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EDITORIAL
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Chemical activation by mechanochemical mixing,
microwave and ultrasonic irradiation

Rajender S. Varma*

Rajender Varma discusses the new strategies that are being developed to
make chemical processes cleaner.

This journal is © The Royal Society of Chemistry 2008 Green Chem., 2008, 10, 1123-1128 | 1123
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Organocatalytic reactions: effects of ball milling,
microwave and ultrasound irradiation

Angelika Bruckmann, Anke Krebs and Carsten Bolm*

An overview of the uses of ball milling, microwave and ultrasound
irradiation in organocatalytic reactions.
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1142
Switching the basicity of ionic liquids by CO;

Wenjing Li, Zhaofu Zhang, Buxing Han,* Suqin Hu,
Jinliang Song, Ye Xie and Xiaosi Zhou

The basicity of several basic ionic liquids is studied quantitatively for the
first time. The basicity of the ionic liquids can be switched repeatedly by
bubbling CO, and N, through the solution alternately.

PAPERS

12

114

10

co,

50 100 150 200

Time, min

1146

Comparative assessment of an alternative route to
(5-benzylfuran-3-yl)methanol (Elliott’s alcohol), a key
intermediate for the industrial production of resmethrins

Goffredo Rosini, Valerio Borzatta, Claudio Paolucci and
Paolo Righi*

The details of a new alternative and greener route to a Resmethrin
intermediate are reported. A quantitative comparative assessment of this
new route over the best existing one is also reported.

1152
Purity specification methods for ionic liquids

Annegret Stark,* Peter Behrend, Oliver Braun, Anja Miiller,
Johannes Ranke,* Bernd Ondruschka and Bernd Jastorff

An array of various quantitative analytical methods for the
determination of the purity has been developed and compiled to
facilitate the specification of organic and inorganic starting materials,
solvents, water and decomposition products in ionic liquids.

This journal is © The Royal Society of Chemistry 2008

Green Chem., 2008, 10, 1123-1128 | 1125


http://dx.doi.org/10.1039/B817814N

Downloaded on 09 November 2010
Published on 01 November 2008 on http://pubs.rsc.org | doi:10.1039/B817814N

PAPERS

View Online

1162

50 nm

The role of the support in achieving high selectivity in the
direct formation of hydrogen peroxide

Edwin Ntainjua N., Jennifer K. Edwards, Albert F. Carley,
Jose Antonio Lopez-Sanchez, Jacob A. Moulijn,

Andrew A. Herzing, Christopher J. Kiely and

Graham J. Hutchings*

The selection of the support for the active Au-Pd nanoparticles is shown
to be a major factor in designing selective catalysts for the direct
synthesis of hydrogen peroxide.

1170

/
/' molecular \
solvents '\

solvent-free
route

Evaluating the greenness of alternative reaction media

Denise Reinhardt,* Florian Ilgen, Dana Kralisch,
Burkhard Konig and Giinter Kreisel

The application of alternative reaction media (ionic liquids,
carbohydrate—urea melts, solvent-free alternative) in a Diels—Alder
reaction is evaluated and compared to conventional solvents with the
help of an economic and ecological screening method in order to
accentuate opportunities and challenges.

1182
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Synthesis of dialkyl ethers by decarboxylation
of dialkyl carbonates

Pietro Tundo,* Fabio Arico, Anthony E. Rosamilia and
Sofia Memoli

The decarboxylation reaction of dialkyl carbonates to give their related
ethers was investigated. The influence of several reaction parameters on
the selectivity was studied. Symmetrical and dissymmetrical dialkyl
ethers can be synthesised with yields up to 80%.

1190
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abietic acid abietyl alcohol (1) abietyl glycidyl ether (1)

Synthesis of biobased epoxy and curing agents using rosin
and the study of cure reactions

Honghua Wang, Bo Liu, Xiaoqing Liu, Jinwen Zhang* and
Ming Xian*

Abietyl glycidyl ether and methyl maleopimarate have been synthesized;
the former representing rosin-based epoxies, and the latter representing
rosin-based anhydride curing agents. Cure reactions were also studied.

1126 | Green Chem., 2008, 10, 1123-1128
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1197

Thermoregulated aqueous biphasic catalysis of Heck
reactions using an amphiphilic dipyridyl-based ligand

Hicham Azoui, Krystyna Baczko, Stéphanie Cassel and
Chantal Larpent*

A neat water-based catalytic system for C-C coupling reactions that
allows the product/catalyst separation by a simple variation of
temperature without the need of organic solvent.
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1204

Hydrothermal carbon from biomass: a comparison of the
local structure from poly- to monosaccharides and
pentoses/hexoses

Maria-Magdalena Titirici, Markus Antonietti and
Niki Baccile*

Similarities and differences between hydrothermal carbon powders
obtained from mono-, polysaccharides, both in their hexose and pentose
forms, and their furan-like dehydration derivatives (HMF and furfural)
are discussed.
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1213

Developmental toxicity assessment of the ionic liquid
1-butyl-3-methylimidazolium chloride in CD-1 mice

Melissa M. Bailey, Megan B. Townsend, Peter L. Jernigan,
John Sturdivant, Whitney L. Hough-Troutman,

Jane F. Rasco, Richard P. Swatloski, Robin D. Rogers* and
Ronald D. Hood

Many toxicity studies have been performed on the commonly used ionic
liquid, 1-butyl-3-methylimidazolium, yet none have determined the
maternal or developmental toxicity.

1218

A CO,/H;,0,-tunable reaction: direct conversion of
styrene into styrene carbonate catalyzed by sodium
phosphotungstate/n-BusNBr

Jing-Lun Wang, Jin-Quan Wang, Liang-Nian He,*
Xiao-Yong Dou and Fang Wu

A facile synthesis of styrene carbonate was realized directly from styrene
and CO, in an environmentally benign manner with an inorganic base as
a “deprotonation reagent”, a recyclable catalyst system, and mild
reaction conditions. Selective formation of carbonate 1a and
preferentially producing benzoate 1b could be controlled by subtly
tuning the quantities of CO, and H,0,.

0
COleaH003 0)1\0
H,0, (4 equiv.) ) [ 1a
Cat./TBAB Ph
50°C,12h Yield: 68%
H,0; (12 equiv.) o 1b
O _Ph
Ph
Yield: 65% ©

This journal is © The Royal Society of Chemistry 2008
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q RX + CS, + HN/ \, Cu nanoparticles s N/ 5 One-pot copper nanoparticle-catalyzed synthesis of S-aryl-
2 N H,0, reflux R” \n/ ~ and S-vinyl dithiocarbamates in water: high

6-10h S
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diastereoselectivity achieved for vinyl dithiocarbamates
Sukalyan Bhadra, Amit Saha and Brindaban C. Ranu*

Copper nanoparticles efficiently catalyze the three-component
condensation of an amine, carbon disulfide and aryl iodide or styrenyl
bromide in water to produce the corresponding S-aryl or S-styrenyl
dithiocarbamates in high yields. High diastereoselectivities are achieved
for styrenyl derivatives.

Downloaded on 09 November 2010
Published on 01 November 2008 on http://pubs.rsc.org | doi:10.1039/B817814N

1231
q Recyclable indium catalysts for additions of 1,3-dicarbonyl
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Scientists have made a range of
structures that mimic water-
repellant surfaces found in nature.

The team, led by Wei Pan at
Tsinghua University, Beijing, China,
developed a new electrospinning
technique that aligns hydrophobic
polymer nanofibres as they
form from solution by collecting
them on a thin silver wire. When
they collected the fibreson to a
flat surface instead of the wire,
the fibres formed in arandom
arrangement.

Wu showed that the random
arrangement of fibres resulted in a
hydrophobic surface like that of the
lotus leaf, on which water droplets
canrollin all directions with equal
ease, known as isotropic wetting.
But he found that the aligned fibres
formed a surface on which water
droplets roll off preferentially in
one direction. This behaviour,
known as anisotropic wetting, is
displayed by bamboo leaves, goose
feathers and the legs of water
strider insects, but it has never
before been successfully mimicked
by man.

for studying cells

the environment

©The Royal Society of Chemistry 2008

Lab-on-an-egg-beater
Scientists whip up a new centrifuge using a kitchen utensil

‘We believe we are the first team
to realise surfaces with anisotropic
wetting in two or three directions
in large scale by nanofibres. And
we also successfully made artificial
water strider’s legs with fibrils for
the first time,” says Wu.

Wu’s artificial water strider can
float on the surface of awater bath
while carrying a weight of one
gram, 100 times heavier than the
real insect. The supporting force

Microcontainers hold cells captive
Porous containers provide a realistic three-dimensional environment

Interview: Finger on the pulse
Spiros Pergantis talks to May Copsey about metals in biology and in

Instant insight: Dendrimers in the spotlight
Seok-Ho Hwang, Charles Moorefield and George Newkome examine
the use of dendrimers in organic light-emitting diodes

The artificial water
strider carries aweight
100 times heavier than
therealinsect (inset)

Reference

H Wu et al, Soft Matter,
2008, DOI: 10.1039/
b805570j

hemical Technology

Polymer nanofibres imitate wetting behaviour of leaves, feathers and insects

Like water off aduck’s back

achieved could be anew record, Wu
says: ‘It was more than 200 dynes
per centimetre, which is higher
than that of any previously reported
man-made water strider.’

Wu says he believes the
technology could have some
exciting uses. ‘It may find its
application in microfluid control,
non-wetting and self-cleaning
surfaces, and also biologically
inspired water strider robots, which
could serve as a new type of aquatic
vehicles, he says.

Polymer expert Vladimir
Tsukruk, from the Georgia Institute
of Technology, Atlanta, US, is
enthusiastic about the work. ‘This
is very intriguing research. This
technology-friendly approach
of creating a three dimensional
surface with distributed anisotropic
wettability looks appealing for
applications such as sophisticated
tissue engineering. Also, it could
be useful for fluid separation
processes and microfluidic arrays
with distributed droplet motion
control,” he comments.

James Hodge

Energy &
Environmental Science

urnal of
nvironmental
Monitoring

Dalton
Transactions

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

Chem. Technol., 2008, 5, T81-T88 T81
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PCR method allows fast detection of bacteria on rotting seafood

How freshis your fish?

Rapid and accurate detection of the
bacteria that make fish go off is now
possible, according to scientists in
Iceland.

Eyjélfur Reynisson from Matis—
Icelandic Food Research, Reykjavik,
and colleagues, have developed a
method that uses the polymerase
chain reaction (PCR) to amplify,
detect and quantify DNA sequences
from Pseudomonas bacteria in fish.

Pseudomonas bacteria
play an important role in
seafood spoilage. They live
on the surface, gills and in
the gut of living fish. Soon
after a fish dies, the bacteria invade
the flesh and start to break it down.
The bacteria grow and multiply,
producing compounds responsible
for the unpleasant fishy smell often
associated with old seafood.

‘Real-time PCR detection
technologies are fairly new in the
scientific world in comparison to

‘_‘—'—-———
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conventional cultivation methods,’
says Reynisson. He explains that
the new assay is much quicker than
conventional detection methods
and Paw Dalgaard, who studies
microbial seafood spoilage at DTU

-
-

=29

Pseudomonas bacteria
(top) are responsible for
the strong fishy smell of
old seafood

Aqua, Kongens Lyngby, Denmark,
agrees. ‘The new real-time PCR
method allows quantification

of spoilage Pseudomonas in fish
within about five hours compared
to approximately 20 hours for the
conductance assay, which was
previously the fastest method,” says
Dalgaard.

This short detection time will
provide the fish industry with an
important tool for monitoring
contamination by spoilage bacteria
and for quality control, claims
Reynisson. ‘Using this technique
in combination with predictive
microbiological models might
provide a tool for predicting the
remaining shelflife of the product
in the future,” he added.

Sarah Corcoran

Reference
E Reynisson et al, J. Environ. Monit., 2008,
DOI: 10.1039/b806603e

Abiofuel cell inspired by living organisms

Sugar-powered electronics

Japanese scientists have made a
biofuel cell that produces enough
power to run an mp3 player or a
remote controlled car.

Inspired by power generation
in living organisms, Tsuyonobu
Hatazawa, from the Sony
Corporation, Kanagawa, and
colleagues developed a bio-
battery that generates electricity
from glucose using enzymes as
catalysts.

Typical biofuel cell consists
of an anode and a cathode
separated by a proton-conducting
membrane. A renewable fuel,
such as a sugar, is oxidised by
microorganisms at the anode,
generating electrons and protons.
The protons migrate through the
membrane to the cathode while
the electrons are transferred to the
cathode by an external circuit. The
electrons and protons combine
with oxygen at the cathode to form
water.

Until now, the energy output

T82 Chem. Technol.,2008,5, T81-T88

from biofuel cells has been too
low for practical applications.
Electron transfer in a biofuel cell
can be slow so Hatazawa used
anaphthoquinone derivative
-known as an electron transfer
mediator - to shuttle electrons
between the electrodes and
enzymes. This increased the
current density — a measure of the
rate of an electrochemical reaction

39 mm

The biofuel cell can
power an mp3 player
with a set of speakers

Reference

H Sakai et al, Energy Environ.
Sci., 2008, DOI: 10.1039/
b809841g

- and increased the power output.

To increase the current density
further, Hatazawa packed the
mediator and enzymes on to a
carbon-fibre anode. The large
surface area and porosity of the
electrode avoided disruption to
glucose transport and maintained
enzyme activity. They used a
similar design to optimise the
cathode so it supplied oxygen
efficiently to the fuel cell.

When the researchers stacked
four of the cells together, they
achieved a power output of 100
milliwatts - enough to run an mp3
player with speakers or a small
remote controlled car.

Adam Heller, an expertin
bioelectrochemistry from the
University of Texas at Austin,

US, says the research ‘will give
much needed impetus to the
development of useful biofuel
cells, after years of studies aimed
at unachievable goals’.

Nicola Burton

©The Royal Society of Chemistry 2008
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Ahand-powered egg beater can act
as a centrifuge for separating plasma
from blood, thanks to modifications
made by US scientists.

George Whitesides and
colleagues at Harvard University,
Cambridge, carried out the work
to enable point-of-care disease
detection in developing countries.

Many immunoassays require
plasma to diagnose disease.
Typically, blood is transported to a
lab where the plasma is separated
by electrically-powered centrifuges
and stored in refrigerators. But the
equipment is expensive and difficult
to move, which hinders its use in
rural and developing communities
where people cannot travel easily to
health centres.

‘The objective was to separate
serum from blood using readily
obtained materials in a resource-
constrained environment,” explains

Whitesides. “The work opens eyes to
new possibilities.’

The cheap, portable and readily-
available egg beater can be used
at the point of care, meaning that
health workers can diagnose illness

Scientists whip up new centrifuge using kitchen utensil

Lab-on-an-egg-heater

The egg heater separates
plasma from blood cells

in remote areas. The technique also
uses smaller volumes of blood than
regular centrifuges.

“This technique is simple and
works remarkably well,” says Doug
Weibel, an expert in microbiology
atthe University of Wisconsin-
Madison, US. “This technique
complements several other “simple
solutions” that the Whitesides
group has developed to tackle point-
of-care diagnostics in resource-poor
settings. The most striking thing
about this collection of technologies
is that they address a specific need
or capability while carefully taking
into consideration the limitations of
the environment in which they will
be operated.’

Robin Forder

Reference
A P Wong et al, Lab Chip, DOI: 10.1039/
b809830¢c

US scientists have made miniature
containers that can catch and
encapsulate cells.

Microwells in substrates are
often used for studying cells but
they can only be accessed from
the top surface. David Gracias and
colleagues from Johns Hopkins
University, Baltimore, made 3D
porous microcontainers that
are accessible from all sides,
meaning cells can interact more
with surrounding media. ‘Life is
not 2D so these containers give a
more realistic environment when
studying biological systems,’
explains Gracias.

Gracias’ group made the
containers from 2D cruciform
templates, each with six faces
joined by hinges made from metal
and a polymer. They patterned
the flat templates with pores
using lithography. When they
heated the template to 40°C, the
polymer softened, causing the
hinges to bend. The template
folded together into a porous

©The Royal Society of Chemistry 2008

cubic container, capturing inside
any nearby objects, such as cells.
“We’ve shown that the process does
notKkill cells so it is compatible
with live cells and organisms,” says
Gracias.

The containers can load
themselves with biological
objects without the need for

Porous containers provide a realistic environment for studying cells

Microcontainers hold cells captive

The porous template
folds into a cube when
heated, capturing nearby
objects

Reference

T G Leong et al, Lab Chip,
2008, 8, 1621 (DOI: 10.1039/
b809098;j)

microinjection or pipetting. This
makes experiments that require
slightly different conditions in
each container easier and quicker,
explains Gracias.

