaves, heated in oil baths and stirred
magnetically. The synthesis of the caged phosphine 1 has been
described previously.'”

Typical optimised procedure for hydroformylation of methyl
acrylate

To Rh(acac)(CO), (2.0 mg (0.0078 mmol)) and cage phosphine
1 (23.0 mg (0.078 mmol)) was added pentane (20 ml) followed
by methyl acrylate (6.69 g, 7.0 ml, 77.8 mmol). The mixture
was transferred to an autoclave. The autoclave was filled and
vented three times with syngas (1 : 1 H,/CO) before filling to
80 bar and stirring at 75 °C for 2 h. The autoclave was cooled
to room temperature before releasing the gas and opening. The
pentane was removed by rotary evaporation and the product,
which exists as both aldehyde and enol tautomers, distilled
under vacuum condensing into a cooled flask to give 7.98 g
(88%) of clear oil. (Bp below room temp. at 1 mm Hg, lit.
66-69 °C at 40 mm Hg.'®)

Aldehyde. 6y (300 MHz, CDCl3) 1.41 (3H, d J = 7.2 Hz,
CHs3), 344 (1H, dq J = 1.5 and 7.2 Hz, CH), 3.83 (3H, s,
CO,CHs;), 9.82 ppm (1H, d J = 1.3 Hz, CHO); ¢ (75 MHz,
CDCl;) 10.2 (CH3), 51.3 (CH), 51.5 (CO,CH;), 170.2
(CO,CH3), 197.3 ppm (CHO).

Enol. 6y (300 MHz, CDCl3) 1.74 (3H, d J = 1.0 Hz, CH3),
3.83 (3H, s, CH3y), 7.05 (1H, dq J = 1.0 and 12.5 Hz, CHOH),
11.32 ppm (1H, d J = 12.5 Hz, CHOH); 6¢ (75 MHz, CDCl;)
12.4 (CHj), (52.5 (CO,CHj3), 105.3 (C), 160.1 (CHOH),
172.9 ppm (CO,CH3); mi/z (ES+) 117 (M + H)™; vpay (film)
1674, 1724, 1740, 3433 cm ™ ..

General procedure for solvent free hydroaminovinylation

To Rh(acac)(CO), (1.0 mg, 0.0038 mmol) and caged phos-
phine 1 (11.2 mg, 0.038 mmol) was added methyl acrylate
(3.35 g, 3.50 ml, 38.9 mmol) followed by amine (42.8 mmol,
1.1 eq.). The mixture was stirred under 75 bar syngas (1 : 1
H,/CO) at 75 °C for 5 h. The mixture was dissolved in the
minimum volume of diethyl ether and washed with 1 M HCI,
dried over MgSO, and filtered through a short plug of silica
before concentrating.

Hydroformylation of methyl acrylate in aniline

The general procedure gave an off-white solid (6.29 g, 84%).
Mp (recryst. from hexane/EtOAc) 95-97 °C; 6y (300 MHz,
CDCl5) 1.77 (2.12H, d J = 1.0 Hz, CH3(Z)), 1.78 (0.88 Hz, d
J = 1.3 Hz, CH3(E)), 3.66 (0.88H, s, CO,CH;(E)), 3.68
(2.12H,s, CO,CHj;(Z)), 6.16 (0.29H, d br. J = 13.1 Hz, NH(E)),
6.82-6.92 (3H, m, ArH (E and Z)), 7.08 (0.71H, dq J = 1.0 and
12.6 Hz, CHN(Z)) 7.18-7.24 (2H, m, ArH (E and Z2)), 7.85
(0.29H, dq J = 1.0 and 13.3 Hz, CHN(E)), 9.69 ppm (0.71H, d
br. J = 11.8 Hz, NH(Z)); éc (75 MHz, CDCl3) 10.2, 16.2
(CH3), 51.3, 51.7 (CO,CH3), 95.1, 99.6 (C=CH), 115.3, 122.1,
130.0 (ArC), 137.8, 141.2 (C=CH), 141.5 (N-ArC), 170.0,
171.2 ppm (CO-CH3); mi/z (ES+) 214.0848 (M + Na)*
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(C11H3NOsNa requires 214.0844); viax (KBr) 1602, 1636,
1672, 2954 and 3334 cm ™ L.

Hydroformylation of methyl acrylate in o-anisidine

The general procedure gave a white solid (8.18 g, 95%). Mp
46-48 °C; ox(300 MHz, CDCl3) (1.70H, d J = 1.0 Hz,
CH;(2)), 1.80 (1.30H, d J = 1.0 Hz, CH5(E)), 3.67 (1.30H, s,
CO,CH3(E)), 3.70 (1.70H, s, CO,CH;(Z)), 3.82 (1.30H, s,
OCH;(E)), 3.83 (1.70H, s, OCH;(2)), 6.63 (0.43H, d br. J =
13.3 Hz, NH(E)) 6.75-7.05 (4H, m, ArH (E and Z2)), 7.11
(0.57H, dq J = 0.5 and 12.8 Hz, CHN(Z)), 7.87 (0.43H, dd, J =
0.8 and 13.1 Hz, CHN(£)), 9.93 ppm (0.57H, d br. / = 12.0 Hz,
NH(Z); éc (75 MHz, CDCl3): 6 = 10.2, 16.5 (CH3), 51.4, 51.6
(CO,CH3y), 56.1, 56.2 (OCH3), 95.5, 100.0 (C=CH), 131.0,
131.3 (MeO-ArC), 136.8, 140.2 (C=CH), 147.5, 148.0
(N-ArC), 170.0, 171.0 (CO,CHj;), 110.1, 111.1, 111.9, 112.5,
121.4, 121.6, 121.8 ppm (CAr); m/z (ES+) 221.0949 (M + Na)"
(C1,H sNO3Na requires 244.0950; vy (KBr) 1597, 1627,
1679, 2836, 2949 and 3317 cm ™.

Hydroformylation of methyl acrylate in 3,5-bis
(trifluoromethyl)aniline

The general procedure gave a white solid (11.90 g, 94%). Mp
(recryst. from hexane/EtOAc) 128-130 °C; 6(300 MHz, CDCls)
1.78 (0.16H, s, CH3(2)), 1.91 (2.84H, s, CH;(E)), 3.80 (3H, s,
CO,CHj; (E and 2)), 6.62 (0.95H, d br. J = 12.8 Hz, NH(E)),
7.14 (0.05H, dq J = 1.3 and 12.0 Hz, CHN(Z)), 7.37 (2H, s,
ArH (E and Z)), 7.45 (1H, s, ArH (E and Z)), 7.87(0.95H,
dq J = 1.0 and 12.8 Hz, CHN(E)), 10.13 ppm (0.05H, d br. J =
12.5 Hz, NH(Z)); ¢ (75 MHz, CDCls) 9.9, 15.8 (CH3), 51.3,
51.6 (CO,CH3), 103.2 (C=CH), 114.2 (d J = 2.9 Hz, p-ArCH),
114.7 (sept J = 3.8 Hz, m-ArCH), 123.0 (q J = 272.9, CF3), 133.1
(qJ =33.4 Hz, F3C-ArC), 135.2, 138.3 (C=0), 142.5 (N-CAr),
169.0 ppm (CO,CH3); o (282 MHz, CDCl3) —63.7 ppm; m/z
(ES-) 326.0614 (M-H)~ (C3H | NO,F¢ requires 326.0616); viax
(KBr) 1617, 1656, 1681, 2950 and 3347 cm ™.