David Beebe, who engineers
cellular scale systems at the
University of Wisconsin, Madison,
US, called the work ‘a step forward
over previous work by other
scientists’, adding that it ‘extends
the functionality and potential
applications of engineered
microcontainers’.

Aswell as studying cells and
biological systems, Gracias says he
hopes the containers could be used
for drug delivery, envisaging that
the pores could control how much
drugis released from the container.
The current containers are the
right size for cells but if drugs and
biologically active molecules are
to be encapsulated in the future,
Gracias says he will have to make
the containers even smaller with
very precise pores.

Fay Riordan
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Boronate polymer offers rapid and sensitive explosive detection

Fluorescent polymer detects peroxide

US scientists have developed an easy
route to a polymer that can detect
peroxide-based explosives.

Security teams need robust and
portable explosive-detection devices
to help prevent terrorist attacks. But
peroxide-based explosives, such as
triacetone triperoxide (TATP) and
hexamethylene triperoxide diamine
(HMTD), are challenging targets for
detection because they lack aromatic
or nitro groups. Jason Sanchez and
William Trogler at the University
of California, San Diego, US, have
developed a new route to aboronate-
based polymer that they say can
rapidly detect low quantities of these
explosives.

Trogler explains that the key to
detecting TATP and HMTD is to
detect the hydrogen peroxide they
produce when they decompose.
Current methods for detecting
hydrogen peroxide typically involve
liquid sampling, he says, which is not
ideal for practical applications.
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Sanchez and Trogler linked
together molecules containing
two boronate groups with a tetra-

The boronate-based
polymer could be used
for airport security

hydroxy compound, in a process

called double transesterification. Not
only is this the first application of this
reaction to the synthesis of stabilised
boronate polymers, says Trogler,

but the polymer product fluoresces
within 30 seconds when exposed to
hydrogen peroxide vapour at levels
as low as 30 parts per million.

“This is an excellent piece of work
and a nice addition to the toolbox of
polymer chemists,” says Ben Zhong
Tang, an expert in polymer science at
the Hong Kong University of Science
& Technology, China.

Trogler concludes that their
polymer ‘provides a robust low-cost
alternative to current technology’
for detecting hydrogen peroxide,
something that Tang agrees ‘will be
of great importance for homeland
security’.

David Barden

Reference
J C Sanchez and W C Trogler, J. Mater. Chem.,
2008, DOI: 10.1039/b809674k

New precursors for key component of electronic circuits

Toughening up thin films

UK scientists have made thin films
that could help to make electronic
devices faster and smaller.

Claire Carmalt’s group at
University College London,
in collaboration with the
manufacturing chemicals
producer, SAFC Hitech in
Bromborough, used chemical
vapour deposition (CVD) to
produce thin films of tungsten
carbonitride from new precursor
materials.

Today’s society demands faster
and higher capacity electronic
devices such as computers,
calculators and mobile phones.
To improve these gadgets, their
circuitry must be reduced in size.
The barrier layer, which can be
made from tungsten carbonitride,
is a key component of electronic
circuits. It prevents the circuit
degrading by stopping copper
diffusion from the circuit’s wires
into the semiconducting silicon
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Tungsten carbonitride
films are made by
chemical vapour
deposition
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components. To reduce the
circuit’s size, this barrier layer
must be made smaller and CVD
can help by allowing scientists
to deposit the layer over smaller
areas.

Carmalt’s group investigated
arange of tungsten imido
complexes to produce precursors
with ideal thermal properties for
CVD. They successfully tuned the

ligands surrounding the tungsten
centre to optimise the thermal
properties of the precursors to
produce tungsten carbonitride
thin films. The films produced by
the team were uniform, adhesive,
hard and resistant to scratching
with a steel scalpel.

‘By studying the thermal
properties of the precursors, we
get anidea of how they decompose
and so what conditions we need to
get film deposition,” says Carmalt.
‘It also gives us an idea of their
stability and hence what their
shelf-life would be for potential
industrial applications.’

George Koutsantonis,
an expertin CVD from the
University of Western Australia,
Perth, comments that this
work ‘demonstrates the clear
advantages that chemists have
with their structured approach to
materials synthesis’.

Ruth Doherty

©The Royal Society of Chemistry 2008
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Spiros Pergantis is an associate
professor in analytical
chemistry at the University

of Crete and amember of the
Journal of Analytical Atomic
Spectrometry Advisory
Editorial board. His research
involves the development

and application of analytical
methods for the detection and
characterisation of metal-
containing species in a variety
of biological and environmental
samples.

©The Royal Society of Chemistry 2008

The flying chemist

Spiros Pergantis talks to May Copsey about metals in biology and the
environment, the future of metallomics and how he nearly became a pilot

Why did you decide to hecome a chemist?

I come from a generation in Greece where many

of our parents, because of the war, were not well
educated. So it was important for them that we got
agood education, and natural sciences were easy
for me. I like experimental subjects. In high school,
I wanted to figure out what chemistry was about so
itbecame my first choice. For the first six months
in university, I didn’t like it very much because

the practical labs weren’t very inspiring. I almost
took another option - to become an air force pilot.
To become a pilot in Greece, you have to go into
amilitary national academy. I had the marks but
they needed an approval form. Luckily, my parents
refused to sign it. T had to become more patient
with chemistry and in my second year, I really
started to appreciate it.

When did you decide to specialise in analytical
chemistry?

I went to the University of British Columbia in
Vancouver and did my PhD with Professor William
Cullen. That was a great experience. Bill Cullen

is a synthetic inorganic chemist who had gone

into analytical chemistry to study speciation in

real samples, so I'm a bit of a mix. For some of the
methods that we used, we had to isolate and purify
milligram amounts of compounds from natural
sources to get good NMR spectra. At that time, I
thought: ‘I’'m never going to do this; it’s too tedious.’
So I started to get more involved with mass
spectrometry to figure out how to perform these
tasks with less purification and without requiring
huge amounts.

What’s the most exciting research in your lab at the
moment?

Apart from continuously trying to characterise
novel arsenic, selenium and antimony species, we
are now developing a novel hyphenated technique
that involves coupling a nanoelectrospray

ion mobility spectrometer with an ICP-MS
(inductively coupled plasma mass spectrometer).
The idea behind this is that nanoparticles can

be separated by size, ranging from three to 150
nanometres, using the ion mobility spectrometer.
The element composition can then be determined
in the ICP-MS. We do this because the sizes of
biomolecules, like proteins and DNA, are within
this range. We can now use this novel hyphenated
technique to size biomolecules; however, we still

need to improve the system’s overall sensitivity

in order to be able to determine the metal or
heteroatom content of the biomolecules. We

can also use this system to investigate how

metal species interact with biomolecules.
Nanoelectrospray is ideal for this as it does not tend
to disrupt weak interactions, even non-covalent
interactions. In this way we can probe the function
of metal species. Our community has identified
over 50 different compounds for arsenic and we
are also finding many metabolites for antimony.
However, we don’t know what their functions are.
Another interesting application would be to use
electrospray to introduce viral particles into the gas
phase. They contain metals in their proteins and we
could possibly get fingerprints for these.

Do you have any collaborations with other
researchers?

We collaborate with some medical groups on the
metabolism of metal-containing drugs. We offer
analytical tools to characterise the metabolites
that are being produced and provide a better
understanding of the mechanism of how the
drug works. We also collaborate with biologists,
environmental scientists and even materials
chemists in some cases.

How do you see the field of metallomics developing?

I think that we have a lot to learn by looking into
the areas of metabolomics and proteomics. I think
metallomics will be a complementary area, maybe
not as big, but an essential part of the puzzle,

so we have to be ready. We have to follow the

huge developments that are being made in these
areas and adapt them to metallomics. There’s

no reason that what can be done with organic
compounds cannot be done with most inorganic,
organometallic or metal containing biomolecules.
There are many different communities and there
are not enough bridges between them. The groups
that have used both molecular mass spectrometry
and atomic techniques have really made some
amazing advances, which could never be made if
you just stuck to the traditional atomic techniques.
I think we are really making good progress as a
result of this synergistic effect.

The RSC is launching the new journal Metallomics
inJanuary 2009. For more information and free
online access visit www.rsc.org/metallomics
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Integrative Biology would like to congratulate the 2008 recipients of the

Nobel Prize in Chemistry

The prize was awarded to Roger Y. Tsien, Osamu Shimomura
and Martin Chalfie for outstanding contributions in chemistry
for their work in the development of the gene marker green
fluorescent protein (GFP).

“We are all immensely pleased that 2008 Nobel Prize
winner Roger Tsien is an Editorial Board member for
Integrative Biology; his work typifies the quality of
material we are seeking in the development of biology
through new tools and technologies.”

Harp Minhas, managing editor of Integrative Biology
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Launching January 2009, Integrative Biology provides a unique
venue for elucidating biological processes, mechanisms and
phenomena through quantitative enabling technologies

at the convergence of biology with physics, chemistry,
engineering, imaging and informatics.
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authors and referees. www.rsc.org/resource
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Dendrimersinthe spotlight

Seok-Ho Hwang, Charles Moorefield and George Newkome from the University
of Akron, US, examine the use of dendrimers in organic light-emitting diodes

It has been projected that one
billion US dollars in business will
be generated during 2008 from the
use of organic light-emitting diodes
(OLEDs) indisplay devices. As a
result, companies such as Samsung,
Sony and LG are greatly interested
in OLED technology. OLEDs
possess anumber of advantages
over conventional, non-organic
light-emitting diodes including
higher luminous efficiency; faster
response time; lower power
consumption; lower cost; lighter
weight; and higher brightness and
contrast, which eliminates the
necessity for backlighting. OLED
displays can be built on large, rigid or
flexible substrates and in a virtually
unlimited choice of colours.

And so government agencies,
industry and academia are
carrying out intense research in
an attempt to refine and control
the electro-optical properties
of OLEDs. The OLED field can
be divided into three groups of
electroluminescent host materials:
small organic molecules, polymers
and dendritic macromolecules.
Dendritic chemistry - which
helps to integrate classical small
molecule property control with
macromolecular material design
and processability - is particularly
promising in the field.

Dendritic architectures consist
of acore, branch junctures and
connectors and termini. Each
dendritic component of an OLED
can be best chosen to fulfill the
required function. For example, the
use of a conjugated polymeric core
can define the emitted colour; the
branching moieties can be designed
to aid charge transport to or from
the core; or the surface groups
can be matched to the processing

©The Royal Society of Chemistry 2008

properties (for example, the
required solubility).

To date, much of the research
involving dendrimers as OLED
components has focused on their
use in the electroluminescent,
emissive layer of the device. For
example, branched, stilbenoid
materials have been shown to
display blue emission and increase
device lifetime and stability,
while elegant polyphenylene
chemistry has been used to
design red-orange OLEDs. And
phosphazene-cored dendrimers
with amino-pyrene moieties have
shown photoluminescent quantum
efficiencies in the range of 67 to
83 per cent. Hyperbranched and
dendronised polymer constructs are
also under investigation.

Logically, metallodendrimers
have been examined, in particular
those made with europium(in),
platinum(ir), and iridium(i),
due to their potential to act as
highly efficient phosphorescence
emitters; reports of theoretical
internal quantum efficiencies of
100 per cent are known. Recent
integration of hole-transporting,
carbazole dendrons with

Branched architectures
shine brightly in the
quest for efficient
components for OLEDs

Reference

S-H Hwang, C N Moorefield
and G R Newkome, Chem. Soc.
Rev., 2008, DOI: 10.1039/
b803932c

iridium(1ir) complexes reportedly
yielded soluble, easily manipulated
phosphorescent materials with
quantum yields of 87 and 45 per cent
for solution and film measurements,
respectively.

The advantages of
dendritic macromolecules are
straightforward when their
structure is considered. The surface
groups can be tuned independently
of the core, allowing the processing
properties, such as solubility, to be
altered easily. Interfacial contact
between surface groups helps
avoid aggregate formation, which
is often observed in non-dendritic
materials. Finally, band gaps can be
modulated, from the outer to the
inner dendritic regions, to provide
the OLED components with the
best charge transport properties.

Though the field is growing
rapidly and its impact is far-
reaching, major challenges still
remain. The lack of highly efficient,
stable organic light-emitting
materials, the short lifetime
of OLEDs and low large-scale
manufacturing yields are particular
problems. These drawbacks can
only be overcome by an exceptional
interdisciplinary research effort
bridging physics, chemistry and
materials sciences.

Progress towards higher
efficiencies using dendritic
architectures will undoubtedly
generate new OLED applications,
for example in mobile phones,
portable electronic games, personal
digital assistants and tomorrow’s
yet-to-be-created gadgets and toys.

Read more in ‘Dendritic
macromolecules for organic light-
emitting diodes’in issue 11 of
Chemical Society Reviews.
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Lab ona Chip,the miniaturisation
journal for chemistry, biology
and bioengineering is now

taking miniaturisation science

to the nextlevel. With journal
submissions steeply rising over
the pastyears, 2009 will see the
journal increase in frequency

to 24 issues per year. The new
year will also herald the arrival
of George Whitesides as the new
editorial board chair of Lab on
aChip.‘There is no one in the
field who is better equipped than
Professor Whitesides to help Lab
ona Chip ascend to the next level
in terms of quality, visibility and
impact,” comments Harp Minhas,
editor of Lab on a Chip.

Lab on a Chip has established
itself at the heart of the
miniaturisation community
through various sponsorships
for prizes and awards, which
recognise and highlight the
contributions of young and
emerging scientists in the field, to

George Whitesides, the new editorial
board chair of Lab on a Chip

online support via new initiatives

such as ‘Chips & Tips’- the quick-
fix online forum providing useful
advice on common practical
problems for scientists in the
miniaturisation world.

Good prospectsforLabonaChip

More issues, more leading
research and a new editorial
board chair - 2009 promises to be
an exciting year for the Labona
Chip community.

For further information visit
www.rsc.org/loc

The Second ChemComm
International Symposium on
Supramolecular Chemistry will
take place in Korea in November
2008 with one-day meetings

in Seoul, Daejeon and Pohang.
This follows a successful First
ChemComm International
Symposium on Polymers and
Polymer Science in China in
December 2007.

ChemComm, with an impact
factor of 5.14, publishes some
of the most significant work in
the chemical sciences and is

ChemComminKorea

the fastest at
publishing
general
chemistry
communications.
ChemComm
Symposia aim

to bring together
scientistsin an
environment that fosters
collaborations between the
researchers and universities
involved. All symposia are free
to attend and each is devoted to
atopical area of the chemical
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Do youknow...

..which RSC journals you can
access at your institution? Or
whether you can use the RSC
Journals Archive? If you're not
sure, help is at hand.
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access. This new page is called
Your RSC Subscriptions
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u sciences,
featuring
aninvited
programme of
international
and locally-
based expert speakers.
In this second symposium, the
programme is supplemented by
aposter session, showcasing the
work of local universities.
As the second symposium
approaches fast and promises
to be as successful as the first,
plans for a third symposium

(/]
m

nextyear in China are already
well underway. The Third
ChemComm International
Symposium on the topic of
Organic Chemistry will be held
in February 2009, with meetings
in Beijing, Shanghai and
Chengdu.

For more details on
ChemComm Symposia, and
full programme schedules for
the Second Symposium on
Supramolecular Chemistry
in Korea, visit www.rsc.org/
chemcommsymposia.
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Chemical activation by mechanochemical
mixing, microwave and ultrasonic

irradiation

Rajender S. Varma*

DOI: 10.1039/b817559b

The diverse nature of the world of chem-
ical synthesis requires various greener
pathways in our quest towards attaining
sustainability. The emerging area of green
chemistry envisages minimum hazard as
the performance criterion when designing
new chemical processes. Cleaner processes
are being developed as we continue to
explore alternatives to conventional chem-
ical syntheses and transformations. One
of the thrust areas for achieving this
target is to explore alternative efficient
reaction conditions and eco-friendly re-
action media to accomplish the desired
chemical transformations with minimized
by-products or waste and without the use
of conventional volatile organic solvents,
wherever possible. Consequently, several
newer strategies have appeared, such as
reactions under solvent-free (dry me-
dia) conditions,! mechanochemical mix-
ing (grinding),>* use of solid-supported
reagents and the alternate heating and
activation methods that utilize microwave*
(MW) and ultrasonic irradiation® for
rapid syntheses. These techniques over-
come some of the problems associated
with excessive or wasteful heating. Ball-
mill processing is a solid-state size re-
duction process that can be easily scaled
up and has been used in the paint in-
dustry, material science, the pharmaceu-
tical industry, and also for environmental
remediation. Mechanochemical solvent-
free processing of organic molecules that
prevents the usage of toxic metallic species
and solvents is gaining popularity.>* While
ultrasonic irradiation enhances the chem-
ical reaction and mass transfer via the

Sustainable Technology Division, National Risk
Management Research Laboratory,

U. S. Environmental Protection Agency,
Cincinnati, Ohio, 45268, USA.

E-mail: Varma. Rajender@epa.gov;

Fax: +1-(513)-569-7677;

Tel: +1-(513)-487-2701

process of acoustic cavitation,® MW ir-
radiation provides the ‘volumetric core’
and selective heating of polar entities.®
The selective absorption of microwaves
by polar molecules and intermediates in
a multiphase system could also substitute
as a phase transfer catalyst without using
any phase transfer reagent, thereby pro-
viding the observed acceleration, as has
been noticed for ultrasonic irradiation.”
Experimental observations in several re-
action systems have been consistent with
the mechanistic postulation wherein the
polar transition state of the reaction is
favored by MW irradiation with respect to
the dielectric polarization nature of MW
energy transfer.*®

The review in this issue of Green
Chemistry (A. Bruckmann, A. Krebs
and C. Bolm, Green Chem., 2008, DOI:
10.1039/b812536h) provides an overview
of organocatalytic reactions using non-
traditional methods. Mechanochemical
organocatalytic strategy has demon-
strated good stereoselectivity in asymmet-
ric aldol reactions, Baylis—Hillman reac-
tions, and the protection of the hetero-
cyclic amino groups of nucleosides. On
the same organocatalytic theme, MW-
assisted enantioselective proline-catalyzed
o-aminomethylation of ketones has suc-
cessfully reduced the reaction time and
catalyst loading. Several reactions, the
Michael addition, Baylis—Hillman and
Diels-Alder, have been some of the benefi-
ciaries of exposure to MW and ultrasonic
irradiation in terms of shortening the
reaction times and reducing the amount of
reagents and solvents that are often used
in excess.

Eco-friendly advantages of the syn-
thetic alternatives based on unconven-
tional activation vie MW or ultrasound
irradiation or the use of a mechanochem-
ical approach for ‘neat’ reactions in the
absence of any solvent are increasingly

becoming apparent and may be adopted
by the pharmaceutical industry to reduce
or eliminate volatile organic solvents, thus
preventing pollution ‘at source’. Synthetic
processes using MW/ultrasonic irradia-
tion to shorten the reaction time and
eliminate or minimize side product forma-
tion are already finding acceptance in the
pharmaceutical industry® (combinatorial
chemistry) and polymer syntheses, and
may pave the way towards a greener and
more sustainable approach to chemical
syntheses.' Newer developments on these
themes, especially involving benign reac-
tion media such as water'" and polyethy-
lene glycol (PEG),"” in conjunction with
MW and ultrasonic irradiation and/or
ball-milling under solvent-free conditions,
may help realize sustainable pathways for
chemical synthesis and transformations,
including generation of nanomaterials."
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Ball milling, microwave heating and ultrasound irradiation can be used to support conventional
laboratory techniques. By applying them, a number of organocatalytic processes could be improved
and superior results have been achieved compared to reactions performed under standard
conditions. The purpose of this overview is to highlight recent advances by presenting selected

examples.

1. Introduction

Recently, the sustainability of chemical reactions has gained
relevance in scientific and political discussions.! In this context,
ball milling, microwave heating and ultrasound irradiation are
discussed of being complementary techniques for promoting
chemical reactions. These (often called “green”) techniques can
help to reduce the amount of undesired hazardous chemicals
(including solvents), and increase the selectivity towards the
given product/s.

The aim of this review is to show examples of advantageous
applications of these techniques with a particular focus on
organocatalytic reactions.

2. Organocatalytic reactions under ball milling
conditions

Ball milling is a useful tool that allows a highly efficient
mixing of reagents under solvent-free conditions.>® In organic
chemistry it found various applications including C-C bond
formations,* amine condensations,® syntheses of heterocycles,’
and fullerene modifications.® Furthermore, reactions with met-
allorganic reagents have been reported.’

Efficient mixing is particularly important in solid-solid re-
actions, which continuously require fresh contacts between the
reacting partners.*® Compared to grinding or sonicating, milling
generates new contact sites between the solids more efficiently.
This holds true for large-scale reactions as well.®

Due to the high reagent concentrations and also the efficient
mixing, other solvent-free reactions, including those between
solids with intermediate local melting and those with at least
one liquid reagent, can benefit from the use of ball mills.

In a ball milling device the starting materials are located
between surfaces and crushed due to impact and/or frictional
forces that are caused by collisions. The method of how the
motion leading to these collisions is affected distinguishes the
various mills. In general, materials with a particle size of
<100 nm can be produced.

Institute of Organic Chemistry, RWTH Aachen University, Landoltweg
1, D-52056, Aachen, Germany. E-mail: Carsten. Bolm@oc.
rwth-aachen.de; Fax: (+49)-241-809-2391; Tel: (+49)-241-809-4675

In chemical synthesis, ball milling modifies the reaction con-
ditions and enhances the reactivity of the reagents (mechanical
activation). The latter is commonly not due to an induced me-
chanical breaking of molecular bonds (mechanochemistry),'°
but a result of the more efficient mixing and the enormous in-
crease of the reagent surfaces, which both lead to a close contact
between the starting materials on (an almost) molecular scale.
Besides that, other factors such as an increased temperature
and an enhanced pressure can be responsible for the observed
reactivity changes. For example, during the milling, extreme
conditions occur on the surfaces of two colliding bodies for times
in the order of microseconds. According to a model developed
by Urakaev and Boldyrev, local temperatures of 400-1500 K
and pressures of some thousand atmospheres can be part of
typical conditions in the ball mill."* As a result of these local
effects, the average temperature in a ball mill typically rises
by approximately 40-60 °C. A better control of these factors
can be achieved by the use of temperature measurement and
cooling/heating devices.

Only recently, the first examples of organocatalytic reactions
performed under ball milling conditions appeared in the litera-
ture. Those will be briefly discussed, and the effect of applying a
ball mill will be demonstrated by comparing the results to those
of reactions carried out under conventional conditions.

2.1. Aldol reaction

The proline-catalysed intermolecular aldol reaction is a well-
studied C—C bond-forming reaction, which proceeds via enam-
ine intermediates generated in situ. Commonly, the products
are formed with high chemo- and stereoselectivity.’> With the
vision that such metal-free reactions could benefit from the
inherent solvent-free conditions of the ball-milling technology,
Bolm and co-workers recently initiated a program that studied
a combination of both approaches.”® While the reaction is
usually conducted in highly polar solvents, such as dimethyl
sulfoxide (DMSO), only a few examples of organocatalytic
aldol reactions performed in the absence of a solvent could
be found in the literature.’ There, high yields and acceptable
stereoselectivities could only be achieved with an excess of liquid
ketone (=3 equivalents), which in most cases appeared to act as
both reactant and reaction medium. Furthermore, synthetically
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Table 1 The asymmetric aldol reaction under solvent-free conditions'®

[0} 0
(S)-proline
L H \—R (10 mol%)
= ball milling (A)
or stirring (B)
1 2 3a-e (+ syn isomer)

Entry 2/3 R= Method t/h Yield (%) anti/syn ee (%)
1 a 4-NO, A 5.5 99 89:11 94
2 a 4-NO, B 24 95 89:11 94
3 b 3-NO, A 7 94 88:12 >99
4 b 3-NO, B 16 89 82:18 98
5 c 2-NO, A 7 97 93:7 97
6 c 2-NO, B 36 89 91:9 97
7 d 4-Cl A 20 87 74:26 75
8 d 4-Cl B 72 85 78:22 67
9 e 2-MeO A 36 65 66:34 63

10 e 2-MeO B 96 64 71:29 67

advanced variants of proline had to be used. A solvent-free
approach with close to equimolar amounts of reactants and
proline itself had not been reported.

In their study, Bolm and co-workers described that under
solvent-free conditions an efficient mixing was vitally important
to achieve high yields. In this respect, conventional magnetic
stirring appeared insufficient. This limitation could be overcome
by means of the ball mill, and the solvent-free ball-milling
conditions allowed a highly-efficient catalysis to occur, even
when solely solid reagents were employed. In all cases, the
use of simple (unmodified) (S)-proline (10 mol%) and nearly
stoichiometric amounts of ketone and aldehyde (1.1: 1) led to the
formation of anti-aldol products with excellent stereoselectivities
(up to >99% ee, Table 1) in high yields (up to 99%). In a
comparative study using conventional magnetic stirring, the
aldol products were stereoselectively obtained in high yields as
well, but those reactions proceeded much slower, indicating the
advantage of the ball-milling technology.

The generality of the organocatalytic aldol reaction in a
ball mill was examined by varying the substrate combinations.
In reactions with cyclohexanone, aldehydes with electron-
withdrawing substituents (2a—c) afforded products with high
stereoselectivities in short reaction times. Those with more
electron-rich groups (2d and 2e) lowered both reactivity and
stereoselectivity. It is noteworthy that the above-mentioned
trends of the electronic effects and the dependence of the
stereoselectivity on the substrate structure were analogous to
those observed in aldol reactions under common reaction
conditions (e.g. in organic or aqueous solvents and solvent-
free conditions). Also, in reactions of solely solid reagents,
the anti-aldol products 6a—-d and 7a-d were obtained with
both excellent diastereoselectivities (up to 99 : 1 anti/syn
ratio, 7d, Table 2) and enantioselectivities (up to 98% ee, 7c).
Presumably due to a more difficult mixing, those reactions
proceeded much slower (compared to similar ones involving
liquid—solid reagent combinations). Overall, the application of
the ball milling technique proved particularly useful for such
reactions, and compared to the use of conventional magnetic
stirring (5-7 days) ball milling in reactions between solely solid

reagents led to high conversions in relatively short reaction times
(<1.6 days).

In a similar approach, Guillena, Najera and co-workers
studied the direct aldol reaction between various ketones and
aldehydes under solvent-free conditions using a combination
of binam-prolinamide 8 (5-10 mol%, Fig. 1) and benzoic acid
(10-20 mol%) as catalyst (Table 3).'s Three different procedures
were assayed: ball milling (method A), conventional magnetic
stirring (method B) and conventional magnetic stirring with
a pre-formed solution in THF and immediate evaporation
(method C). The latter methods were intended to accelerate
the reaction rate by inducing an intensive substrate-catalyst

contact.
N/\o
N’H éo

Fig. 1 Binam-(S)-proline derived catalyst.'

All three methods provided the aldol product 3a after
short reaction times (1-1.5 h) with regio-, diastereo- and
enantioselectivities comparable to those achieved in reactions
performed in organic or aqueous solvents. No improvement
was observed when the catalysis was conducted in a ball
mill (Table 3, method A). Further studies revealed that when
(S)-proline (10 mol%) was employed as catalyst under method C
conditions, even after 24 h the conversion towards aldol product
3a was only moderate (34%). Thus, the authors concluded that
binam-proline 8 in combination with benzoic acid was a superior
catalyst for conducting direct aldol reactions under solvent-free
conditions.
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Table 2 The asymmetric aldol reaction between solely solid reactants'®

(S)-proline
(10 mol%)
ketone 4 or 5 + aldehyde 2 D ———— product 6 or 7
ball milling (A)
or stirring (B)

o 0
S
t-Bu t-Bu
4 5 6a-d + syn isomers 7a-d + syn isomers
Entry Ketone 6/7 = Method t/d Yield (%) anti/syn ee (%)
1 4 6a 4-NO, A 1.4 85 91:9 91
2 4 6a 4-NO, B 5 58 93:7 89
3 4 6b 3-NO, A 1 80 78:22 92
4 4 6b 3-NO, B 5 82 92:9 95
5 4 6¢ 2-NO, A 1 66 81:19 88
6 4 6¢ 2-NO, B 6 76 77:23 92
7 4 6d 4-Cl A 1.6 75 92:8 93
8 4 6d 4-Cl B 7 85 87:13 93
9 5 Ta 4-NO, A 1.4 79 96:4 90
10 5 Ta 4-NO, B 7 47 98:2 96
11 5 7b 3-NO, A 1.5 75 88:12 89
12 5 7b 3-NO, B 7 59 93:7 96
13 5 Te 2-NO, A 1.5 59 82:18 96
14 5 Te 2-NO, B 6 73 93:7 98
15 5 7d 4-Cl A 1.4 72 95:5 85
16 5 7d 4-Cl B 7 77 99:1 82

Table 3 Example of an asymmetric aldol reaction catalysed by 8 under completion depending on the reactivities of both the activated
solvent-free conditions™ alkenes and the electrophiles.

o With the aim of facilitating the reaction, Mack and Shumba
investigated the effect of high speed milling (HSM) in Baylis—
Hillman reactions.” Various p-substituted aromatic aldehydes
2 and methyl acrylate (9) served as model substrates, which

8 (10 mol%),

1 (ngn%ﬁ; ) were milled in the presence of 20 mol% of 1,4-diazabicyclo-
m’ [2.2.2]octane (DABCO) (Scheme 1). Whereas previous studies

[or stirring (B or C)] NO, had shown that such reactions can take 3 to 4 days at room

Q 3a (+ syn isomer) temperature to provide the products in good yields (70-87%),
H the use of HSM led to a significant rate enhancement, generating
products 10 after only 0.5 hours in yields up to >98%. The
NO, temperature was neither controlled nor reduced by including
2a breaks into the 0.5 hour milling time. It can therefore be assumed
Entry  Method® #/h  Conversion (%) anti/syn  ee (%) that the process was accompanied by a significant temperature
increase.
1 A 1.5 100 69:31 88
2 B 10 99 67:33 88
3 C 1.5 99 72:28 89
“ For details see text.
(0}
H
2.2. Baylis—Hillman reaction OH O
R' 2 DABCO
The Baylis—Hillman (also known as Morita—Baylis—Hillman) . (20 mol%) OMe
reaction'® is an atom-economical transformation that typically o ball milling
involves an electron-deficient alkene, an electrophile (such as R 10
an alfieher) and a tertiary amine as cat.alyst, yielding hlghl.y KJ\OMe R' = H: 96%, NO,. 98%, Br: 97%,
functionalised products. One of the main drawbacks of this Cl: 54%. OMe: 28%
powerful C—C bond-forming reaction is its low reaction rate.
Thus, Baylis—Hillman reactions often require days to weeks for Scheme 1 The Baylis—Hillman reaction in a high speed ball mill."”
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2.3. Bis-N-Boc protections of the heterocyclic amino group of
nucleosides

Protected nucleosides, such as 11, are poorly soluble in the
organic solvents that are commonly used for amide formations.
Thus, when several attempts to protect the N-6 group of 11 with
tert-butoxycarbamate (Boc) using standard solution protocols
failed, Sikchi and Hultin considered solvent-free methods.”” Asa
result they found that upon grinding of acid 11 with an excess of
di-tert-butyl dicarbonate (Boc,0) and 4-N,N’-(dimethylamino)-
pyridine (DMAP) in a ball mill, the corresponding bis-N-Boc-
protected ester 12 was rapidly formed (Scheme 2). Furthermore,
in contrast to many reported solution methods, the use of a
strong base was not required. As CO, (g) was liberated during
the reaction, it was impossible to perform the reaction in closed
glass flasks or vials. In a simple ball mill, however, the reaction
proceeded well.

The scope of the nucleoside protection under ball milling con-
ditions was studied by applying common O-protected adenosine,
cytidine and guanosine derivatives 13-15, respectively (Table 4).
In almost all cases the reactions were complete within 1-
7 hours, and the expected products were obtained in high yields.
Only guanosine derivatives led to the formation of significant
amounts of by-products. During the grinding, the formation
of a liquid phase or melt was observed. Presumably, due to
their lower melting points, this stage was reached earlier for
the silyl-protected nucleosides than for their ester-protected
counterparts. As a consequence, conversions of the former
proceeded faster.