Hydroformylation of methyl acrylate in 2-fluoroaniline

The general procedure gave a yellow oil (7.84 g, 94%).
ou(300 MHz, CDCl;) 1.87 (0.42H, d J = 1.0 Hz, CH;(2)),
1.88 (2.58H, d J = 1.3 Hz, CH;(E)), 3.77 (2.58H, s,
CO,CH3;(E)), 3.79 (0.42H, s, CO,CH;3(2)), 6.27 (0.86H, d br.
J=12.0 Hz, NH(E), 6.85-7.20 (4.14H, m, ArH (F and Z) and
CHN(Z)), 7.89 (0.86H, dt J = 1.3 and 13.3 Hz, CHN(E)),
9.90 ppm (0.14H, d br. J = 12.5 Hz, NH(Z)); éc (75 MHz,
CDCl3) 9.7, 159 (CH3), 51.0, 51.3 (CO,CHj;), 96.6, 101.2
(C=CH), 113.6, 114.2 (d J = 1.4 Hz, 5-CAr), 1154, 115.7 (d
J=18.7 Hz, 3-CAr), 121.2, 121.5 (d J = 7.3 Hz, 4-CAr), 124.6,
124.9 (d J = 3.6 Hz, 6-CAr), 129.7 (d J = 10.5, N-ArC), 135.9,
139.4 (CHN), 151.6 (d J = 241.4 Hz, F-CAr), 169.2, 170.5 ppm
(CO,CHy); g (282 MHz, CDCl;3) —133.5, —135.5 ppm; m/z
(ES+) 232.0753 (M + Na)* (C;;H;2NO,NaF requires
232.0753); vmax (film) 1516, 1651, 1688, 2958 and 3340 cm ™.
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The use of supercritical carbon dioxide, scCO,, as an environmentally friendly reaction medium
for the continuous synthesis of the fine chemical o-cyclohexylphenol has been investigated. The
alkylation of phenol was carried out using a solid acid catalyst, y-Al,O3, using both cyclohexene
and cyclohexanol as alkylating agents. Though cheaper, cyclohexanol gave poorer results because
of the water formed in the reaction inhibiting the catalyst performance. The possibility of
performing the reaction as a two-step process was then investigated. The dehydration of
cyclohexanol over the same catalyst was found to be quantitative. Clearly, the water by-product
must be eliminated before the alkylation step and, although this was found to be difficult to
achieve on a small scale, the process looks promising as a two-step reaction.

Introduction

The alkylation of aromatic species, in particular phenol, has
been widely investigated over the last few decades.' The use
of cyclic hydrocarbons as alkylating agents has also been the
object of numerous studies.*> In this way, the acid catalysed
alkylation of phenol with cyclohexene or cyclohexanol to
form the corresponding alkylated species (Scheme 1) has been
investigated. Thus, examples of the homogeneously,®’ and
heterogeneously”®'* catalysed alkylation of phenol to pri-
marily form 2 and 3 can be readily found in the literature.
The alkylated products, 2 and 3, are used extensively in
industry for the manufacture of dyes, resins and biocides.>!?
In addition, they can be used as precursors for the synthesis of
phenylphenols. o-Phenylphenol (0-PP) is an important product
in the fine chemical industry and is employed widely as a dye
stuff, antiseptic, surface activator and thermal stabiliser. 1214 1
general, 0-PP is manufactured by a two step process from
cyclohexanone, which is firstly condensed in the presence of an

@%@Og S S0,

Scheme 1 Synthesis of o-cyclohexylphenol (2), p-cyclohexylphenol
(3), cyclohexylphenylether (4) and di-cyclohexyl-phenol derivatives (5),
from phenol (1) using cyclohexanol or cyclohexene as an alkylating
agent, in the presence of an acid catalyst.
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acid catalyst to form a dimer (2-(I1-cyclohexenyl) cyclo-
hexanone) and then dehydrogenated to o-PP.!2

The use of supercritical fluids (SCFs), in particular super-
critical carbon dioxide (scCO,), has been described'> 7 as a
replacement for conventional organic solvents in alkylation
reactions, in conjunction with heterogeneous catalysts, as an
alternative route towards “‘greener”’ chemical processes. In this
context, scCO, could offer significant advantages, including an
enhancement of mass and heat transport,'®!? the possibility of
carrying out continuous fixed-bed reactions, easier separation
of the products from the reaction stream'” and an increase in
the catalyst lifetime.?*2!

The use of scCO, in continuous flow processes for the
synthesis of phenol-derived fine chemicals has been investi-
gated previously. Thus, Amandi et al?* investigated the
synthesis of the fine chemical thymol in scCO, using iso-
propanol and m-cresol as the starting materials and y-Al,Os
as a solid acid catalyst. The authors reported that ortho-
alkylation was achieved with high selectivity but that the water
generated as a reaction by-product deactivated the catalyst.
This problem could potentially be overcome by using the
corresponding olefin as the alkylating agent. This opens up the
interesting possibility of a two-step alkylation of phenol using
the same alumina catalyst for both steps, Scheme 2. Here we
investigate carrying out this alkylation in practice.

Results and discussion
Alkylation of phenol with cyclohexanol in scCO,

The synthesis of 2 was initially investigated by reacting phenol
with cyclohexanol (CyOH) over y-Al,O3 in scCO,. Table 1
summarizes the effect of two reaction temperatures 275 and
300 °C. 275 °C has been previously reported” as an optimum
temperature for alkylation reactions when employing y-Al,O3
as the solid acid catalyst. At both temperatures, the conversion
of CyOH was almost quantitative. Cyclohexene (CyHex) and 2
were the major components detected in the reaction product
mixture. Formation of CyHex suggests that the reaction begins
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Scheme 2 Two step synthesis of 2 in scCO, using y-AlL,O3 as a
catalyst. (a) Dehydration of cyclohexanol to cyclohexene followed by
the elimination of water; (b) alkylation of phenol with cyclohexene.

with the dehydration of CyOH to form CyHex, followed by
the subsequent reaction of the CyHex with 1. Formation of 3,
4 and 5 was observed, as well as other minor reaction by-
products, including dicyclohexylether and various unidentified
species.

Formation of such by-products increased at 300 °C, with a
corresponding decrease in the overall selectivity for 2. The
selective formation of ethers from alcohols over solid acid
catalysts and with scCO, as the reaction medium has already
been described elsewhere.?>*

Before proceeding further, it is important to demonstrate
that scCO, performs a useful role in the alkylation of phenol 1
with cyclohexanol over y-Al,O5. Therefore, the reaction was
carried out in the absence of scCO, at similar flow rates of

organic substrate. Table 2 shows that 100% conversion of
starting material was still achieved but the yield and selectivity
for 2 were very low when compared to reactions where scCO,
was employed as the reaction medium.

Thus, it appears that the use of scCO, in our reaction gives a
clear advantage in terms of increased yield and selectivity for
product 2. The effect of the concentration of organic reactants
in scCO, was then investigated for the alkylation of 1 with
CyOH, Table 3.

Increasing the proportion of organic reactants by increasing
the flow rate of the organic feed will reduce the residence time
in the reactor. Thus, an increase to 40% w/w, resulted in a
decrease in the conversion of the CyOH (from 91% to 81%). A
change in residence time may account for part of the
substantial decrease in the yield of 2, but this decrease is also
the result of increased volumes of water produced in the 40%
experiment (see below). The amount of residual CyHex at 40%
w/w was about three times higher than when the reaction was
performed at 10% w/w of organic substrate.

By contrast, a decrease in the amount of organic within
scCO, to 7.5% wi/w did not affect the reaction outcome
significantly, which suggests that the reaction had reached
equilibrium. These observations are consistent with the
dehydration of CyOH occurring first and the CyHex then
reacting with phenol to form 2, 3 and 5.