NBoc,

kﬁ ) C

HO,C Boc,0, DMAP  £BuO,C

—_—

0 ball milling 0
0,
o)<o 75% o)< 5
Me Me Me Me
11 12

Scheme 2 Bis-N-Boc protection (and ester formation) of adenosine
derivative 11 under solvent-free conditions in a ball mill.*

Finally, nucleosides with free OH-groups were subjected to
the reaction conditions. In this case, the Boc-protection of both
the amino and the sugar hydroxyl groups occured. In order to
selectively convert the former, a new procedure was developed
which involved an in situ transient silylation of the hydroxyl
groups prior to the Boc-introduction (Scheme 3). Thus, first
the nucleoside was ball milled with 3-6 equiv. of HMDS and
catalytic amounts of trimethylsilyl triflate and DMAP. When
the silylation of the hydroxyl groups was complete, Boc,O
was added (together with additional DMAP if required) and
the reaction mixture was milled a second time. Finally, the
O-silyl groups were removed by stirring of the crude product
in methanol in the presence of triethylamine over night. This
sequence worked well for adenosine and cytidine derivatives,
to provide the corresponding products (21a,b and 22a.,b) in

Table 4 Bis-N-Boc protection of nucleoside derivatives 13—-15 under solvent-free conditions in a ball mill*

(BOC)zN\
“base Boc,0 R10 base
(3-6 equw )
T omap 0
(10-40 mol%),
OR2Z X ball milling OR2ZX
13-15 16-18
base =
s e Q
NN N HN N
\ \
| Y E\ JR
— X
LN N rﬂ/& o $’t./kN N
13/16 14/17 15/18
Entry Substrate R! R? X Method “ t/h Yield (%)
1 13a Ac Ac OAc A 6 90
2 13b TBDMS TBDMS OTBDMS B 2 99
3 13c Ac CMe,O B 4 96
4 13d TBDMS CMe,O B 2 99
5 13e Ac Ac H B 2 99
6 13f TBDMS TBDMS H B 1 99
7 14a TBDMS TBDMS OTBDMS C 1 99
8 14b TBDMS TBDMS H C 1 99
9 14c¢ Ac Ac H C 2 50
10 15a Ac Ac OAc D 7 25
11 15b TBDMS TBDMS TBDMS D 6 40
12 15¢ TBDMS TBDMS H E 6 70

“ Method A: DMAP (30 mol%), Boc,O (4 equiv.); Method B: DMAP (10 mol%), Boc,O (3 equiv.); Method C: DMAP (20 mol%), Boc,O (4 equiv.);
Method D: DMAP (20 mol%), Boc,O (5 equiv.); Method E: DMAP (40 mol%), Boc,O (6 equiv.).
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HN HoN
Ho @€ MDS (3-6 equiv.), - base
TMSOTF (3 mol%) S0
VSV Mo
0O DMAP (10-20 mol%), 0
ball milling,
OH X 1-3h TMSO X'
19: base = adenine, X=0H, H X'=0TMS, H
20: base = cytosine, X = OH, H
Boc,O .
(4-5 equiv.) ball milling
DMAP (0-20 mol%e)| 47
Boc),N Boco,N
(Boo),N 2"~ pase
HO TMSO
o) MeOH 0
e
NEt,
OH X TMSO X'
X = OTMS, H

21a: base = adenine, X =0H 60%
21b: base = adenine, X=H 72%
22a: base = cytosine, X = OH 65%
22b: base = cytosine, X=H 50%

Scheme 3 One pot bis-N-protection using a transient silylation."

good yields (Scheme 3). Attempts to convert guanosine-derived
nucleosides led to complex product mixtures.

3. Organocatalytic reactions under microwave
irradiation

Microwave irradiation has become a useful tool in the synthesis
of organic molecules. Since the pioneering work by Gedye
and co-workers in 1986 the number of publications dealing
with so called microwave-assisted organic synthesis (MAOS)
has rapidly increased.” The early studies were carried out
using conventional microwave ovens which resulted in hardly
controlled reaction conditions and poor reproducibilities. Today,
specially designed microwave reactors are available allowing a
careful measuring of the irradiation, the reaction temperature
and the pressure inside the reaction vessel.

In many examples it has been shown that the application
of microwave irradiation reduces the reaction time, increases
the product yield and sometimes results in a different product
distribution compared to conventional heating methods.** The
observed rate acceleration upon microwave irradiation is due
to material-wave interactions leading to thermal and specific
effects. The thermal effects largely result from a more efficient
energy transfer to the reaction mixture which is known as
dielectrical heating. This phenomenon relies on the ability of
a substance (solvent or reagent) to absorb microwaves and
convert them into heat. The reaction mixture is heated from
the inside since the microwave energy is transfered directly
to the molecules (solvent, reagents, catalysts). This process is
known as “volumetric core heating” and results in a temperature
gradient which is reversed compared to the one resulting from
conventional heating.

There is also an ongoing discussion about so called “non-
thermal” microwave effects leading to differences in product
distributions and yields. They could result from a decrease in
activation energy due to orientation effects of polar species in
the electromagnetic field. Intensive studies have been carried out

with the goal to prove their existence. However, as recently sum-
marized by Kappe and co-workers, many of the hypothesised
non-thermal effects could result from incorrect temperature
measurements, since they were not observed when the reaction
temperature was monitored using appropriate devices.*'

Whereas a large number of publications deals with metal catal-
yses under microwave irradiation, organocatalytic reactions,
which are being summarised here, are still rare.

3.1 Mannich reaction

The Mannich reaction offers an attractive approach towards
amino-functionalised carbonyl compounds. Organocatalytic
versions were independently introduced by List** and Barbas.?
Although they were able to achieve impressive enantioselectiv-
ities with proline as catalyst, two major drawbacks remained:
first, the catalyst loading was generally high (10 mol% and more),
and second, the overall reaction rate was low resulting in long
reaction times.

Early experiments illustrating an effect of microwave irradi-
ation on organocatalytic Mannich reactions were included in a
paper by Westermann and co-workers.** They studied the use
of protected dihydroxyacetone (23) as three-carbon building
block in proline-catalysed Mannich-type reactions with imino
ester 24 (scheme in Table 5). The goal was to establish an
easy access to azasugars and aminosugar derivatives, which
play important roles as glycosidase inhibitors and parts of
aminoglycosides. After intensive testing, 2,2,2-trifluoroethanol
(TFE) was identified as the solvent of choice giving the product
with excellent enantio- and diastereoselectivities in satisfactory
yield (Table 5, entry 1). When the catalysis was performed under
microwave irradiation the reaction rate increased considerably
(entries 2 and 3). Varying the irradiation power had only a minor
effect on the stereoselectivity (Table 5, entries 2 and 3).

With the aim of improving the applicability of organocat-
alytic Mannich reactions, Rodriguez and Bolm investigated the
influence of microwave irradiation on enantioselective proline-
catalysed a-aminomethylations of ketones.”® As a test system,
the reaction between cyclohexanone (1), formaldehyde (26), and
aniline (27) was chosen.? Under common reaction conditions
both yield and enantioselectivity were high, but in order to
achieve this result, 20 mol% of proline and a reaction time of
30 h were required (Table 6, entry 1). The use of microwave

Table 5 Mannich-type reaction between protected dihydroxyacetone
and o-imino ethyl glyoxylate?

o _PMP
HJ\ PMP (S)-proine @ HN
30 mol% =
+ )NJ\ _(80 mol%) | " >Co,Et
o_ _O :
>< H” SCO,Et TFE 0.__©
Me Me M ><M
23 24 e Ve g
Entry MW/W t/min Yield (%) de (%) ee (%)
1 _a 1200 72 95 99
300 10 72 81 94
3 100 10 64 81 95

¢ Carried out at ambient temperature; no microwave irradiation.
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Table 6 Direct asymmetric Mannich reaction catalysed by (S5)-
proline?

o NH, . OH NHPh
1. (S)-proline
+ CH,0 + @ M.
2. NaBH,
1 26 27 28
Catalyst MW
Entry  (mol%) power/W  T/°C t/h Yield (%)  ee (%)
14 20 — 25-30 30 81 98
24 10 — 45-50 27 85 97
3 10 15 46 2.5 96 98
4 0.5 15 46 3 83 98

“ Heating by using a conventional oil bath.

irradiation led to two improvements. First, the reaction time
was shortened (to 2-3 h), and second, the catalyst loading
could be significantly reduced. Under the optimized reaction
conditions (involving MW irradiation with a power of 15 W
under simultaneous air-cooling; followed by NaBH, reduction
of the ketonic intermediate) product 28 was finally obtained
with 98% ee in 83% yield after only 3 h reaction time using
0.5 mol% of (S)-proline (Table 6, entry 4). Studying this three-
component reaction in detail revealed that thermal heating also
allowed a reduction of the catalyst loading and that also under
those conditions the reaction became faster retaining its high
stereoselectivity.

3.2 Aldol reaction

List, Barbas and co-workers were the first to report organocat-
alytic direct aldol reactions between acetone and a variety
of aldehydes.” After testing various amino acids, they found
that proline was an effective asymmetric catalyst for this
synthetically highly useful C-C-bond formation. For many
substrate combinations both yield and stereoselectivity reached
synthetically useful levels, but the long reaction time remained
the major drawback.? A solution to that problem was offered
by Mossé and Alexakis, who performed organocatalytic direct
aldol reactions under microwave irradiation.” They investigated
the reaction between acetone (29) and p-nitrobenzaldehyde (2a).
Product 30 was obtained with 76% ee in 68% yield by List,
Barbas and co-workers using 30 mol% of (S)-proline in DMSO
after a reaction time of 4 h (Table 7, entry 1). As discovered
in the Mannich reaction by Rodriguez and Bolm,” Mossé and
Alexakis found that microwave irradiation increased the reaction
rate of this aldol reaction without significantly affecting the yield
and the enantioselectivity (Table 7, entry 2). Furthermore, the
catalyst loading could be reduced to 20 mol% (Table 7, entry 3).
Also, using a pre-heated oil bath led to a shorter reaction time,
but in this case both yield and ee were lower (Table 7, entry 4).

3.3 Michael addition

The Michael addition allows the stereocontrolled formation
of new carbon—carbon and carbon-heteroatom bonds. Tak-
ing into account the observations made in organocatalytic
Mannich® and aldol reactions,” it is not surprising that also
Michael additions have been evaluated on their sensitivity

Table 7 Proline-catalysed aldol reactions”

0 (S)-proline,
i . DMSO Q gH
Me Me H MW or Me
conventional
NO,  heating NO,
29 2a 30
Catalyst MW
Entry  (mol%) T/°C Power/W t/min Yield (%) ee (%)
1 30 rt 240 68 76
2 30 35 5 15 64 72
3 20 35 15 15 69 70
4 30 35 — 15 42 62

towards microwave irradiation. In this context, Hagiwara and
co-workers reported on the reactivity of 1,3-dicarbonyl com-
pounds in water using ethyl 2-oxocyclopentanecarboxylate (31)
and methyl vinyl ketone (32) as test substrates and reusable
N,N-diethylaminopropylated silica gel (NDEAP) as catalyst
(Scheme 4).® Due to the low solubility of the organic com-
ponents in water, a triphasic system resulted and microwave
irradiation was applied for internal heating. Under optimized
conditions, addition product 33 was obtained in 92% yield after
10 min. Also, other carbonyl compounds reacted well, affording
the corresponding Michael addition products with up to 94%
yield. The importance of microwave irradiation was illustrated
in the reaction between keto ester 31 and methyl acrylate (9),
which afforded keto diester 34 in 68% yield after only 6 min.
Performing the same reaction under analogous conditions in an
oil bath (without microwave irradiation) led to 34 in only 44%

yield.
0] o} 0
CO,Et
é/coza . H'LMG NDEAP (cat.) i
| H-0,

microwaves (0]
31 32 33
9 NDEAP = ‘o ,OMe
CO,Et @ >Si NMe
- 2
MOME S S
0 after 6 min:
34 under MW irradiation: 68%

with oil bath heating: 44%

Scheme 4 Michael additions in water catalysed by NDEAP (N,N-
diethylaminopropylated silica gel).?®

The effect of microwave irradiation on an enantioselective
Michael addition was investigated by Mossé and Alexakis,
who studied the use of N-i-Pr-bipyrrolidine (i-PBP, 35) as
organocatalyst.””? In reactions between hydroxyacetone (36a)
and B-nitrostyrene (37) to give nitro ketone 38 they were
able to shorten the required reaction time from 168 to 4 h
without affecting the enantioselectivity (Table 8, entries 1 and
2). Interestingly, in the reaction with isovaleraldehyde (36b) even
a slight ee increase was observed, when the reaction was carried
out under microwave irradiation (Table 8, entries 3 and 4).
Furthermore, the catalyst loading could be reduced from 15
to 5 mol% (Table 8, entry 5).

Kappe and co-workers re-evaluated the asymmetric
organocatalyses described above (Mannich, aldol, and Michael
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27,29

Table 8 Asymmetric organocatalytic conjugate additions

Eﬁ(]

0 35 Me o Ph
Ph i-PBP (15 mol%) J\)\/NO
1 —_— 2
R J\ *+ ==\__ CHCl,Mw(15wW) R
RZ 2 R2
36 37 38
Entry 36/38 R!', R? T/°C t/h Conv. (%) Yield (%) syn/anti ee (%)
14 a Me, OH rt 168 100 79 17:83 98
2 a Me, OH 28 4 100 83 11:89 98
3¢ b H, i-Pr rt 48 100 99 87:13 73
4 b H, i-Pr 27 1 100 97 90:10 78
50 b H, i-Pr 28 5 80 79 88: 12 79

“ Result obtained without microwave irradiation. ® Use of 5 mol% of i-PBP.

reaction), and their results suggested that all differences found
between reactions performed under microwave irradiation and
conventional heating could be explained by the more effective
energy transfer achievable by the former technique.* All pro-
posed non-thermal effects should then be ascribed to incorrect
temperature measurements during the reaction.

3.4 Anomerisation

Massi, Dondoni and co-workers extended the use of microwave
irradiation to the anomerisation of a-C-glycosylmethyl alde-
hydes and ketones to the corresponding f-isomers.! These
C-glycosides are valuable precursors for other complex non-
natural molecules such as C-glycopeptides. They found that the
proline-catalysed anomerisation process could be significantly
accelerated by microwave dielectric heating. Perbenzylated o-
C-galactosylmethyl aldehyde 39 was chosen as model substrate
with a catalyst loading of 30 mol% and methanol as the solvent.
Under conventional conditions the reaction was initiated at 0 °C
and after 1 h warmed to 30 °C. Stirring at that temperature was
continued for 24 h leading to C-glycoside 40 with a 3 : a-ratio
of 19 : 1 in 95% yield (Table 9, entry 1).

Performing the anomerisation under microwave irradiation
shortened the reaction time, and complete conversion was
achieved after 1 h without loss in yield and selectivity. The

Table 9 Anomerisation of an a-C-galactosylmethyl aldehyde®

(S)-proline
(30 mol%),
MeOH
MW or
0 conventional
heating

40
Entry MW power/W Temp/°C Time/h f:aratio Yield (%)
1 — 30 24 19:1 95
13 50 1 19:1 95
3 — 61 1 18:1 95

optimal reaction temperature was about 50 °C and involved
external cooling (Table 9, entry 2). Being alerted by previous
work,??7% the experiments were repeated in a conventional oil
bath at elevated temperatures (Table 9, entry 3). Since almost
identical results as under microwave irradiation were achieved
in terms of both yield and « : B-ratio the occurrence of non-
thermal microwave effects was excluded.

3.5 Baylis—Hillman Reaction

The cheap and readily available starting materials, the simple
reaction conditions, and the possibility to render the reaction
asymmetric are just a few of the interesting features of the
Baylis—Hillman reaction that have recently led to an exponential
increase in synthetic studies of this reaction.'® Despite all efforts,
one major drawback remained: it is a rather slow C-C-bond
formation, which often requires weeks to achieve complete
conversion. Microwave irradiation was expected to have a
positive effect on the reaction.

As early as 1994, Bhat and co-workers reported a significant
rate acceleration upon microwave irradiation, shortening the
reaction times in the formation of allylic alcohols 10 and 42
from days to minutes.’® Selected results are summarized in
Table 10.

Subsequently, Vasconcellos and co-workers studied the reac-
tion between aromatic aldehydes such as p-nitrobenzaldehyde
(2a) and methyl acrylate (9) using DMAP (10 mol%) as
catalyst.®® They found a significant rate acceleration when the
reaction was carried out at elevated temperatures (Table 11,
entries 1 and 2), and a further rate increase was achieved, when
microwave irradiation was applied (entry 3).

3.6 Diels—Alder Reaction

The Diels—Alder reaction is one of the most fundamental and
useful synthetic processes in organic chemistry. High regio-
and stereoselectivities can be achieved. Focusing on organocat-
alytic versions Mossé and Alexakis investigated the microwave
assisted reaction of cyclopentadiene (44) and cinnamaldehyde
(45) to give products 46 and 47 catalysed by MacMillan’s
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Table 10 Microwave supported Baylis—Hillman reaction®?

DABCO OH
0.5 equiv.
AICHO + =y O equv) X
. MW or rt Ar
10-20 equiv. |
2 9: X=CO,Me 10: X = CO;Me

41: X=CN 42: X =CN
Entry Ar X Method* ¢ Yield (%)
1 CsH; COOCH; (9,100 A 2d 25
2 C¢H; COOCH; (9,10) B 10 min 34
3 2-HOC¢H, COOCH; (9,10) A 3d 10
4 2-HOC¢H, COOCH; (9,10) B 10 min 70
5 4-NO,C¢H, CN (41,42) A 3d 45
6 4-NO,C¢H, CN (41,42) B 10 min 95

“ Method A: Common (room temperature) reaction conditions; Method
B: Performed under microwave irradiation.

Table 11 DMAP in the Baylis—Hillman reaction?

(o]
H
OH O
ON DMAP
2 0,
2a . (10 mol%) OMe
? O,N
\)k 10a
OMe
9
Entry T/°C t Yield (%)
1 25 4 days 72
2 76 5h >99
3 MW irradiation 15 min 93
Table 12 Asymmetric Diels-Alder Reaction®
o, Me
Me
., HCI
N Me
Ph H 43
(5 mol%)
Ph —
@ "IN cHo A Len " L CHO
endo CHO exo Ph
44 45 46 47

Entry 7/°C MW Power (W) t/h  Yield (%) exo : endo ee (%) exo

14 23 — 21 99 1.3:1 93
2 90 70 0.5 79 1.2:1 50
3 65 50 1 82 1.2:1 78
4t 65 — 1 75 1.5:1 85

“ Result obtained without microwave irradiation by MacMillan and co-
workers. ® Experiment was performed in a conventional preheated oil
bath using a sealed tube. © In all cases the endo isomer had identical ees.

imidazolidinium salt 43.” A microwave power of 50 W was found
to be the best compromise in terms of reactivity and selectivity.
Although the enantioselectivity decreased (Table 12, entries 2
and 3) compared to the room temperature reaction (entry 1),*
a significant rate acceleration was observed. Performing the

cycloaddition in an oil bath at the same temperature (using a
sealed tube) led to a slightly lower yield but a higher ee (entry 4).
Those data were interpreted as indication for the absence of
specific microwave effects.

4. Organocatalytic reactions under ultrasound
irradiation

Besides ball milling and microwave heating ultrasound irradia-
tion has emerged as a powerful technique for the promotion
of organic reactions.”® In order to affect chemical reactivity
in liquids (conventional power ultrasound) its frequency range
has to lie between microwaves and diagnostic ultrasound. The
activation is caused by cavitation, which involves the creation,
growth and collapse of micrometre-sized bubbles, that are
formed when an acoustic pressure wave propagates through a
liquid. According to the so-called “hot spot theory”, extreme
local conditions occur inside the cavitating bubbles and their
interfaces when they collapse. These have been estimated to be in
the range of 4900-5200 K*¢ and 1700 atm.** The interactions of
acoustic waves with chemical systems lead to an energy transfer
that can result in enhanced mechanical effects in heterogeneous
processes and induced new reactivities.

In most cases, the application of ultrasound does not affect the
chemical pathways. The reaction rates are often comparable to
those of non-irradiated systems and the only role of ultrasound
is then to mix the phases of a heterogeneous system. Thus,
the increased yields and reaction rates are due to mechanical
effects associated with the sound waves. Chemical effects of
ultrasound (true sonochemistry) can only be expected if high-
energy species, that are released after cavitational collapse, act
as reaction intermediates. In these cases, changes in product
distribution, switching of reaction mechanisms or changes in
regio- or diastereoselectivity may occur.*’

Since the effects of ultrasound irradiation are similar to those
created by ball-milling or microwave, it is not surprising that this
technique has been applied to the same families of reactions.
Thus, the examples for ultrasound-promoted reactions include
Boc-protections of amines,*® Baylis—Hillman reactions,*** and
organocatalytic Mannich reactions.* The latter shall be dis-
cussed in more detail here.

4.1 Mannich reaction

Inspired by the developments in microwave-assisted Mannich
reactions, that allowed these important C-C-bond formations
to be performed with good yields and selectivities in short reac-
tion times (section 3.1), Choudary and co-workers studied the
effect of ultrasound irradiation on two- and three-component
Mannich reactions.* A pronounced acceleration was found in
the proline-catalysed Mannich reaction between acetone (29)
and preformed imine 48a in a 4 : 1 mixture of DMSO-acetone
affording Mannich product 49 in 50% yield after only 1 h
(Scheme 5). In contrast, 24 h of reaction time were required to
give the same yield of 49 when the reaction was performed under
common reaction conditions without ultrasound irradiation.
When hydroxyacetone (36a) was employed as ketonic donor
in the reaction with 48a, Mannich product 50a was obtained
with >99% ee in remarkable 98% yield (Table 13, entry 1).
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WLl
(0} | (S)-proline
(15 mol%)
+ — > HiC
HsC™ "CHg DMSO, 1 h,
O,N ultrasound NO,
29 48a 49

Scheme5 Mannich reaction performed under ultrasound irradiation.*

Table 13 Proline-catalysed Mannich reaction under ultrasonic and
conventional heating conditions*

_PMP
o N (S)-proline
| (15 mol%)
Me + DMSO, 1h Me
OH ultrasound
R or conventional
heating
36a 48a-f 50a-f
Entry 48/50 R Method*  Yield (%)  syn/anti  ee (%)
1 a NO, A 98 94:6 >99
2 b CN A 98 96:4 99
3 c Br A 96 94:6 98
4 d H A 94 90:10 98
5 d H B 93 90:10 93
6 e Me A 90 85:15 98
7 e Me B 86 85:15 85
8 f OMe A 91 75:25 81
9 f OMe B 85 75:25 65

“Method A: Performed under ultrasound irradiation; Method B:
Common (conventional heating) reaction conditions.

Also other electron-poor aromatic imines reacted well with 36a
leading to Mannich products 50b,c with both high yields and
excellent stereoselectivities (Table 13, entries 2 and 3). Most
interestingly, in reactions of electron-rich imines 48e and 48f
the corresponding Mannich products 50e and 50f were formed
with significantly better selectivities and in higher yields than
under conventional heating conditions (compare method A vs.
B, Table 13, entries 6-9). Overall, these promoting effects by
ultrasound irradiation were assumed to be due to the extreme
conditions (high pressure, rapid heating and rapid cooling) that
occurred during the cavitation process.

Ultrasonic conditions were also applied to three-component
Mannich reactions. In most cases they delivered the corre-
sponding Mannich products 50 with satisfying diastereo- and
enantioselectivities in good yields (Table 14).

Finally, the self-Mannich reaction between propanal (52)
and p-anisidine (51) was studied under ultrasonic conditions
(Scheme 6). After only 1 h the formation of a single product was
observed, and its subsequent NaBH, reduction led to amino
alcohol 53 with 91% ee in 80% yield.

NH,
0] 1. (S)-proline OH HN’PMP
(15 mol%) :
H + —_—
DMF, rt, 1 h H
Me ultrasound Me Me
OMe 2. NaBH,
52 51 53

Scheme 6 Self-Mannich reaction under ultrasound irradiation.*

Table 14 Proline-catalysed three-component Mannich reactions under
ultrasonic irradiation*

o 0
Me + H
OH R (S)-proline
36a . 2 (15 mol%)
DMSO,
rt, 1h
MeO NH, ultrasound
51 50
Entry 2/50 R Yield (%) syn/anti ee (%)
1 a NO, 98 94:6 99
2 f CN 98 96:4 98
3 g Br 94 94:6 96
4 h H 90 90:10 85
5 i OMe 85 75:25 66

5. Conclusions

The aforementioned examples show that ball milling, microwave
heating and ultrasonic irradiation are useful tools for promoting
organocatalytic reactions. In many cases their application allows
reduction of the amounts of reagents (in particular solvents) and
shorter reaction times, leading to a more efficient use of starting
materials and energy.**

All three techniques have in common that they affect chemical
processes requiring enhanced heat transfer and mass transport.
Consequently, heterogenous reactions can particularly benefit
from their application.

For several reactions discussed in this article (e.g. aldol, Man-
nich, Baylis—Hillman reaction), positive effects on the reaction
outcome have been observed by applying more than one of those
techniques. For example, all three of them were demonstrated
to reduce the reaction time of the Baylis—Hillman reaction
between methyl acrylate (9) and p-nitrobenzaldehyde (2a) under
either DABCO or DMAP catalysis from days to a few minutes
(microwave,*® ball milling'”) or hours (ultrasound®®) affording
the desired product in excellent yield. Unfortunately, a strict
comparison of an asymmetric organocatalytic transformation
using the same starting materials under ball milling, microwave
and ultrasound conditions is still lacking.** Even more options
become possible by combining the techniques as recently shown
for the conjunction of ultrasound and microwave irradiation (in
either simultaneous or tandem mode).*®

The modifications of the reaction conditions by the altered
energy input upon applying ball milling, microwave heating and
ultrasonic irradiation lead to highly complex physico-chemical
phenomena, which on the molecular level are still far from being
completely understood. With a deeper mechanistic knowledge,
however, significant progress can be foreseen and, in particu-
lar, organocatalytic reactions will benefit from further studies
rendering the entire field even more synthetically attractive.
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The basicity of several basic ionic liquids is studied quanti-
tatively for the first time, and the basicity of the ionic liquids
can be switched repeatedly by bubbling CO, and N, through
the solution alternately.

Ionic liquids (ILs) have some unusual properties, such as
extremely low vapor pressure, wide liquid temperature range,
high thermal and chemical stability, and ability to dissolve a
wide range of organic and inorganic chemical compounds.'?
Moreover, ILs can be functionalized by designing different
cations and anions. Researchers have developed large amounts
of functional ILs for particular applications.** For example,
acidic ILs have been proven to be efficient catalysts for many
acid-catalysed organic reactions.*” Basic ILs with amino groups
were synthesized and used to capture CO,** and H,S", and to
promote hydrogenation of CO,." 1,1,3,3-tetramethylguanidine-
based ILs have been found to be very effective to aldol reaction
and absorb SO, from mixed gases.”>™* Some basic ILs containing
biodegradable components, including ILs derived from natural
amino acids’™” and a deep eutectic mixture of choline chloride
and urea," have aroused increasing research interest and found
promising application in different fields, such as separation,®
catalysis® and material synthesis.”

Acidic or basic ILs represent new classes of acids or bases.
The study of the properties of these ILs is of great importance
from both fundamental and practical points of view. Thomazeau
et al. characterized the Hammett acidity scale for Brensted acid
in non-chloroaluminate ILs.”? Yang and Kou studied the Lewis
acidity of ILs consisting of imidazolium chloride and metal
chloride by monitoring the IR spectra of probes.”® However,
to the best of our knowledge, study of the basicity of ILs has not
been reported.

Determining and tuning the basicity of ILs is a new and in-
teresting topic because the efficiency of many processes depends
on the basicity of the media or can be controlled by the basicity
of the media. Moreover, considering the wide application of
ILs, reversible tuning of the basicity of ILs would be more
interesting and offer great advantages in applications. As an envi-
ronmentally benign gas, CO, has been used to develop switchable
nonpolar-to-polar solvents,** gelators? and surfactants.?” In
this work, we first studied the basicity of some amino-contained
ILs (Scheme 1), choline chloride/urea (1 : 2 molar ratio,
CH/urea), 1-aminoethyl-3-methyl imidazolium tetrafluorobo-
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Scheme 1  Structure of the ILs investigated in this work. (a) CH/urea,
(b) [AEMIM][BF.], (c) [TMG][CIO,], (d) [BMIM][BF,].

rate (AEMIM][BF,]), and 1,1,3,3-tetramethylguanidinium per-
chlorate ([TMG][CIO,]). The basicity is evaluated by the Ham-
mett function. The Hammett function of the commonly used IL,
1-butyl-3-methylimidazolium tetrafluoroborate ((BMIM][BF,])
was also determined for comparison. Then, we proposed a
method to tune the basicity of the ILs using CO,. It was found
that adding CO, of ambient pressure to the ILs could reduce the
basicity of the ILs significantly, and the basicity of the ILs was
readily recovered after removing CO, by bubbling N, through
the solutions. This novel, simple, green and reversible method
to tune the basicity of ILs has potential application in different
fields.

The Hammett function was proposed by Hammett and
Deyrup in the early 1930s to evaluate the acidity and basicity
outside the pH range in water and the acidity in nonaqueous
solvents by determining the ionization ratio of indicators in
a solution.?®* For a basic solution, the Hammett function
measures the tendency of the solution to capture protons. When
weak acids were chosen as indicators, the Hammett function H_
is defined by the following equation.

H_ = pK(HI) + log([I"}/[HI]) (M

where pK(HI) is the thermodynamic ionization constant of
the indicator in water, [I"] and [HI] stand for the molar
concentrations of anionic and neutral forms of the indicator,
respectively. Clearly, a medium with larger H_ value has stronger
basicity. Usually, an indicator is only applicable to a narrow
H_ range. The commonly used method to study the Hammett
function in wide range is to use different indicators because
different indicators give approximately the same Hammett value
for a solution, especially when using indicators of the same
charge type and similar structure.®® In this work we used
three indicators, 4-nitrobenzylcyanide, 4-nitrophenol and 2,5-
dinitrophenol to determine the basicity of the ILs with and
without CO, at 25 °C. Their pK(HI) values are 13.43,% 7.15%
and 5.15,% respectively.

The absorption of the neutral form of the indicators is
negligible at the wavelength monitored in this work. Therefore,
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Table 1 H_ values for hydrazine aqueous solution measured in this
work and reported in the literature

Hydrazine (wt%) H_ (measured, £0.01) H_ (literature)
10 11.55 11.55
15 11.86 11.93
20 12.18 12.29
25 12.62 12.72
30 12.97 13.15

the ratio [["]/[HI] can be known from UV-Vis spectra by
applying Beer’s law.?%?-3!

(C)/[HI] =&/ (e —e) 2

where ¢ is the measured extinction coefficient of the indicator at
a given wavelength, and ¢~ represents the extinction coefficient
at the same wavelength of the indicator completely in the anionic
form. We first determined the H_ values of hydrazine aqueous
solutions of different concentrations to verify the reliability of
our experimental method, and the results are presented in Table 1
together with those reported by other authors. It can be observed
that the results determined in this work agree well with the
literature values.*

The basicity of the ILs was determined with 4-nitro-
benzylcyanide and 2,5-dinitrophenol. The absorption maximum
of the anionic form of was 4-nitrobenzylcyanide at about
540 nm in CH/urea and [AEMIM][BF,]. For [TMG][CIO,] and
[BMIM][BF,], 2,5-dinitrophenol was used. Value of ¢, is neces-
sarily measured in solutions with sufficient high basicities.?®*! In
this work, ¢~ was determined in the mixed solution of the ILs and
ethylenediamine (30 wt%) in which the absorption band of the
neutral form of the indicator disappeared completely, indicating
that the indicator existed entirely in the anionic form in the
solution. The H_ values of the ILs determined are presented
in Table 2. CH/urea and [AEMIM][BF,] behave as bases and
exhibit high H_ values, while [TMG][CIO,] have much lower
value similar to that of the neutral IL [BMIM][BF,]. It should
be noted that the [BF,] anion might be hydrolysed in the presence
of water, which may have some effect on the H_ measurements.
However, we have found that the H_ values of ILs remained
constant after the dried ILs were preserved for several days.
Guanidine and its derivatives are known to be very strong
organic bases of the order of strength of potassium hydroxide.**
Therefore, the neutralization of 1,1,3,3-tetramethylguanidine by
the strong perchloric acid leads to a neutral product.

It is known that most ILs are hygroscopic and water could
affect the properties of ILs, such as density, viscosity and
polarity.**2¢ The ILs used here were dried under vacuum for at

Table 2 H_ values of the ILs with and without additives at 25 °C

least 24 h at 70 °C prior to use and the water content determined
by Karl Fischer titration was less than 100 ppm. To study the
effect of the remaining water on the H_ values of the dried
ILs, we measured the H_ values of ILs with 1 wt% and 3 wt%
added water, and the results are also presented in Table 2. It can
be seen that water slightly reduces the basicity of CH/urea and
[AEMIM][BF,], due to the hydrogen bonding between water and
amino group. On the other hand, the addition of water results
in slight increase of H_ values in the case of [TMG][CIO,] and
[BMIM][BF,]. The values of H_ for the IL/water mixtures did
not change over three days, indicating that the hydrolysis was
negligible under the conditions.