Alkylation of phenol with cyclohexene in scCO,

The synthesis of 2 was next attempted by reacting 1 with
CyHex over y-Al,O; at various concentrations of organic

Table 1 Reaction of CyOH with 1 over y-Al,O3 in scCO, at 275 and 300 °C*

% Yield
% Conv. CyOH CyHex 2 3 4 5 Other by-products % Selectivity for 2°
275 °C 94.2 26.7 59.2 1.2 0.6 5.8 0.7 62.9
300 °C 98.4 22.8 53.5 5.6 0.5 5.0 11.0 54.4

¢ Pressure 100 bar; 1 : 0.8 molar ratio (1 : CyOH), a concentration of organic of 10% w/w in scCO,, flow rate of CO, 0.65 1 min~ ! and reactor
volume 10 ml. ® The selectivity for 2 was calculated by dividing the number of moles of 2 generated by the sum of the number of moles of

CyHex, 2, 3, 4, 5 and other by-products formed in the reaction.

Table 2 Alkylation of 1 with CyOH over y-Al,O3 in the absence of scCO,"

% Yield
SM/ml min ! ? % Conv. CyOH CyHex 2 4 5 Other by-products % Selectivity for 2¢
0.124 100 60.3 26.4 0.4 2.5 4.1 26.4
0.06“ 100 62.7 26.1 0.3 2.3 1.6 26.1

@275 °C. ” SM (starting mixture) 1 : 0.8 molar ratio (1 : CyOH). ¢ See Table 1 for explaination. ¢ Same volume of SM pumped per unit of
time as if the reaction were carried out at 10% w/w of organic substrate within scCO,.

Table 3 Effect of % w/w of organic substrate within scCO, for the alkylation of 1 with CyOH using y-Al,O; as acid catalyst?

% Yield
% wiw % Conv. CyOH CyHex 2 3 4 5 Other by-products % Selectivity for 2
7.5 91.1 24.5 58.2 1.3 0.7 5.3 1.1 66.4
10 94.2 26.7 59.2 1.2 0.6 5.8 0.7 62.9
40 80.6 67.1 10.0 0.5 0.2 2.2 0.6 12.5

“ Pressure 100 bar, temperature 275 °C, 1 : 0.8 molar ratio (1 : CyOH), flow rate of CO, 0.65 1 min~! and reactor volume 10 ml.
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Table 4 Varying the % w/w of organic reactants within scCO, for the alkylation of 1 with CyHex over y-Al,O5"

% Yield
Y% wiw % Conv. CyHex 2 3 4 5 Other by-products % Selectivity for 2
10 88.1 75.2 3.4 0.3 7.1 2.1 93.1
40 22.4 20.1 0.4 0.5 1.1 0.3 91.2

¢ Pressure 100 bar, temperature 275 °C, 1 : 0.8 molar ratio (1 : CyHex), flow rate of CO, 0.65 1 min~! and reactor volume 10 ml.

Table 5 Effect of adding water to the reaction mixture for the alkylation of 1 with CyHex over y-Al,O3 in scCO,*

% Yield
% wlw added H,O % Conv. CyHex 2 3 4 5 Other by-products % Selectivity for 2
0 88.1 75.2 3.4 0.3 7.1 2.1 93.1
10 65.0 55.3 1.9 1.1 5.1 1.6 84.7
20 45.4 37.5 1.7 0.9 4.3 1.0 80.2

¢ Pressure 100 bar, temperature 275 °C, 1 : 0.8 molar ratio (1 : CyHex), a concentration of 10% w/w in scCO,, flow rate of CO; 0.65 1 min~

and reactor volume 10 ml.

1

substrate in scCO», as shown in Table 4. At concentrations of
10% w/w, both the yield and selectivity for 2 were high,
reaching values of 75% and 93% respectively. At higher
concentrations, the results with CyHex were quite different
from those with CyOH because the selectivity remained very
high although the conversion dropped. Although the ultimate
catalyst lifetime was not measured, these experiments were
repeated using the same batch of catalyst, and the same high
results were obtained even after several experiments.

A possible reason for the different results obtained when
running the reaction using CyOH and CyHex is that the water
formed in the dehydration of CyOH deactivates the catalyst
towards the alkylation step. With this in mind, the alkylation
with CyHex was repeated with small amounts of water being
deliberately added to the reaction mixture, Table 5.

From Table 5, it can be seen that the addition of water to the
reaction mixture has a significant effect on the performance of
the catalyst; the yield of products decreases as increasing
amounts of water are added. Furthermore, when the catalyst
employed to conduct these experiments was used in a further
alkylation of 1 with CyHex in scCO, without water, its catalytic
properties were never restored, even after several hours of
reaction. This observation suggests that scCO, cannot
efficiently remove the water generated as a by-product in the
alkylation of 1 with CyOH, from the catalyst surface, hence
the decrease in the overall amount of products formed at high
organic concentration (see Table 3). Thus, the elimination of
water from the reaction stream seems to be crucial in
developing a process to synthesise 2 in high yields.

Two step reaction in scCQO,; dehydration followed by
the alkylation of phenol

The results obtained from the alkylation with CyHex were
promising. However, CyHex is more expensive than CyOH.
It would therefore be commercially advantageous to use
CyOH rather than CyHex, particulary if the alumina catalyst,
which was used to dehydrate CyOH to form CyHex, could
then be used for the alkylation reaction, see Scheme 2. The
dehydration was investigated at 275 °C, 150 bar and various
concentrations of CyOH in scCO,, Table 6.

Table 6 Effect of % w/w of CyOH in scCO,; on the yield of CycHex

% wiw % Conv. CyOH % Selectivity for CyHex
7.6 100 100
17 99.6 100
29 91.0 100

“ Pressure 100 bar, temperature 275 °C, flow rate of CO, 0.65 1 min~!

and reactor volume 10 ml.

It can be seen from Table 6 that the conversion of CyOH
was quantitative at a concentration of 7.6% w/w and, unlike
the alkylation reaction (Table 3), remained high even at
concentrations of 17 and 29% w/w, giving conversions of
99.6% and 91.0%, respectively. The selectivity for CyHex was
very high and no other product was detectable by GC. As in
the alkylation reaction, the catalyst remained active for several
runs. The CyHex synthesised in this fashion was dried using a
conventional moisture trap and 1 was added. The resulting
mixture was employed as the starting material for further
experiments to check the “quality” of the CyHex produced.
Experiments revealed that the in situ generated CyHex from
the dehydration of CyOH over y-Al,O3 in scCO, gave
comparable yields to those attained when using commercially
available CyHex. There appears to be no evidence in any
of our experiments for direct alkylation by CyOH without
formation of CyHex as an intermediate.

Conclusions

In this paper, the alkylation of phenol has been carried out
using cyclohexene over y-Al,O3 giving high conversion and
selectivity towards 2. When the alkylation was carried out
using cyclohexanol the selectivity dropped, possibly due to
water, formed as a by-product in the reaction, deactivating the
catalyst towards the alkylation step. The addition of H,O to
the reaction mixture of the alkylation of phenol with CyHex
showed a significant decrease of conversion and selectivity
towards product 2, confirming that H,O is indeed deactivating
the catalyst. The reactions carried out in the presence of scCO,
gave significantly better yields and selectivities than the
reaction without CO,, thus suggesting that scCO, plays a
positive role in the reaction.

This journal is © The Royal Society of Chemistry 2007

Green Chem., 2007, 9, 797-801 | 799


http://dx.doi.org/10.1039/B618727G

Downloaded on 21 November 2010
Published on 20 March 2007 on http://pubs.rsc.org | doi:10.1039/B618727G

View Online

Reducing
valve

g Needle
valve

[T] Fitter

Pressure
transducer / gauge

Thermocouple
I:l Flowmeter

Fig. 1 Schematic of the supercritical fluid two-step continuous flow
apparatus used in the synthesis of 0o-CHP (for labelling see text).

Recently, we reported a successful two-stage reaction in
scCO, in which a ketone was hydrogenated over a Pd catalyst
in the first stage and the resulting alcohol was then used as one
reactant in an enantioselective enzymatic transesterification in
the second stage.® Even without optimisation, the reaction
worked well because neither H, nor unreacted ketone
interfered with the transesterification. The alkylation of phenol
by CyOH is different because the H,O generated in the
conversion of CyOH to CyHex needs to be removed before the
alkylation, or the H,O will deactivate the catalyst.