The basicity of mixed ILs was also determined. Fig. 1 shows
the H_ values of binary mixtures of basic ILs and neutral
[BMIM][BF,] with different concentrations. The three indicators
described before were used in a different H_ range. x, represents
the mole fraction of the basic ILs, CH/urea and [AEMIM][BF,].
As illustrated in Fig. 1, the basicity of the mixtures increases
significantly with the increase of x,. The change in the basicity
is more rapid in the neutral IL-rich region and basic IL-rich
region, which is similar to the basic aqueous system.*

12
11 —o— [AEMIM][BF]

104 —— CH/urea

5 T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

X,

Fig.1 The H_ values of CH/urea + [BMIM][BF,] and [AEMIM][BF,]

+ [BMIM][BF,] mixed ILs as a function of the mole fraction of basic
ILs x,.

It is very interesting to switch the basiciy of ILs repeatedly
using simple and green method. In this work, we studied
the effect of CO, on the H_ values of the ILs. The above
data were obtained using 4-nitrobenzylcyanide as the indicator.
Our experiments showed that the addition of CO, of ambient
pressure to [AEMIM][BF,] and CH/urea made the bands of the
indicator at 540 nm disappear completely. This means that the
basicity of the two ILs is reduced significantly after adding CO,

H_ (£0.02)
Additives CH/urea [AEMIM][BF,] [TMG][CIO,] [BMIM][BF,]
Without additive 10.86¢ 11.75 435 5.06
1 wt% water 10.77¢ 11.65° 4.40 5.12
3 wi% water 10.65¢ 11.497 447 5.20
CO, of 1 atm 6.25 4.96 435 5.06

“The values were determined by 4-nitrobenzylcyanide, the other values were determined by 2,5-dinitrophenol.
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and the indicator is not applicable to determine the H_ values
of the ILs in the presence of CO,. Therefore, we use another
indicator, 2,5-nitrophenol, which is suitable for lowering H_
values. The absorbance of the indicator in the corresponding
neat ILs was used as the reference absorbance of the total
anionic form because only the absorbance of the anionic form
can be observed in the neat ILs for the indicator. The H_
values of the ILs after equilibration under ambient CO, pressure
are presented in Table 2. It can be observed that the basicity
of [AEMIM][BF,] and CH/urea decreased significantly after
adding CO,. Especially, the H_ value of [AEMIM][BF,] after
CO, treatment is nearly the same as the neutral [BMIM][BF,].
This is because that CO, reacts with primary and secondary
amines to form ammonium carbamates,®*>* which reduces the
basicity. As expected, the effect of CO, on the basicity of
[TMG][CIO,] and [BMIM][BF,] is negligible, because there is
no chemical reaction between the ILs and CO,.

Our experiments showed that the A_ value of IL samples with
absorbed CO, returned to that of the neat ILs after bubbling
N, through the solutions. As example, Fig. 2 demonstrates the
change of H_ values of CH/urea by bubbling CO, and N,
through the solution over three cycles. Clearly, the basicity of
the ILs can be switched repeatedly and reversibly by bubbling
CO, and N, alternatively. This is understandable because the
CO, absorbed by amino group can be released.®** This novel
method to tune the basicity of ILs may find wide application in
different fields, such as separation, chemical reactions and smart
materials. As an example, we studied the switching of absorbance
of 4-nitrophenol in CH/urea. 4-Nitrophenol in CH/urea is
bright yellow. It quickly became colourless after was exposed to
CO, of ambient pressure for five minutes under stirring. After
bubbling N, at 60°C for thirty minutes, the solution reverted
back to its original colour. The photographs of this process are
shown in Fig. 3.

12

co,| N, €0, N, €O N,
11

10

——-——
j

T T T
0 50 100 150 200
Time, min
Fig. 2 The H_ value of CH/urea as a function of time during three
cycles of treatment with CO, at 25 °C followed by N, at 60 °C.

In summary, the basicity of several ILs were determined. Most
importantly, the basicity of the amino-group containing ILs can
be tuned repeatedly and reversibly by bubbling CO, and N,
through the solutions alternately. We believe that this novel,
simple, green and reversible method to tune the basicity of ILs
has potential applications in different fields.

CO, N;, A
—————2

a v - b & > c

Fig. 3 The color change of 4-nitrophenol in CH/urea. (a) in neat
CH/urea, (b) after bubbling CO, for five minutes at 25 °C, (c) after
bubbling N, for half an hour at 60 °C. The concentration of the dye is
5% 107° mol L.
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Industrial preparation of resmethrin, one of the first members of the pyrethroid family to be
introduced, is achieved via Elliott’s alcohol. Available procedures make use of stoichiometric
amounts of pyridine, thionyl chloride, fuming nitric acid and a lot of chlorinated by-products are
generated. We present here an alternative route to Elliott’s alcohol, based on Baylis—Hillman
reaction in aqueous media. A comparative quantitative assessment of the “greenness” was
performed, using the freeware package EATOS which takes into account both the mass economy

and the environmental impact of the materials involved.

Introduction

Pyrethroids are synthetic insecticides possessing greater in-
secticidal potency and enhanced photostability than plant-
derived pyrethrins. Thanks to their low mammalian toxicity and
biodegradability, they have emerged as a replacement for DDT
since the late 1960s. The demand for pyrethroids is increasing,
also due to the upgraded agriculture technologies of “emerging
countries” such as China.! Resmethrin (Fig. 1) was one of
the first members of the pyrethroid family to be used. It is
commercialized as the mixture of the four stereoisomers, while
the most active (1R,3R)-trans stereoisomer is sold under the
name bioresmethrin. Bioresmethrin is one of the most effective
broad spectrum insecticides currently available. It exhibits a high
order of insecticidal activity, which is coupled with its excellent
toxicological properties.”

(¢] N OH
X~
Elliott's alcohol (1)
e \ 0 resmethrins
NS o

Fig. 1 Elliott’s alcohol and resmethrins.

They are both chrysanthemic acid esters of (5-benzylfuran-
3-yl)methanol (Elliott alcohol, 1).* Patented methods* for the
industrial preparation of Elliott’s alcohol are demanding and as
such hardly exploited in industrial-scale plants. For instance, in
one of these methods® (5-benzyl-3-furyl)methanol is obtained
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Studiorum—Universita di Bologna, Viale del Risorgimento, 4, 1-40136,
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Tel: +39 051 20 93625

PENDURA SpA, Viale Pietramellara, 5, 40131, Bologna, Italy

1 Electronic supplementary information (ESI) available: Details of the
comparative quantitative greenness assessment calculations performed
with the EATOS tool. See DOI: 10.1039/b809088b

by a sequence of Claisen condensation of benzylcyanide and
a dialkylsuccinate, hydrolysis, esterification, protection of the
ketone group, formylation, cyclization to 5-benzyl-3-furfuryl
ester, and reduction to alcohol with lithium aluminium hydride.
The process is particularly laborious, it requires anhydrous
solvents and uses lithium aluminium hydride the handling of
which requires numerous precautions.

More promising, in terms of “green” efficiency, was the
procedure® for obtaining 1 (Scheme 1). The key step of this
procedure is an extremely atom efficient and regiospecific dipolar
cycloaddition between an in situ generated nitrile oxide and
isobutene diacetate (2). The cycloadduct is then converted
into 1 by a simple saponifcation/hydrogenolysis/furane ring
formation three-step sequence.

~Z T oH
OAc NaOCl o)
OAc
OAc
2 3 OAc
KOH 2
Y H,, PtO,
oH 2
4 OH

Scheme 1 BASF procedure for Elliott’s alcohol.

The weak point of this method is the supply of isobutene diac-
etate (2) which is expensive and difficult to find in bulk quantities,
or can be prepared by a double nucleophilic displacement from

the corresponding dichloride 5 (Scheme 2).
:<:OAC
OAc

:CC'
Cl
Scheme 2 Preparation of diacetate 2.

NaOAc, cat. BuyN*HSO4

CH3CN, reflux, 24 h
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A recent preparation of dichloride 5,7 claimed as safer and
more convenient, is depicted in Scheme 3.

cl cl
cl cl
C(CH,OH)4 + 3 Py + 3 SOCl, ——— +
HO cl
cl

by-product ¢l
Cl
Cl

210°C {C'
HO o

5

7 HNO;,

_—

Scheme 3 Preparation of isobutene dichloride.

Of course, this preparation poses a heavy burden on the
environment. In the first step huge amounts of pyridinium
salts and SO, are generated along with 20% of an unuseful
tetrachlorinated by-product, which has to be discarded in the
following step. The second step is accompanied by a large NO,
evolution, while the final step releases carbon dioxide and HCL.

Results and discussion
An alternative synthesis of Elliott’s alcohol

On the outset of this project,! we were interested in finding
an alternative procedure for obtaining Elliott’s alcohol, based
on the efficient cycloaddition reaction, but avoiding the use of
the isobutene diacetate and all the wastes associated with its
preparation (Schemes 3 and 2).

As an alternative building block for the cycloaddition step,
we thought of ethyl 2-(hydroxymethyl)acrylate (7), which can
be easily prepared via a known® tandem olefination/Baylis—
Hilmann sequence (Scheme 4) from commercially available and
inexpensive triethyl phosphonoacetate (6), paraformaldehyde,
potassium carbonate as the base, in water at 40 °C for 1 h.'

(CH,0),
KaCO3, HpO OH
(E0),0P__CO,Et [L1040°C.1h
88 % CO,Et
6 7
Bn_ N
~ZN0H _
NaOCl Ph 7 Q NaBH,, E{OH
5°Ctort,4h \/KX\OH 10°Ctort,2h
1% CO,Et ——
8
N—O 4 bar Hy, ROH/H,0
Ph / cat. HyBO;
\/QCOC;H Raney-Ni, 8 h ]
83 %
4

Scheme 4  Alternative route to Elliott’s alcohol.

Though structurally similar to diester 2, dienophile 7 is
electron-poor while 2 is electron-rich. So, choosing 7 as the
new starting material posed at least three questions: (i) would
7 react at all, in the cycloaddition step? (ii) would this reaction

regiospecifically afford the desired isomer? and (iii) can the new
cycloadduct be converted into Elliott’s alcohol?

We were glad to find that by treating 7 with phenylacetalde-
hyde aldoxime and 10% NaOCI the desired cycloadduct 8 is
regiospecifically obtained in high yield (Scheme 4). After the
extractive work-up the product is obtained pure enough to be
used in the next step without any further purification.

With this result in hand, the attention was shifted to find
an effective reduction of the carboxylate moiety to obtain the
bishydroxyl derivative 4, the intermediate that is in common
with the procedure depicted in Scheme 1. The reduction does
not need problematic aluminium hydride reagents, and can
be performed, in good yields, with easier-to-handle granular
sodium borohydride in lower alcohols. Finally, the conversion
of 8 into Elliott’s alcohol can be carried out according to the
original procedure® or by hydrogenation in lower alcohols/water
solution in the presence of Raney nickel and orthoboric acid.™

Summarizing, an alternative route to Elliot’s alcohol (1) was
found. The new procedure makes use of 2-(hydroxymethyl)-
acrylic acid esters, such as 7, as the new starting materials. On
the “green” side, the choice of this alternative starting material,
allows us to keep the atom economic efficent cycloaddition step
of the existing procedure, while producing a great reduction of
steps, waste amount, and waste toxicity and hazards. In fact, the
existing synthetic sequence (Schemes 3 and 2) is now replaced
by one step only: the first step depicted in Scheme 4. Thus,
the wastes associated with the existing methodology (3 SO,, 3
pyridium salts, the tetrachlorinated by-product, 7 NO,, CO,,
HCI) are now replaced by the wastes associated with the first
step of Scheme 4 (excess CH,0 and phosphate salts).

However we felt that this kind of “qualitative” greenness
assessment, based only the visual inspection of reaction schemes
may be too limited and may lead to erroneous conclusions. So we
decided to perform a rapid “quantitative” greenness assessment
of the two routes: the best existing one,® and our new route
(Scheme 4).

Comparative assessment of alternative routes
to Elliott’s alcohol

The quantitative evaluation of chemical processes in terms
of environmental impact and eco-friendliness has gradually
become a topic of great interest since the original introduction
of the Atom Economy (AE) by Trost,”? and the E-factor by
Sheldon.*® Since then, other indexes have been proposed for the
green metrics of chemical processes, such as Effective Mass Yield
(EMY),"* Reaction Mass Efficiency (RME),"* Mass Intensity
(MI),'* along with unification efforts,"'® and comparisons
among these indexes."

All the above metrics are only based on masses of waste: they
do not take into account the nature of the waste. The necessity of
metrics that consider not just the amount of the waste, but also
its environmental impact was first recognized by Sheldon.?® To
put it in his words: “Comparing alternative routes solely on the
basis of the amount of waste is to grossly oversimplify”. So, he
defined the environmental quotient (EQ) as the product between
the E-factor (E) and an unfriendliness quotient, Q.

However, despite the simplicity of this definition, the quan-
titative assessment of Q is not so obvious. Sheldon’s original

This journal is © The Royal Society of Chemistry 2008

Green Chem., 2008, 10, 1146-1151 | 1147


http://dx.doi.org/10.1039/B809088B

Downloaded by City College of New Y ork on 09 November 2010
Published on 19 September 2008 on http://pubs.rsc.org | doi:10.1039/B809088B

View Online

proposal to arbitrarily assign to any substance a Q value relative
to that of NaCl, which is set to 1, does not fully solve the
problem. This has been followed by a few papers dealing with
this problem.* However, the methods proposed suffer from a
difficult calculation basis and therefore are not amenable for a
rapid evaluation and/or screening of the environmental impact
of alternative synthetic pathways.

In 2002, Eissen and Metzger proposed EATOS—an environ-
mental assessment tool for organic syntheses—an environmental
performance metrics for daily use in synthetic chemistry.? This
tool allows rapid quantitative assessment of both the E-factor
and the potential environmental impact (PEI, Sheldon’s Q) of a
process. They also provided a software application to perform
this calculation, which is available from them.?® With this tool,
Sheldon’s Q can be quantitatively assessed for both the feedstock
and the output (product and wastes) of a multi-step synthesis.
The assessment is made on the basis of the available substance’s
ecotoxicological and human toxicological data.

Here we present a comparative assessment of our new route to
Elliot’s alcohol and the existing route.® The assessment was made
with the aid of the EATOS tool and takes into consideration
both the masses (E-factor) as well as environmental impact
of the substances employed and released by the processes
(Sheldon’s Q).

This assessment compares the two routes to the common
Elliott’s alcohol intermediate 4, depicted in Scheme 5.

Route A. Existing route

Scheme 3 ¢l Scheme 2
C(CH,0H)4 _—
5 Cl
OAc
:<: Scheme 1
OAc

Route B. Alternative route (Scheme 4)

OH
(Et0);0P-_ _CO,Et — ; — 2
~ CO,Et

6 7

Scheme 5 Alternative routes to Elliott’s alcohol common interme-
diate 4.

So, which is the greener route? This evaluation is usually done
qualitatively by visual inspection of the reaction scheme. At
a first glance, the shorter route B probably has the lower E-
factor. But how much lower? And what about the environmental
impact? Will the use of problematic formaldehyde in route
B counterbalance the use of problematic pyridine and SOCI,
in route A? Obviously to answer these and other questions a
quantitative assessment is needed.

Comparison of E-factor

The E-factor was calculated for both routes considering the
amounts and yields reported in refs. 6 and 7 for route A and in
the Experimental section of this paper for route B.
Comparison of E-factors (Fig. 2) clearly shows how route B is
much less mass intensive than route A. In fact, for each kilogram
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Fig.2 Comparison of E-factors (kg waste/kg product).

of compound 4, route A produces 183 kg of wastes while route
B produces only 102 kg, that is a net 44% reduction.

Inspection of EATOS graphical output (Fig. 2) allows us
also to see where these wastes comes from. Much of the wastes
produced in route A (76 kg out of 183 kg; blue block) are aqueous
and come from aqueous reagents and aqueous work-up. Further
inspection of this segmentf with EATOS tool shows that the
majority of this aqueous waste is produced in the early steps
of route A (Scheme 3), especially from the use and subsequent
removal of mineral acids and their salts. Inspection of the wastes
produced in Route B shows that most of them come from the
auxiliaries materials used during isolation steps (41 kg out of
102 kg; brown block) of the process (Scheme 4). Overall isolation
steps produce most of the wastes in both routes: the figures are
105 kg waste/kg product (57% of the total waste produced) for
Route A and 51 kg waste/kg product (50% of the total waste
produced) for Route B.

These figures speak very well on how misleading could be
the “greenness” evaluation of a process based only on the
“visual inspection” of synthetic schemes: a very large part
of the waste comes from isolation steps, which do not even
appear in synthetic schemes. Moreover, some green metrics,
such as atom economy do not consider at all this portion of
waste.

Comparison of waste environmental impact

For the assessment of the environmental impact of chemical
processes, EATOS can take into consideration up to ten different
substances’ ecotoxicological and human toxicological parame-
ters, and each parameter can be given a different weight. Such
substances’ parameters are then normalized (each parameter is
made to vary from 1 to 10) and then combined to afford an
environmental quotient EI (much the same of Sheldon’s Q).
So each different component of the waste can be assigned a
quantitative potential environmental impact PEI,, (much the
same of Sheldon’s environmental quotient EQ), defined as the

1148 | Green Chem., 2008, 10, 1146-1151

This journal is © The Royal Society of Chemistry 2008


http://dx.doi.org/10.1039/B809088B

Downloaded by City College of New Y ork on 09 November 2010
Published on 19 September 2008 on http://pubs.rsc.org | doi:10.1039/B809088B

View Online

product of its mass (relative to the product unit mass) with its
EL

In this work the parameters taken into account for the assess-
ment of EI,, of the waste are: MAK,* TLV, Hazard Symbol,
or LX,, for human acute toxicity; any suspect carcinogen,
mutagen or teratogen for chronic human toxicity; and WGK?*
or LCy to fish for ecotoxicology. These data were obtained
from substances Material Safety Data Sheets, the European
Chemicals Bureau,?® the Hazardous Substance DataBank.?”
When insufficient data were available for human chronic toxicity,
a prediction of the carcinogenic and mutagenic effects was per-
formed with the OSIRIS tool, available at the Organic Chemistry
Portal.®

The quantitative comparison of potential environmental
impact of waste (PEI,,) is reported in Fig. 3.

PEIkg™" 700 -—

600 11

400 1

300 1 B

Sewage/Vater
Auxiliaries (isolation)
Solvents

200 T u

Impurties
100 1 Catalysts
Substrates
i By-products
0 Coupled products
Route & Route B
El_out

Fig. 3 Graphical comparison of potential environmental impact of
waste.

Fig. 3 allows us to see immediately that Route B also allows
a large decrease in waste environmental impact: the figures are
697 PEI unit/kg product while Route B is at 402 PEI unit/kg
product, that is Route B achieves a net 40% reduction in waste
potential environmental impact.

In both routes most of the environmental impact is generated
by auxiliaries materials (those needed only for product isolation,
brown blocks in Fig. 3). In particular,t in Route A nearly all
(96%) of auxiliaries waste is due to the dichloromethane used
for product extraction in three different steps of the process. In
route B, again most of the auxiliaries waste comes from solvents
needed for product isolation.

Further inspection Fig. 3 and its comparison with Fig. 2
affords some other useful insights. The aqueous waste (blue
block) although relevant in mass terms (Fig. 2), is much
less relevant in environmental impact terms: in Route A the
aqueous waste is more than 40% of the waste total mass
(Fig. 2) while it contributes to only less than 11% of the waste
total potential environmental impact (Fig. 3). On the contrary
auxiliary materials of Route A accounts for 25% of the waste

mass (Fig. 2) and for nearly 50% of waste environmental impact.
Similar value are found for reaction solvents.

Again, it is important to stress how misleading could be an
environmental assessment based only on waste masses: relatively
small portions of the waste mass can account for relatively large
environmental impacts.

Comparison of the waste produced by the two routes, shows
that Route A suffers from poor reaction conditions more than
Route B. In fact, in Route A the environmental impact of the
waste related to reaction—i.e. coupled products, by-products,
and excess substrates—accounts for 124 PEIL kg™ (nearly 20% of
the total waste). Nearly all of this waste is produced in the early
steps of route A (Scheme 3). In route B the same figure is 41
PEI kg™ (10% of the total waste of route B). Fig. 3 shows how
Route B, compared to Route A, produces very little by-products
(yellow block) and less coupled products (red block), while has
a similar impact due to excess substrate waste (green block),
which for Route B is essentially due to excess paraformaldehyde
and NaOClI, respectively, used in the first and second steps of
Scheme 4.

So the environmental analysis performed with the aid of
EATOS makes clear (in quantitative terms) that any effort for the
reduction of the environmental impact of both processes should
take into consideration, in the first place, the improvement
of isolation procedures, that is using less and/or less toxic
auxiliaries; a result that would not have been possible at all
considering other metrics such as atom economy, or would
have been greatly underestimated using metrics based only on
masses.

Comparison of feedstock environmental impact

The environmental impact can also be calculated for the
feedstock of the process (PEI,,), allowing us to assess the hazards
and the costs associated with the use of the starting materials of
a particular process. This should always be done to make sure
that a decrease of the environmental impact of waste is not made
at the expense of using more hazardous or (environmentally)
expensive starting materials.

For the feedstock environmental impact evaluation, EATOS
considers risk-phrases and the cost® associated with each
substance. These data were obtained for all substances of both
routes, from the 2007 Sigma-Aldrich catalogue.

Fig. 4 reveals that Route B allows also a decrease (33%) in
the potential environmental impact of materials used for the
preparation of Elliott’s alcohol intermediate 4. Again, most the
hazards and costs come from the use of auxiliaries. For Route A
a significantly higher proportion of the potential environmental
impact of the materials used is due to reaction substrates (green
block) and especially to thionyl chloride.t

The results obtained are summarized in Table 1. Route B
achieves a decrease over Route A, in the environmental impact
of the waste produced (EI_out: —42%), and this is not done at
the expense of more hazardous starting materials. In fact, the
environmental impact of starting material is also decreased in
Route B (ET_in: —34%). From Table 1, it is also possible to see
the largest relative reduction that Route B brought about were
in the environmental impact of the aqueous waste (—66%), in the
solvents (—58%), and in the by-product (—89%).
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Table1 Comparison of EATOS environmental indexes of waste
(EI_out) and of feedstock (£I_in) for both synthetic routes

EI out” EI in“
Category Route A Route B Diff.®? Route A Route B Diff.*
Aqueous 76.07 2548  —-66%  76.07 2548 —66%
Auxiliaries  333.38  230.79 -31% 102.31 101.61 -1%
Solvents 161.54  103.56  -58%  57.39 40.59  -29%
Substrates 21.64 21.07 -3%  61.83 28.65  —54%
By-products  47.90 535 -89%
Co-products  54.70 1523  -72%
Total 696.65  401.63  —42% 298.49  196.38 -34%
¢« EATOS units.?* ® % Difference between Route B and Route A.
PElkg™* 300
250
I .
N [
150 " 1
|
|
100 T u
SewageiVater
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Fig. 4 Graphical comparison of potential environmental impact of
feedstock of synthetic routes depicted in Scheme 5.

Driving the “green” improvement

EATOS can also be used as powerful tool to drive the “green”
improvement of a chemical synthetic sequence. For example,
analysing Table 1 it is clear that, in absolute terms, the greatest
contribution to environmental impact of both routes comes from
the auxiliaries materials, that is materials used for isolation
and/or purification of the product. Then, efforts to further
decrease waste environmental impact should be directed, in
the first place, in finding alternative and greener isolation
procedures.

In this sense, EATOS can again be very useful since it can be
used to rapidly answer a manifold of “what if” questions.

Further insight into waste environmental impact generated
by the auxiliary materials used in Route B,{ shows that 225
out of 230 of this impact is due to the solvents (diethyl ether
and dichloromethane) used for extractions in the synthesis. For
example, what if we could manage to replace those solvents with
the same amounts of ethyl acetate? Using EATOS this question
is rapidly answered and the answer is that the environmental
impact of the waste generated by the auxiliary materials would
be dramatically reduced from 230 to only 40 EATOS units. At
this point, it is important to stress that the use of any other

green metrics based on masses only (Atom Economy, RME,
MI, etc.) leads to the wrong conclusions. In fact, these metrics
would record no change in the “greenness” of the process, since
toxic solvents are replaced by the same amounts of the less toxic
ethyl acetate.

Experimental section
General

'H NMR spectra were recorded at 300.00 MHz at 20 °C
with either tetramethylsilane (6 0.00) or chloroform (& 7.26)
as the internal standard. *C NMR spectra were recorded at
75.46 MHz at 20 °C with chloroform (6 77.7) as the internal
standard. *C NMR signal multiplicities were established by
DEPT experiments. Melting points were determined through a
Biichi instrument and are uncorrected. Flash chromatographic
separations were performed over Merck Silica gel 60 (230-
400 mesh), tlc analyses were performed over Merck precoated
tle plates (Silica gel 60 GF,5, 0.25 mm). Tetrahydrofuran was
obtained anhydrous over sodium and benzophenone. Unless
otherwise stated, other solvents and reagents were used as com-
mercially available. For EATOS calculations, when insufficient
experimental details on work-up procedures were encountered,
the following assumptions were made:** (a) extraction from
aqueous media: 300 mL of organic solvent per litre of aqueous
solution; (b) washing water: 300 mL per litre of organic solvent;
(c) brine: 100 mL per litre of organic solvent; (d) solid inorganic
drying agent: 20 g per litre of organic solvent.

Ethyl 2-(hydroxymethvl)acrylate (7)

A 1 L reactor is charged with paraformaldehyde (96 g; 3.2 mol),
1 N orthophosphoric acid (H;PO,; 8 mL) and water (220 mL).
The stirred mixture is heated to 90 °C for 1.5 h. The clear solution
is then cooled to room temperature. Triethylphosphonoacetate
(60.86 g; 0.27 mol), and a solution of potassium carbonate
(41.04 g; 0.44 mol) in water (41 mL) under vigorous stirring at
a rate so as to maintain internal temperature below 40 °C. Once
the addition is complete, the solution is allowed to stir at 40 °C
for 5 min, then it is quickly cooled to room temperature. Diethyl
ether (200 mL) and brine (150 mL) are added in sequence. The
two phases are separated and the aqueous phase is retroextracted
with diethyl ether. The organic phases are reunited, washed with
brine, and then dried over sodium sulfate. Evaporation of the
solvent afforded 41.55 g of crude product as an orange oil, which
was purified by distillation (70-72 °C/1 mmHg) to obtain a clear
oil (30.89 g; 88%). '"H NMR (CDCl,) 6 1.32 (t, 3H), 3.35 (bs,
1H), 4.25 (q, 2H), 4.35 (s, 2H), 5.86 (m, 1H), 6.26 (m, 1H) ppm.
BC NMR (CDClL) 6 14.60 (q), 61.33 (t), 62.31 (), 125.66 (1),
140.21 (s), 166.85 (s) ppm.

3-Benzyl-5-hydroxymethyl-5-carboxyethyl isoxazoline (8)

A 1 L flask, equipped with a mechanical stirrer, thermome-
ter and two dropping funnels, is charged with ethyl 2-
(hydroxymethyl)acrylate (7) (39.0 g, 0.3 mol) and methylene
chloride (115 mL). The mixture is cooled to —5 °C, then
a solution of phenylacetaldehyde oxime (42.0 g, 0.3 mol) in
methylene chloride (350 ml) and sodium hypochlorite solution
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(active chlorine 10%, titrated before use, 343 mL equivalent to
0.48 mol of NaOCl) are simultaneously added dropwise in 2 h.
Once the addition is complete, the mixture is allowed to stir
at room temperature for 2 h. Conventional work-up afforded
the product (71.55 g, 91%, >95% pure, by uncalibrated GC
analysis), used as such in the subsequent step.

3-Benzyl-5,5-bis(hydroxymethyl)isoxazoline (4)

A 1 L flask, equipped with thermometer and mechanical stirrer,
is charged with isoxazoline 8 (71.55 g, 0.272 mol), and ethanol
(500 mL). The solution is cooled to—10 °C and NaBH, (granules
10-40 mesh, 10.29 g, 0.272 mol) is added in 1 h. Once the
addition is completed the temperature is increased to room
temperature and the solution is allowed to stir for an additional
1.5 h. Conventional work-up afforded a raw orange o0il (59.85 g).
Crystallization from ethyl acetate and hexanes afforded the title
compound (39.91 g) as a pale yellow solid. A second crop of
product (4.16 g, 73% overall) is recovered from the mother
liquors.

Conclusions

In this paper, we have presented a quantitative assessment
of the environmental impact of an alternative procedure for
the preparation of Elliott’s alcohol, an important industrial
intermediate of the pyrethroid resmethrin. The assessment was
made with the aid of the EATOS tool. The results show that the
alternative process we propose, allows a significant reduction
of the mass of waste, the environmental impact of waste and
of the hazards and costs associated with the materials used for
the process. With the aid of EATOS tools we were also able
to establish the process zones where most of the environmental
impact is produced. We have also shown how the use of other
green metrics based only on waste mass would have led to
different or underestimated results.
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In the last decade, ionic liquids have shown great promise in a plethora of applications. However,
little attention has been paid to the characterisation of the purity of these fluids, which has
ultimately led to non-reproducible data in the literature. In order to facilitate specification of ionic
liquids, a number of analytical protocols with their limits of detection (where available) have been
compiled, including methods of other authors. In particular, quantitative methods have been

developed and summarised for the determination of the total ionic liquid content, residual

unreacted ionic liquid starting material and by-products (amines, alkylating agents, inorganic

halides), solvents from extraction procedures and water, in addition to decomposition products

and total volatiles.

Introduction

Since 1992,! ionic liquids have increasingly been investigated
in particular as solvents for various reactions,” and have been
applied to other fields, for example as electrolytes, as entrainers
in extractive distillations,® in metal deposition* and fuel cells.®
In parallel to technical developments, there is plenty of ongoing
research in the field of sustainable product design of ionic
liquids.®

It has been pointed out’ that, considering the exponential
increase in publications in this field in the last 15 years,
very little information on routine analytical methods for the
determination of impurities in ionic liquids has been published.
Such methods are especially important, as many conventionally
used operations for the purification of organic compounds,
such as distillation or extraction, are aggravated by the unique
properties of ionic liquids, such as negligibly low vapour pressure
and high solvating power.

In this article, we summarise the established and published
methods and present our own efforts in providing reliable and
practicable analytical techniques.

Origin of potential impurities

The most important source of impurities in ionic liquids origi-
nates from ionic liquid preparation. Their analysis is the topic
of this contribution, with special emphasis on the quantitative
determination of the total ionic liquid content and the different
types of impurities occurring.
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Although many thousands of ionic liquids are conceivable,?
their preparation follows, in the majority of cases, the same
procedure: alkylation, first work-up (organic solvent extrac-
tion), ion exchange, second work-up (aqueous extraction/steam
distillation/precipitation), diligent drying, and, where required,
removal of discolorations.

Thus, a Lewis base (an amine, phosphine or sulfide) is
alkylated by nucleophilic substitution of an alkyl halide. After
extraction of the intermediate halide salt with an organic solvent
to remove unreacted starting material, the halide is exchanged
with the required anion. There are, in principle, two methods
to achieve this, i.e. exchange with the corresponding acid HY,
or the Group 1 metal salt MY. In this latter instance, sodium,
potassium and lithium are most frequently employed. The anion
exchange is carried out in a solvent and at room-temperature,
and the respective halide-containing acids HX or salts MX
are formed as side-product. Scheme 1 illustrates the general
synthetic steps for the preparation of amine-based ionic liquids.

+HY /MY ]+ -

L
NR3+ X-R' [NR;R' [NR,R'
’ REX X mx RRTY

Scheme 1 Typical preparation of ionic liquids.

In order to be able to quantitatively remove these side-
products with a reasonable extractive effort, the anion Y~ must
render the ionic liquid hydrophobic enough to allow for aqueous
extraction of HX or MX. Examples of such anions are tetraflu-
oroborate, hexafluorophosphate,  bis(trifluoromethanesul-
fonyl)amide and trifluoromethylsulfonate. It should be noted
here that ‘hydrophobic’ is not meant to imply ‘water-immiscible’,
but rather that a biphasic ionic liquid—water system is attained
at certain mole fractions and temperatures, depending also on
the cation substitution.

In those cases, however, where the required anion gives a
water-soluble ionic liquid, the extraction with water described
above is not easily feasible, and cumbersome work-ups result:
HX is driven out by frequent addition of water and successive
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drying in vacuo (‘steam distillation’).*'* MX, on the other hand,
can be precipitated from the dry ionic liquid or its solution in
chloroform at low temperatures," followed by several filtration
steps. However, both alternatives result in products containing
>5% residual halide.”