The value of a two stage reaction lies in the absence of any
depressurisation between the stages, which substantially
reduces the energy requirement compared to two separate
supercritical reactions. This means that the H,O must be
removed without significant depressurisation, unlike the
reaction above where we depressurised, isolated and dried
the CyHex off-line. CyHex and H,O are essentially immiscible
at ambient temperature. Therefore in principle, the H,O
should be best removed by physical separation of the organic
and aqueous phases. However, such separation is difficult to
engineer on a scale as small as that of our reactor.

We did explore the possibility of using a desiccant, held in
a dummy reactor, between the dehydration and alkylation
reactors (see Fig. 1 and Experimental section). In practice this
arrangement did not work; the desiccant was rapidly heated by
the hot stream emerging from the reactor, with a correspond-
ing reduction in its water-absorbing capacity. Indeed, we
found little difference in the product distribution obtained
with no desiccant, silica gel, CaCOs3, or 4A-Z8 and 13X-Z8
molecular sieves (typically 100% conversion CyOH, 45.8%
CyHex, 44.1% 2 and 10.1% other by-products with an overall
selectivity towards 2 of 44.1%). Thus, although any demon-
stration of a continuous two stage reaction will need to be
carried out on a larger scale than is conveniently used in our
laboratory, we have demonstrated the feasibility of the
underlying chemistry.

Experimental

The samples collected were analysed using a Shimadzu GC-17a
fitted with AOC 20i autosampler, and a RTX-5 column (30 m
length, 0.52 mm ID and 0.25 pum film thickness); carrier gas He

and an FID detector. Qualitative and quantitative analyses
were carried out using commercially available standards.

Two different reaction systems were employed to conduct
the experiments reported here: all of the single stage experi-
ments were carried out in a system which has been described
elsewhere.?? Fig. 1 shows the schematic diagram of the super-
critical continuous flow apparatus used to carry out two stage
reactions in scCO,: dehydration of CyOH followed by the
alkylation of phenol.

The CO, is stored in a high pressure cylinder situated next to
the apparatus (A) and is compressed above the desired
reaction pressure using a refrigerated reciprocating pump (B)
NWA PM101. The pressure regulator (C) controls the system
pressure. CycOH was injected into the system using a standard
Gilson 305 HPLC pump (D). The organic substrate and the
scCO, were mixed using a static mixer (E) consisting of an
unheated Swagelok crosspiece filled with glass beads. The
mixture entered the first reactor (F), where the catalyst was
loaded and held inside by a frit piece situated at the bottom of
the reactor. The desiccant material employed unsuccessfully to
trap generated water was placed in the dummy reactor (G).
HPLC pump (H), Gilson 305, pumped a mixture of phenol/
cyclohexane, which was then mixed with the product stream
from (G) in a static mixer. The alkylation occurred in the
second reactor (I). Thermocouples inside the catalyst and
desiccant bed, heating blocks and in the product stream were
used to monitor the reaction temperature.

The pressure was decreased step-wise and the products
separated from the fluid in the expansion unit. The flow rate of
the exhausted gases was measured by a flowmeter fitted in
the vent line. The flow rate of the exhausted gases was set to
0.65 1 min~" of CO, at 1 bar and 20 °C which corresponds to
1.06 g min~ ",

v-Al,O3,>> was used as “supplied”. Before pumping the
organic substrate into the flow apparatus, the catalyst was
dried in situ by flowing scCO, at the reaction temperature for
1 h. The reactors used in the experiments (see below), were
filled with catalyst. This equates to approximately 7.5 g of
catalyst used in each run. Cyclohexanol, cyclohexene and
phenol (Aldrich) were used as supplied.

The reactors used in our experiments consisted of 12 mm
(OD) 316-stainless steel tubing with an internal volume of
10 ml ((F) and (I)) and 5 ml (G).
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H,0, was synthesized directly from O, and H, over precious metal loaded titanium silicalite
(TS-1) in compressed CO, and yields were measured by immediately reacting the in situ generated

H,O, with an “indicator”—pyridine. Experimental results proved that H,O, could be effectively
synthesized from O, and H, in compressed CO,. The effects of the following factors on H,
conversion, H,O; selectivity and yield were examined: O,/H, molar ratio, H, concentration,
catalyst mass, Pd content in the catalyst and the addition of Pt to the catalyst. Under the optimal
reaction conditions, H,O, yield reached 31.7% with an H,O, selectivity of 56.1%.

Introduction

Hydrogen peroxide (H,O,) is an important green oxidant
because it contains a high fraction of active oxygen and
generates water as its only by-product. Although the current
major applications of H,O, are in non-selective oxidation
reactions (pulp and paper bleaching ezc), using it as a selective
oxidant to conduct green oxidations is becoming more attrac-
tive to both academia and industry." In 2005, global annual
H,0, capacity reached 3.53 million metric tons (as 100%
H>0,).? Industrially, H,O5 is produced by the anthraquinone
auto-oxidation (AQO) process. Here, 2-alkyl anthraquinone
(AQ) is dissolved in a mixture of organic solvents to form the
“working solution” and then hydrogenated over a precious
metal catalyst to form 2-alkyl anthrahydroquinone (AQH,).
AQH, is then oxidized by compressed air to generate H,O,
and regenerate AQ. This AO process is successfully used to
produce most of the world’s H,O, because it prevents direct
contact between O, and H, and can be operated continuously
under mild reaction conditions.* However, this process is far
from green in view of the 12 principles of green chemistry.’
First, it generates several wastes from the sequential hydro-
genation and oxidation of AQ, the unintended oxidation of
organic solvents, and the phase behavior in each reactor.*
These will inevitably cause the loss of AQ and solvent and,
more seriously, the contamination of H,O,. Therefore,
makeup AQ and solvents must be added to the system
periodically, and the crude H,O, has to be purified and
concentrated prior to its commercial use. This purification and
concentration process consumes large amounts of steam® in
order to almost completely evaporate the crude H,O, solution.
The lost AQ and solvents will eventually go to waste streams,
including waste water and tail gas (from the oxidation step
in the AO process). The waste water needs to be treated to
decompose AQ (and its derivatives) and solvents (and their
derivatives) prior to its discharge; the organic solvents
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contained in tail gas have to be recovered by an adsorption
method before its release.” Finally, this AO process is not as
efficient as desired because of the limited solubility of AQ in
the solvents, controlled hydrogenation conversion (<70% in
order to minimize the side-reactions), and low H,O, concen-
tration in the working solution (usually <1.5%). Substantial
extraction equipment has to be used and large amounts of
working solution must be circulated in order to obtain a
commercially viable H,O; solution (30% or greater). Because
of the complexity of the AO process, the current H,O, price is
high enough such that many oxidation reactions can not
be carried out economically, even though the reactions
themselves are attractive (such as that given by Sato et al.®
using 30% H,0, to oxidize cyclohexene for the green synthesis
of adipic acid).

Direct synthesis of H,O, from O, and H, is an attractive
green technology to replace the current AO process since it is
the most atom-efficient method by which H,O, can be
synthesized. Direct synthesis could greatly simplify the process,
dramatically cut the production cost and generate almost no
waste. In 1914, Henkel and Weber” were awarded probably the
first patent on direct synthesis of H,O, from O, and H, over a
precious metal catalyst. However, little progress was made
following 1914 because of safety issues, and it was almost
completely ignored after the AO process was commercialized
in the 1950s. There was renewed interest in direct synthesis
after 1980 driven by the strong demand for H,0,,'* especially
in recent years.''"'® The reaction systems used can be homo-
geneous but are usually heterogeneous. The homogeneous
reaction system was reported by Hancu ez al'? using CO, as
the solvent and a CO»-soluble palladium complex as the
catalyst to synthesize H,O, from O, and H,. Because the mass
transfer resistance was completely eliminated in this homo-
geneous system, the H,O, yield reached as high as 38%.
However, the synthesis of the CO,-soluble palladium catalyst
was tedious and expensive. Many researchers have used gas—
liquid-solid three-phase heterogeneous reaction systems to
conduct direct synthesis of H,O, from O, and H,. Palladium
and/or platinum loaded carbon, Al,O3, SiO, and TiO, were
typically used as the catalysts. Recently, nano-sized gold was
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found to exhibit high activity in catalyzing the direct synthesis
of H,O,, especially when it was used together with palla-
dium.">'72% The solvents used were methanol, water or their
mixtures. Under the same reaction conditions, using methanol
or a mixture of methanol and water as the solvent gave higher
H,O, yield than in water alone because of a higher mass
transfer rate®’** due to more favorable gas solubility>® and
surface tension in methanol. Even adding small amounts of
methanol could lead to higher H,O, yield** possibly because of
the significant increase in gas holdup and decrease in gas
bubble size.>>?° Mineral acid (HCl, H,SO, or H5PO,4) and
bromide were widely used as promoters. Since the O,/H, mix-
ture is explosive over a broad concentration range (4-95.2%
H, in O5 at 1 bar and 20 °C), the O»/H, molar ratios used were
usually high enough to avoid operating in the explosive range.
For lower O,/H, molar ratio, an inert gas was used to dilute
the O,/H, mixture. Mild reaction temperatures were used by
most researchers in order to minimize H,O, decomposition.
The operating pressures ranged from ambient to ~200 bar;
generally speaking, higher pressure resulted in higher H,O,
yield under the same reaction conditions because the increase
in operating pressure increased the mass transfer rate.”®

The latest progress in direct synthesis was recently reported
by Degussa/Headwaters:*’ a pilot plant was reported to be
undergoing testing and the process could be commercialized
soon. The companies disclosed that methanol was used as the
solvent in this new process; safety issues could still exist since
methanol is a flammable and volatile organic solvent, and
furthermore methanol will likely be oxidized during the
synthetic process, forming formaldehyde and other by-
products.”®?® The product obtained in this direct synthetic
process was dilute H,O, in methanol; concentration and
separation processes are required in order to obtain a
commercially viable aqueous H,O, solution. Therefore, this
new process was not intended to replace the current AO
process; it was rather to be used as an in situ H,O, source to be
integrated with a new propylene oxide production process.

CO; could be used to replace methanol as the solvent for
in situ generation of H,O, from O, and H,. A CO,-based
system has the following advantages.’® (1) As mentioned
before, the mixture of O, and H, is explosive over a broad
concentration range. Recently, Pande and Tonheim®! pointed
out that the non-explosive limit for a gas mixture of H, and O,
in CO, is significantly higher than that in N,. (2) Since O, and
H, are each miscible with CO, above 31 °C, the gas-liquid—
solid three-phase reaction system is simplified to a fluid-solid
two-phase system. This will dramatically reduce, or could even
eliminate, mass transfer resistance. (3) CO, can react with
water present in the reaction system forming carbonic acid,
favoring the stabilization of direct synthesized H,0,. (4) CO,
is non-flammable (a significant safety advantage over conven-
tional organic solvents), naturally abundant, easy to obtain
and less toxic than many other organic solvents [the threshold
limit value (TLV) of CO, is 5000 ppm, while the values
for acetone, methanol and benzene are 750 ppm, 200 ppm
and 0.5 ppm, respectively]. Therefore, it is expected that the
direct synthesis of H,O, from O, and H, in compressed
CO; could be carried out more effectively than that in the
conventional solvents.

However, some contradictory conclusions have been
reported in the literature. Beckman® and Danciu ef al.** had
previously reported that propylene oxide (PO) could be
effectively generated from the oxidation of propylene by
in situ generated H,O, from O, and H, using Pd/TS-1 as the
catalyst and CO, as the solvent. However, Landon et al’?
found that the generation of H,O, in CO, was not as effective
as that in conventional solvents. Until now, there has not
been a reliable method available to measure the amount of
in situ generated H,O, in CO, since: (1) it is difficult to
accurately take H,O, samples from a high pressure reactor
filled with CO,; (2) the precious metal loaded catalyst used
for synthesizing H>O, can also catalyze the decomposition
of generated H,0O,, as was observed by Landon er al.'®
Therefore, simply releasing the reaction pressure and then
taking samples for titration after reaction is not likely to be the
best method to accurately measure the amount of in situ
generated H>O, in compressed CO».

In this paper, the amount of in situ generated H,O, in CO,
was measured by reacting it immediately with an “indicator”
compound. Through the quantification of the conversion of
this “indicator” compound, the amount of in situ generated
H,O, was calculated. Further, the selectivity of H, conversion
to H,O, was measured via a gas chromatograph. Experimental
results showed that H,O, could be effectively synthesized from
0, and H, in CO, with precious metal loaded titanium silicate
(TS-1) as the catalyst.

Results and discussion
Selection of “indicator” compound

An “indicator” compound was used to measure the amount of
in situ generated H,O, in compressed CO, without the need to
titrate samples. This “indicator” had to meet the following
criteria. (1) It should be easily oxidized by H,O, under mild
reaction conditions with TS-1 as the catalyst. One problem
associated with using H,O, as a selective oxidant in carrying
out green oxidation is the presence of water in H,O, solution,
since water can usually cause the deactivation of many
catalysts, especially those used in organic oxidations. The
discovery of TS-1 removed this obstacle because the hydro-
phobic nature of TS-1’s micro-pores favors the diffusion of
organic substrates to the active site and protects the active site
from deactivation by water." This makes TS-1 one of the most
studied catalysts in carrying out green oxidation reactions with
H,O,. Therefore, proving that precious metal loaded TS-1 is
an effective catalyst in direct synthesis of H,O, has special
meaning in future applications. (2) The indicator should not be
oxidized by oxygen alone or hydrogenated; this is obvious
since the mixture of O, and H, is used for direct synthesis
of H>O,. (3) The selectivity to its oxide should be high at
reasonable H->O, concentration, because the formation of
more than one product will make the measurement com-
plicated. (4) The “indicator” should be converted to its
oxide proportional to the amount of H,O, added. (5) The
“indicator” and its oxide should both be soluble in CO,. This
proposed ““indicator” compound can be selected from a list
of various alcohols, tertiary amines and sulfides. Ultimately,
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Fig. 1 Reactions involved in the direct synthesis of H,O, and its
determination.

pyridine was selected as the “indicator” according to above
mentioned criteria.

The reactions involved in the direct synthesis of H,O,
from O, and H, and its determination by using pyridine as the
“indicator” are given in Fig. 1. The oxidation of pyridine
by H,O, is fast, as shown by Prasad et al.** In this study,
the direct synthesis of H,O, was carried out for 5 h at 60 °C
in compressed CO, with pyridine as the ‘“indicator”. Gas
chromatographic (GC) analysis during control experiments
using aqueous H,O, under these conditions showed only two
peaks: one for pyridine N-oxide, and another for un-reacted
pyridine. Further control experiments also showed that
pyridine was not oxidized by O, alone over TS-1 or Pd/TS-1,
or by the mixture of O, and H, with or without TS-1 as the
catalyst.

Direct synthesis of H,O, from O, and H, in CO,

The direct synthesis of H,O, was conducted using a mixture of
O, and H, as the starting reactants over precious metal loaded
TS-1 with pyridine as the “indicator” in compressed CO,. The
amount of in situ generated H,O, from O, and H, could be
calculated according to the obtained pyridine N-oxide yields
by applying the stoichiometric relationship between the in situ
generated H,O, and pyridine N-oxide shown in Fig. 1. Here,
precious metal loaded TS-1 is a bifunctional catalyst: the
precious metal functioned as the catalyst for direct synthesis of
H,0, from O, and H,, while TS-1 functioned as the catalyst
for the oxidation of pyridine by in situ generated H,O,.

The O,/H, molar ratio should have a significant effect on
the direct synthesis of H,O,, although literature results in
conventional solvents showed differing conclusions. Chinta
and Lunsford®® concluded that the selectivity for H,O,
decreased with the increase of the O,/H, molar ratio, and
Hwang ef al.®® found that a feed ratio of O, : H, = 1 : 1 led
to the optimal H,O, production. By contrast, Dalton and
Skinner?® stated that, in order to improve the direct synthesis
of H,O, from O, and H, in an acidic medium containing an
oxygenated or nitrogenous organic compound, the O,/H,
molar ratio should be higher than 3.4. Here we also examined
the effect of O,/H, molar ratio on the direct synthesis of H,O,
in CO, and the results are given in Fig. 2. It reveals that H,
conversion, H,0, selectivity and H,O, yield (see their
definitions in Experimental section) all decreased with an
increase of O,/H, molar ratio. The optimal H, conversion,
H,0, selectivity and H,0, yield were obtained at an O,/H,
molar ratio of 1. Although the reason behind this phenomenon
is not clear, the results in this study coincide with those of
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Fig. 2 Effect of O,/H, molar ratio on the direct synthesis of H,O, in
CO,. Experimental conditions: H, = 6.2 mmol, indicator = 6.2 mmol,
water = 27.8 mmol, 0.35% Pd/TS-1 = 0.05 g; P = 125 bar, T'= 60 °C,
reaction time = 5 h.

Chinta and Lunsford*® and Hwang er al*> In the rest of
this study, the O,/H, molar ratio was kept at 1 in order to
maximize the formation of H,O, in CO,.

The effect of H, concentration on direct synthesis of H,O,
has not been well explored in the literature. The results
shown in Fig. 3 disclose the effect of H, concentration (defined
as the amount of H, added to the reactor over the net volume
of the reactor, mM) on H, conversion, H,O, selectivity and
H,O0, yield at constant O,/H, ratio. It is concluded that with
the increase of H, concentration in the reactor, H, conversion,
H,O, selectivity and H,O, yield all increased until H,
concentration reached 500 mM. When H, concentration was
increased from 250 mM to 500 mM, H, conversion only
increased about 20% (from 52.5% to 62.6%), while H,O,
selectivity almost doubled (from 22.4% to 39.3%). This in turn
resulted in the increase of H,0, yield from 11.8% to 24.6%.
Fig. 3 also shows that when the H, concentration was below
500 mM, the relationship between H,O, yield and H,
concentration was linear, implying that the reaction rate for
the direct synthesis of H,O, from O, and H, in CO, was first
order with respect to H, concentration. Further increase to H,
concentration led to a decrease in H,O, selectivity at similar
H, conversions. The possible reason is that, at higher H,
concentration, the existence of significant amounts of H,
favored the hydrogenation of H,O, (as shown in Fig. 1) over
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Fig. 3 Effect of H, concentration on the direct synthesis of H,O,
in CO,. Experimental conditions: Oy/H, = 1, indicator = 6.2 mmol,
water = 27.8 mmol, 0.35% Pd/TS-1 = 0.05 g; P = 125 bar, T'= 60 °C,
reaction time = 5 h.
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Fig. 4 Effect of catalyst mass on the direct synthesis of H,O, in CO,.
Experimental conditions: Hy = 12.4 mmol, O,/H, = 1, indicator =
6.2 mmol, water = 27.8 mmol, 0.35 %Pd/TS-1; P = 125 bar, 7= 60 °C,
reaction time = 5 h.

the Pd/TS-1 catalyst. Therefore, part of the in situ generated
H>0O, could be hydrogenated before it can react with the
“indicator”.

The influence of catalyst mass on the formation of H,0, is
given in Fig. 4. H, conversion increased with the increase of
catalyst mass, especially at the lower catalyst mass ranges,
while H,O, selectivity initially increased with the increase of
catalyst mass and then steadily decreased. The combination of
these effects resulted in an initial increase and then a plateau in
H,0, yield. This could be attributed to the occurrence of the
hydrogenation of in situ generated H,O, at higher catalyst
concentration, which, in turn, led to the increase in H,
conversion, the decrease in H,O, selectivity and almost no
change in H,O, yield. When conducting direct synthesis of
H,O, using a palladium catalyst in an aqueous medium, [zumi
et al.* also observed a similar phenomenon: the formation of
H,0, increased initially with the increase of catalyst concen-
tration and then reached a plateau with the further increase in
the catalyst concentration.

A survey of the literature showed that high palladium (> 1%
Pd) contents were preferred by many researchers' 14118 jp
carrying out direct synthesis of H,O, from O, and H,. Few
investigators®> examined the direct synthesis by using lower Pd
content catalysts (< 1%Pd). From an economic viewpoint, for
a similar H,0, yield, the lower the Pd content in the catalyst,
the more competitive the catalyst will be. In this study, a series
of catalysts with Pd contents ranging from 0.2-1.0% were used
to conduct direct synthesis of H,O, in CO,, and the results are
given in Fig. 5. With the increase of Pd content in the catalyst,
H, conversion increased while H,O, selectivity decreased
steadily. The combination of these changes led to almost no
change in H,O, yield until the Pd content reached 0.6%.
Further increasing Pd content in the catalyst resulted in a
decrease in H,O, yield. In order to explore the reason behind
this phenomenon, H,O, decomposition experiments were
conducted using catalysts with different Pd contents; the
results are shown in Fig. 6. We should point out that higher
pyridine N-oxide yields in Fig. 6 mean that less H,O, was
decomposed by the catalyst. By comparing with TS-1 alone,
we found that Pd on TS-1 can cause significant decomposition
of H,0,. The amounts of H,O, decomposed by Pd/TS-1
increased with the increase in Pd contents in the catalysts. 1.0%
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Fig. 5 Effect of Pd content on the direct synthesis of H,O, in CO,.
Experimental conditions: Hy = 12.4 mmol, O,/H, = 1, indicator =
6.2 mmol, water = 27.8 mmol, Pd/TS-1 = 0.05 g; P = 125 bar, T =
60 °C, reaction time = 5 h.
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Fig. 6 Experimental results for the decomposition of H,O, by
different catalysts. Experimental conditions: H,O,/indicator = 1,
indicator = 12.4 mmol, catalyst = 0.1 g; P = 1 bar, T = 60 °C,
reaction time = 5 h.

Pd/TS-1 could decompose about 50% of H,O, under the given
experimental conditions. Therefore, the decrease in H,O, yield
when using the higher Pd loaded catalyst was likely because
the higher Pd loaded catalyst could cause the partial decom-
position of in situ generated H,O, before it could react with the
“indicator”. Finally, the lower selectivities observed upon
raising Pd content could be due to hydrogenation of H,O,
as well.

Platinum (Pt) has the ability to promote the direct synthesis
of H,O, from O, and H, over Pd catalysts, the optimal
amount of Pt is typically about one tenth that of Pd.!!*%% In
this study, the influence of adding Pt (Pt/Pd = 0.1 by weight) to
Pd/TS-1 catalysts was investigated, the results, given in Fig. 7,
supported the previous literature conclusions. It can be seen
from Fig. 7 that the addition of Pt to the Pd/TS-1 catalyst had
significant influence on direct synthesis of H,O, in compressed
CO,, especially when Pd content was less than 0.6%. This
influence was mainly on H,O, selectivity, while for H,
conversion, it was minor. The combination of these effects
led to an increase in H,O, yield. For example, adding 0.02% Pt
to 0.2% Pd/TS-1 could increase H,O; selectivity from 43.8% to
56.1% with almost no change in H, conversion, which, in turn,
resulted in the increase in H,O, yield from 23.9% to 31.7%.
As pointed out by Meiers et al,** during the preparation of
Pd/TS-1, the interaction of the Pd precursor, [Pd(NH;),J*",
with TS-1 (support) created a new Pd species, Pd(11), with a
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Fig. 7 Effect of adding Pt to the Pd/TS-1 catalysts in direct synthesis
of H,0,. Experimental conditions: H, = 12.4 mmol, O,/H, = 1,
indicator = 6.2 mmol, water = 27.8 mmol, catalyst = 0.05 g; P =
125 bar, T = 60 °C, reaction time = 5 h.

binding energy in the range of 337.2-337.8 eV. This new Pd
species was neither Pd° (binding energy in the range of 335.3—
335.5 eV) nor PdO (binding energy: 336.1-336.2 ¢V), and it
played an important role in epoxidation of propylene by the
mixture of O, and H, (via the in situ generation of H,0,).
Adding small amounts of Pt to Pd/TS-1 could dramatically
increase the fraction of Pd(1) sites, thus, leading to an increase
in H,0, yield. However, one should be aware that the addition
of Pt to Pd/TS-1 affects not only the Pd oxidation state but
also particle features. A further increase in Pt content could
only slightly increase the fraction of Pd(11), but significantly
changed the surface morphology of the Pd aggregates
from primarily needle-shaped to a mixture of needle-shaped
crystallites and the undesirable spherical crystallites.*

Interaction between H>O, and TS-1

Upon contact between H,O, (pre-formed or in situ generated)
and TS-1, two reactions occur simultaneously. The first
reaction, as disclosed by Antcliff et al *' could be called
“self-degradation” of H,O, catalyzed by TS-1 to generate
HOO’, with subsequent deprotonation to form superoxide
(O, or OO") radicals. Some of these radicals could eventually
form O,, especially when TS-1 is loaded with a metal. The
second reaction (and also the dominant one) is the formation
of Ti-peroxo species—which are active in oxidation reactions.
However, Bonino er al.** observed that a small fraction (about
10%) of peroxo species (characterized by a cream color)
appeared to be poorly reactive toward organic substrates. This
implies that, in any oxidation reaction involving H,O, and
TS-1, part of the consumed H,O, will not play any role in
catalytic oxidation reactions owing to degradation over TS-1.

We conducted a series of experiments using different
amounts of pre-formed 30% aqueous H,O, solution in
compressed CO, to oxidize the “indicator’”” under the reaction
conditions given in Table 1. The relationship between H,O,/
pyridine molar ratios and the pyridine N-oxide yields is shown
in Fig. 8. It is clear from these data that in the case of pre-
formed H,0,, only about 70% of the consumed H,0, reacted
with the “indicator” to generate pyridine N-oxide in com-
pressed CO,. It should be pointed out that there might be a
difference in pyridine N-oxide yield found using pre-formed

Table 1 Experimental conditions in determining the calibration curve
in COy!

H,0,/mmol 029 049 097 1.55 3.11 6.21 8.73
HZOZI;)yridine (mol/mol) 0.047 0.079 0.16 0.25 0.50 1.01 1.41
Water”/ml 0.47 045 040 034 018 — —

¢ Indicator = 6.2 mmol, TS-1 = 0.05 g; P = 125 bar, T = 60 °C,
reaction time = 5 h. ” Water was used to compensate the total
volume of liquid reactants if it was less than 1.0 ml.
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Fig. 8 Calibration curve for the measurement of H,O, in CO,.
Indicator = 6.2 mmol, TS-1 = 0.05 g; P = 125 bar, 7 = 60 °C, reaction
time = 5 h.

H,O, versus using in situ generated H,O,. By adding small
aliquots (10-20 pL) of pre-formed H,O, every 5 minutes into
the reactor, one could possibly mimic the in situ generation of
H,0, from O, and H,. The result at ambient pressure and
60 °C showed that the difference in pyridine N-oxide yield
between adding pre-formed H»O, at the beginning and adding
it aliquot by aliquot was within 10%. Therefore, we might say
that the H,O, yield obtained in this study during reactions in
CO, was the minimum amount of in situ generated H,O,,
while the H,O, selectivity was the minimum selectivity toward
the direct synthesis of H,O, from O, and H, in compressed
CO,. In comparison, we recalculated the H,O, selectivity and
yield by using the calibration curve given in Fig. 8. The results
are listed in Table 2. Naturally, at the same H, conversion,
H,O, selectivity and yield calculated using the calibration
curve were each higher than those obtained before—these
results might represent an upper bound to these values.

Table 2 The comparison of experimental results with and without the
consideration of the calibration curve®

HzOz H202

H, . selectivity (%)  yield (%)

conversion
Catalyst (%) A’ B’ AP B’
0.2% Pd/TS-1 54.7 438 629 240 344
0.35% Pd/TS-1 62.5 393 564 246 353
0.6% Pd/TS-1 67.2 37.5 538 252 36.1
1.0% Pd/TS-1 72.0 266 382 19.2 27.5
(0.2% Pd + 0.02% Pt)/TS-1  56.5 56.1 80.4  31.7 455
(0.35% Pd + 0.035% Pt)/TS-1 63.7 448 643 285 41.0
(0.6% Pd + 0.06% Pt)/TS-1  63.8 414 594 264 378
(1.0% Pd + 0.1% Pt)/TS-1 75.4 269  38.7 203 29.1

¢ Experimental conditions: H, = 12.4 mmol, O,/H, = 1, indicator =
6.2 mmol, water = 27.8 mmol, catalyst = 0.05 g; P = 125 bar, T =
60 °C, reaction time = 5 h. ® A is the results without considering
degradation of H,O, on TS-1 and the calibration curve; B is the
results with the consideration of calibration curve.
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Chemicals and catalysts

The purities of O,, H, and CO, (from Penn Oxygen, Jeannette,
PA, USA) used in this study were all above 99.9%. Pyridine
(99+%, Aldrich), pyridine N-oxide (95%, Aldrich), H,O, (30%,
J. T. Baker), methanol (99.9%, Fisher), [Pd(NHj3)4](NO3),
(10% (wt) solution in water, Aldrich) and Pt(NH3),Cl,-H,O
(98%, Aldrich) were all used as received without further
purification.

TS-1 and 0.35%Pd/TS-1 were from Lyondell Chemical
Company. The methods for preparing 0.2% Pd/TS-1, (0.2%
Pd + 0.02% Pt)/TS-1, (0.35% Pd + 0.035% Pt)/TS-1, 0.6%
Pd/TS-1, (0.6% Pd + 0.06 %Pt)/TS-1, 1.0% Pd/TS-1 and (1.0%
Pd + 0.1% Pt)/TS-1 catalysts were similar to that given by
Hancu ez al.** The procedures of this method were described in
the following, with the preparation of (1.0%Pd + 0.1%Pt)/TS-1
as an example: 3.0 g of TS-1 and 12 ml of deionized water
were added to a glass flask and then heated to 80 °C under
continuous stirring. To this solution, 0.82 ml of 10% (wt)
[PA(NH3)4](NOs3), solution and 0.26 ml of 2% (wt)
Pt(NH3)4Cl, solution were added. This mixture was kept
stirring for 24 h and then cooled to room temperature. The
solid was recovered by filtering and washing 3 times with
deionized water and then dried at 80 °C overnight. It was then
calcined in air at 150 °C for 4 h and reduced by H, at room
temperature for 4 h.

General procedures for direct synthesis of H,O, in CO,

Direct synthesis of H,O, from O, and H, in compressed CO,
was conducted in a 30 ml stainless steel reactor manufactured
by the University of Pittsburgh. A cylindrical glass liner was
used to prevent the decomposition of H,O, by the metal wall.
The net reactor volume was therefore reduced to 25 ml.
Initially, the reactor and the glass liner were both passivated
with 35% HNOj; for 4 h and 30% H,O, for 10 h; after each
experiment, they were also passivated by 30% H,O, for 4 h.
In a typical experiment, 0.5 ml of “indicator” compound
(pyridine), 0.5 ml water and 0.05 g of catalyst were loaded in
to the reactor. A magnetic stirring bar was placed inside the
reactor in order to keep the reactants mixing well. The reactor
was first charged with known amount of O,/CO,, followed by
CO,, and then known amount of H,. The reaction pressure
was finally adjusted to 125 bar by adding more CO,. The
reaction temperature was controlled at 60 °C by a stirrer/
hotplate. The direct synthesis of H,O, was allowed to run for
5 h, and the amount of un-reacted H, in the reactor was
analyzed by using an online HP 5890A gas chromatograph
(GC) equipped with a TCD detector and a HayeSep D packed
column (20ft x 1/8”’) and controlled by a HP ChemStation.
The reactor was then ice-cooled to 0-5 °C and the gas mixture
inside the reactor was vented into a certain amount of
methanol. This methanol solution was used to extract pyridine
N-oxide and un-reacted pyridine from the reactor and
analyzed by another 5890A GC equipped with a FID detector
and a DB-1 capillary column (30 m x 0.253 mm x 0.50 pm)
to determine the quantities of pyridine N-oxide and pyridine.
A proportional relief valve was installed for safety.

H, conversion, H,O, selectivity and H»O, yield were defined
by the following equations.

H, conversion (%)=

the amount of H, consumed during reaction (mmol)

1
the amount of H, added to the reactor (mmol) <100
H, 0, selectivity (%)=
the amount of in situ generated H,O, (mmol) < 100

the amount of H, consumed during reaction (mmol)
H202 yleld (%) =

the amount of in situ generated H,O, (mmol)

100
the amount of H, added to the reactor (mmol) *

The experiments for obtaining calibration curve were similar
to the direct synthesis of H,O, except that the reactants were
0.5 ml of “indicator” compound (pyridine), a certain amount
of 30% H,0, and 0.05 g TS-1. If the total volume of reactants
was less than 1.0 ml, water was added to compensate the rest
volume. The reaction pressure was adjusted to 125 bar by
using only compressed CO,. The yield of pyridine N-oxide was
also analyzed by the GC.

General procedures for the decomposition of H,O,

The experiments for the decomposition of H,O, were con-
ducted at ambient pressure in a 50 ml glass flask. The flask was
placed in an oil bath in order to keep temperature at 60 °C
during the experiment. 0.1 g of catalyst and 12.4 mmol of
“indicator” compound (pyridine) were placed into this flask.
12.4 mmol of 30% H,O, was then added to the above mixture
and the reactor was kept stirring for 5 h. During the decom-
position experiment, the flask was connected to a condenser
to prevent the reactants from evaporating. After reaction,
methanol was used to extract product and reactant. This
methanol was analyzed by 5890A GC to determine the yield of
pyridine N-oxide.

Conclusion

Based on the criteria given in this study, pyridine was selected
as an “indicator” compound to react quickly with H,O,
synthesized from O, and H, in compressed CO, over precious
metal loaded TS-1.

The experimental results in this study showed that H>O,
could be effectively synthesized from O, and H, in compressed
CO,. H, conversion, H,O, selectivity and H,O, yield all
decreased with an increase in O,/H, molar ratio. The optimal
O,/H, molar ratio was 1 in the range of this study. An increase
in H, concentration led to an increase in H, conversion, H,O,
selectivity and yield. H,O, yield was linearly proportional to
H, concentration below 500 mM of H,, implying that direct
synthesis of H,O, from O, and H, in compressed CO, was
first order with respect to H, concentration. H, conversion
increased, while H>O, selectivity decreased, with the increase
of catalyst mass, these in turn resulted in almost no change in
H,O, yield in a broad range of catalyst mass. Experimental
results also proved that H, conversion increased with an
increase of Pd content in Pd/TS-1 catalyst, while H,O,
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selectivity decreased. The combination of these effects led to
the almost no change in H>O, yield versus Pd content from
0.2-0.6%. The addition of Pt to the Pd/TS-1 catalysts has a
significant positive influence on H,0, selectivity, while its
effect on H, conversion is minor.

Since the support, TS-1, used in this study is an excellent
catalyst for using H,O, to conduct green oxidations, the direct
synthesis of H,O, from O, and H, in CO, with precious metal
loaded TS-1 as the catalysts could be used as an in situ H>O,
source in carrying out selective oxidation. From our work with
pyridine, it appears that the formation of the H,O, would be
the limiting step in simple oxidations. If the reaction of O, and
H, in CO, was desired for generation of H,O, as the final
product, one should design the system such that the H,O, is
quickly removed from the vicinity of the Pd/Pt catalyst (to
minimize degradation). It is likely in such as case that a
different support for the metals would be employed.
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ADDITIONS AND CORRECTIONS www.rsc.org/greenchem | Green Chemistry

The large scale synthesis of pure imidazolium and pyrrolidinium ionic liquids

Anthony K. Burrell, Rico E. Del Sesto, Sheila N. Baker, T. Mark McClesky and Gary A. Baker

Green Chem., 2007, 9, 449-454, (DOI: 10.1039/b615950h)

The caption for Fig. 3 should read: Fluorescence spectra of 1-butyl-3-methylimidazolium tetrafluoroborate, commercial samples
(A and B) and a sample prepared in our laboratory (C).

The text related to Fig. 3 should also read: 1-butyl-3-methylimidazolium tetrafluoroborate.

The Royal Society of Chemistry apologises for these errors and any consequent inconvenience to authors and readers.

Additions and corrections can be viewed online by accessing the original article to which they apply.
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Fast tracked communications

Lab on a Chip is the leading journal on miniaturisation at the micro-
and nano-scale. Highly cited and known for its quality research, Lab
ona Chip has a healthy impact factor of over 5 to compliment the
consistently growing publication that it is. Communications are given
the highest pricrity throughout the publication process, and with
submission rates increasing steadily, Lab on a Chip’s ability to host the
most up to date research is becoming fast known throughout the
research community.

A simple pneumatic setup for driving microfluidics
Thomas Braschler, Lynda Metref, Ronit Zvitov—Marabi,
Harald van Lintel, Nicolas Demierre,

Joél Theytaz and Philippe Renaud, Lab Chip, 2007, 7
DOI: 10.1039/b617673a

01060701

A class of low voltage, elastomer-metal ‘wet’ actuators for use
in high-density microfluidics

Tushar Bansal, Meng-Ping Chang and Michel M. Maharbiz,

Lab Chip, 2007, 7 Lab on a Chip
DOI: 10.1039/b614419e Seekmbm——

Accelerated synthesis of titanium oxide nanostructures using
microfluidic chips

Ben F. Cottam, Siva Krishnadasan, Andrew J. deMello,

John C. deMello and Milo S. P. Shaffer, Lab Chip, 2007, 7

DOI: 10.1039/b616068a

Solvent resistant microfluidic DNA synthesizer sscwmry = e AN
Yanyi Huang, Piero Castrataro ¥, Cheng-Chung Lee +
and Stephen R. Quake, Lab Chip, 2007, 7

DOI: 10.1039/b613923] Submit your next communication to Lab ona Chip at
www.rsc.org/ReSourCe
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A series of PCCP special issues guest edited by
Joachim Maier (MPI Stuttgart),

Dirk Guldi (Universitat Erlangen-Niirnberg), and
Adriano Zecchina (University of Torino)

Following on from the highly successful nano-
themed issues, PCCP presents a series of
themed issues on Alternative Fuel Technologies.
Published in selected printed issues of PCCP in
spring 2007 and collected online on a dedicated
website, these issues feature the very latest
research including:
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