A viable, albeit very cost-intensive method has been
proposed™ in which the halide is precipitated as AgX by
addition of e.g. Ag[NO;]. Residual silver ions can be removed
electrochemically.’* However, this involves yet another clean-up
stage, and silver salts are produced as by-products.

In the few cases where alkylating agents such as dialkyl sulfate,
alkyl trifluoromethanesulfonate, alkyl trifluoroacetate or alkyl
bis(trifluoromethanesulfonyl)amide' are available, the general
two-step synthesis is circumvented and the direct preparation of
ionic liquids is feasible.

After work-up, the product is dried (80 °C, 12 h, high vacuum)
in order to remove any volatiles remaining from the preparation.
Under these conditions, we found that the alkylating agents
and organic solvents are quantitatively removed. In the case
of water-soluble ionic liquids, water (stemming either from the
preparation or from absorption from air)® may still be present
in trace amounts.

Due to the high boiling points and affinities of polar com-
pounds, in particular imidazoles and pyridine, to ionic liquids,
their quantitative removal is not achieved. Higher temperatures
(during drying or also during synthesis) often result in thermal
degradation of the ionic liquid,'*® as observed by a honey-
yellow to brown tint, the origin of which still remains unknown.
In our experience, however, the colour of an ionic liquid is neither
correlated to its physical properties nor to its performance as
solvent, and coloured impurities have not been observed in any
of our IR, HPLC or NMR measurements. However, for more
sensitive spectroscopic applications or from the point of view of
commercial ionic liquid suppliers, colourless ionic liquids may
be desirable.

The removal of any discoloration has been reported using
activated charcoal, acidic or neutral alumina followed by filtra-
tion through kieselguhr.”? In our laboratories, decolourisation
(Fig. 1) is carried out by stirring the ionic liquid with activated
charcoal (charcoal : ionic liquid 1 : 4) in acetone at room-
temperature for 20 min. A rather large physical loss of about
20% results, and the method was found not to be applicable for
chloride- or bromide-based ionic liquids.

Relevance of the purity of ionic liquids

Although the use of high-purity ionic liquids may not be nec-
essary for every purpose, several authors have highlighted that
residual water, halide or 1-methylimidazole exhibit (often severe)
effects on the rate and/or selectivity of reactions carried out in
ionic liquids and their physical properties.**” Electrochemical
studies have recently shown that impurities in ionic liquids
inter alia narrow the apparent electrochemical window and
decomposition products may alter the electrode surface. Hence,
the use of ultra high purity ionic liquids is necessary to achieve
reproducible results.*®

It has been pointed out that the apparent lack of physical data
impedes the industrial application of ionic liquids in industry.*
The situation is made worse by the fact that most available data

Fig. 1 [C4,dmim][BF,], before (left) and after (right) treatment with
activated charcoal in acetone at room-temperature.

was obtained with ionic liquids of an unknown purity level.
For example, melting points published for the same ionic liquid,
e.g. [C,mim][BF,], deviate by almost 10 °C,"*" and the viscosity
varies by 140 cP for [C,;mim][PF]."*#

Likewise, reaction kinetics are not comparable unless the
purity of the medium is reported. From an engineering point
of view, the presence of halides will affect the choice of
constructional material, as these anions are known for their
corrosiveness.

Another important factor to be considered is the dependence
of water content on ionic liquid stability. For example, water
leads to a significant loss in stability of ionic liquids based on
the tetrafluoroborate** or hexafluorophosphate*® anion, which
decompose to yield HF* and other by-products.

Finally, purity has an influence on the safety of ionic liquids
for man and the environment. The formation of HF, for example,
can lead to corrosion and successive leaking of glassware which
significantly increases the risk of a direct exposure of the skin
and respiratory tract. In theory, there is also the possibility
that impurities lead to more toxic mixtures than the pure
the ionic liquid itself. It is known that the toxicity of ionic
liquids increases with alkyl chain length,*** or more generally
with cation hydrophobicity.*” Therefore, the by-product N,N-
dihexylpyrrolidinium in N-hexyl-N-methylpyrrolidinium ionic
liquids can be expected to substantially increase the mixture’s
toxicity.

It is clear that highly pure ionic liquids are not necessary
for every application. However, at this present stage of ionic
liquid development, we believe that any literature data should
be accompanied with an analytical specification of impurities
that are potentially relevant for the data in order to allow for the
comparison of results between different research groups.

The quantification of the total ionic liquid content and the
determination of the amounts of impurities are thus considered
as follows:

o Total ionic liquid content

e Unreacted organic starting material (amine, alkylating
agent)
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e Unreacted inorganic starting material (HY, MY) and by-
products (MX, HX)

e Solvents from extraction procedures and water absorbed
from the atmosphere

e Decomposition products and other volatiles.

The focus of this article is on providing a set of practicable
methods from which interested readers can choose the ones
that are relevant to their work. For the groups of impurities
listed above, some of the established quantitative methods from
literature are summarised, and our own analytical methods
for the specification of ionic liquids are introduced. In many
cases, the calibration and validation of analytical techniques is
hampered by the fact that ionic liquids in analytical standard
quality are not yet commercially available. Nevertheless, interest
in the development of analytical techniques for ionic liquids
has risen in recent years, albeit much slower than investigations
on ionic liquids in catalysis or organic synthesis, and includes
sometimes rather sophisticated apparatus.

Results and discussion
Total ionic liquid content

Traditionally, the purity of ionic liquids has been qualitatively
determined using "H NMR spectroscopy. However, at impurity
levels <3 mol% the limit of detection is reached, and organic
compounds such as 1-methylimidazole, which exhibit a strong
effect on the reaction outcome remain undetected.*” The quanti-
tative analysis of the total ionic liquid content has been reported
by UV-Vis,®# eclectrospray ionisation mass spectrometry,*
capillary electrophoresis (limit of detection <2 ppm*® and 10 ppb
for [C,mim]*-based ionic liquids)®! and hydrophilic interaction
liquid chromatography (HILIC).*

Building on an HPLC-UV-method developed for the separa-
tion of ionic liquids with longer alkyl chain substitution on an
RP-8 column using a phosphate buffer—acetonitrile eluent,*
we found a phosphoric acid—dihydrogenphosphate buffer with
a pH of 2.8 or 3 to be necessary to prevent excessive tailing of
the quaternary ammonium cations, which is probably due to
interactions with dissociated, negatively charged silanol groups
even on end-capped RP columns. Using phosphate buffer, UV
detection is best at 208 nm for imidazole-derivatives. Isocratic
methods can be applied for the quantification of several ionic
liquid cations. For example, we calibrated with [C,MIM] and
[CsMIM] tetrafluoroborate solutions, reaching detection limits
of about 2.5 mg L™ and a linear response up to at least
250 mg L. It should be noted that this method does not allow
for the separation of 1-methylimidazole or 1,2-dimethylimdazole
from imidazolium-derivatives with short alkyl chain substitution
(vide infra). Satisfactory retention of ionic liquid cations with
short chains such as 1-ethyl-3-methylimidazolium ([C,MIM]) in
reversed phase HPLC is only possible with special RP phases, e.g.
with pentafluorophenylpropyl groups (Fig. 2), or by switching
to HILIC or cation exchange chromatography columns. For
non-aromatic cations, such as pyrrolidinium, morpholinium
or phosphonium derivatives, an alternative acetic acid/acetate
buffer can be used, which has better compatibility with MS-
coupled electrospray ionisation (ESI-MS) (see Experimental).
The resulting method for cation analysis has been shown to

3.584

MM

4 6 8 10 12 mir
Fig.2 Chromatogram of 1-methylimidazole and the homologous series
of 1-alkyl-3-methylimidazolium cations on a pentafluorophenylpropyl
HPLC column. Alkyl chains are from ethyl ([C,MIM]) to octyl
([CsMIM])). Note the strong separation of 1-methylimidazole from the
short chain [C,MIM] cation.

be applicable to almost the entire range of cations found in
ionic liquids.*” However, precautions for quantification with the
non-linear and matrix-dependent ESI have to be taken, ie. a
non-linear calibration might have to be used in order to obtain a
viable working range of the method, and the purity of the cation
peak has to be tested either by MS? or by cross-checking under
different chromatographic conditions.

All of these relative methods rely on the availability of a
standard ionic liquid with maximum purity, and can only be
as good as this standard. This means that their application is
confined to the comparison of different batches of ionic liquids,
and the monitoring of cation content of ionic liquids.

Unreacted organic starting material

Of the organic impurities (amines, e.g. pyridine/imidazole,
alkylating agent, water and organic solvents), only the amine and
water have been recognised as synthesis-inherent (and difficult
to remove) impurities to influence ionic liquid performance (vide
supra). In our experience, the alkylating agents are quantitatively
extracted with ether or other nonpolar extracting agents,” and
the organic solvents are removed during the extensive drying
process following the preparation. However, the Lewis bases, in
particular 1-methylimidazole and pyridine, possess both high
boiling points and affinities towards the ionic liquid, and are
therefore in most cases not quantitatively removed.

Holbrey et al*® devised a protocol for the quantifica-
tion of 1-methylimidazole during the synthesis of 1-ethyl-
3-methylimidazolium chloride. The procedure is based on
the formation of the [Cu(MIM),J** ion (where MIM = 1-
methylimidazole) from copper(if)chloride and 1-methylimi-
dazole, which is blue. The shift of the maxima in the elec-
tronic absorbance spectra is exponentially related to the 1-
methylimidazole concentration. The method can be used for the
quantification of 1-methylimidazole between 0.2 and 8 mol% in
ionic liquids.®® The separation, detection and quantification of
imidazoles has also been achieved by zone electrophoresis,>**
with a low limit of detection (<1 ppm) for 1-methylimidazole
and 1,2-dimethylimidazole on a a-cyclodextrin-modified
capillary.®
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We have developed both GC- and HPLC-based methods for
the quantification of residual imidazoles and pyridine, and a
UV-based method for primary and secondary aliphatic amines.

Determination of 1-methylimidazole impurity in ionic liquids
by GC using the standard addition method. A viable method
to establish the amount of 1-methylimidazole in a sample of an
ionic liquid is the standard addition method combined with GC-
FID analysis: the sample is dissolved in acetonitrile, and spiked
with known amounts of 1-methylimidazole before analysis (see
Experimental). The GC injector should be equipped with a glass
insert or a tuft of glass wool preventing the non-volatile ionic
liquid from accumulating on the column. By extrapolation, the
concentration of the original solution is derived (Fig. 3, 2.5 wt%,
or 5.2 mol% MIM).
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Fig. 3 GC determination of 1-methylimidazole (MIM) using the
standard addition method.

Determination of imidazole and pyridine impurities in ionic liq-
uids by HPLC. Reversed-phase HPLC with UV detection was
evaluated for the quantification of UV active substrates, such
as residual imidazole in ionic liquids. 1,2-Dimethylimidazole
(DMIM) or 1-methylimidazole (MIM) was analysed as both
the respective halide precursor, and the tetrafluoroborate ionic
liquid. Preliminary results show that the same methodology is
applicable to pyridinium-based ionic liquids.

During the development of the optimal eluent system, we
discovered that the use of an acetate buffer—acetonitrile eluent™®
only allowed for detection at 220 nm, and thus gave a low
response.”® When a phosphate buffer (see Experimental) is
used, on the other hand, measurement was possible around the
absorption maxima of the imidazoles, e.g. at 208 nm.

It was found that the retention times (for exact values, see
Experimental) on a standard C-8 HPLC column are solely
dependent on the nature of the cation, and increase with
increasing alkyl chain. Also, ionic liquids which are methylated
in the C-2 position elute somewhat later than their non-
methylated homologues. Unfortunately, the quantification of 1-
methylimidazole in [C,mim]* or [C,mim]*-based ionic liquids is
not feasible, due to poor separation, verifying results obtained
by Stepnowski et al.** In these cases, a less polar column has to
be used to achieve separation (vide supra).

However, lengthening of the alkyl chain increases the reten-
tion time, and 1,2-dimethylimidazole is fully separated from
[C,dmim]* or longer alkyl chain substituted ionic liquids.
Furthermore, the method is characterised by a short analysis

Table 1 Parameters and performance characteristics for the determina-
tion of 1-methylimidazole (MIM) and 1,2-dimethylimidazole (DMIM)
by HPLC

Parameter MIM DMIM MIM*
Sensitivity/L mg™' 9.655 10.594 28.270
Residual SD? 26.646 54.161 13.612
SD?of method/mg L™ 2.6 5.1 0.5
LOD¢/mg L' 10 20 1.5
Linear range?/mg L™ 10-468 10-446 5-65
Correlation coefficient 0.9999 0.9995 0.9998

“Low content calibration. * SD = standard deviation. * LOD = limit
of detection, determined according to DIN 32645. ¢ Linear range was
ascertained using the MANDEL test of goodness of fit.

time (<7.05 min in the case of [Cydmim]*), and can therefore be
used for in-process control.

The content of the imidazole impurity is determined from a
linear calibration curve obtained for both, the MIM and DMIM
impurity by measuring the responses for equidistant standard
concentrations between 0 and 500 mg L.

As shown in Table 1, the detection limit of the method for
MIM and DMIM is 10 and 20 mg L', respectively. In the case of
MIM, the given limit of detection translates into 0.17% w/w for
any 1-methylimidazole-based ionicliquid, or between 0.35 mol%
(for the ionic liquid with the lowest molecular weight analysable
by this method: [C,mim]Cl) and 0.57 mol% (for an ionic
liquid with relatively high molecular weight: [Csmim][BF,]). For
DMIM, the corresponding percentages are 0.33% w/w, and
0.66 mol% (for [C,dmim]Cl) to 1.01 mol% (for [Cydmim][BF,]),
respectively.

In order to further lower the detection limit, the total
concentration of the sample can be increased; however, with
the risk of overloading the column and reducing column life-
time. Alternatively, a calibration at lower concentration can be
carried out, resulting in a detection limit of 0.025 wt% if a sample
concentration of 6 g L™ is used. The analytical parameters and
performance characteristics are summarised in Table 1.

Determination of primary and secondary amine impurities in
ionic liquids by UV-spectroscopy. There is a lack of analytical
procedures for the determination of non-aromatic amines in
ionic liquids, although these are important starting mate-
rials for alternative systems, such as tetraalkylammonium,®
pyrrolidinium® or morpholinium® ionic liquids. During our
studies of these materials, we adapted a facile method®® to
assess the content of non-aromatic primary and secondary
amines based on the quantitative formation of UV-active dithio-
carbamates in an aqueous sodium hydroxide/carbon disulfide
biphasic reaction mixture (see Scheme 2).%

S
R R,
\]l\]/H CS,, 10% aqg. NaOH \Tks- Na‘t
R, R,
R,= alkyl
R,= alkyl or H

Scheme 2 Reaction scheme of primary and secondary amines with
carbon disulfide to yield UV-active dithiocarbamates.
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Table2 HPLC conditions for the determination of imidazole and
pyridine impurities

Column Hyperchrome 125-4 Prontosil
120-5-C8-SH 5.0 um Bischoff

Eluent A = acetonitrile
B =0.02 M sodium dihydrogenphosphate

Programme 30% v/v A, isocratic, 8 min

Column temperature 30 °C

Flow rate 1.2 mL min™!

Injected volume S5uL

Detection UV-DAD, Aspsorpion = 208 nm

Retention times/min  MIM 1.00
DMIM 1.00
[C,mim]* 0.98
[C,mim]* 1.21
[Comim]* 2.24
[Cymim]* 5.56
[Csdmim]* 1.33
[Codmim]* 2.55
[Csdmim]* 7.05

Besides the specification of the ionic liquids themselves, this
procedure may also be employed to follow reactions in ionic
liquids which use primary or secondary amines as reactants.

Statistical comparison of the calibration of the amines (pyrro-
lidine, morpholine, n-butylamine, n-propylamine) in the absence
of ionic liquid with the standard addition calibration performed
in the presence of ionic liquid confirmed that no proportional
or constant systematic error occurred in the concentration
ranges indicated in Table 3. The recovery was 96.0 £ 2.8% for
pyrrolidine, 98.7% + 9.8% for morpholine, 101.5 £ 3.5% for
n-butylamine and 82.8 £ 5.2% for n-propylamine in 1-butyl-
3-methylimidazolium chloride. For the method described (see
Experimental), the detection limit of amines in ionic liquids is
0.2 wt%. For water soluble ionic liquids, the detection limit may
be further decreased by increasing the amount of sample used
for analysis.

To test the applicability of the protocol, the recovery of 1%
of pyrrolidine in 1-butyl-3-methylimidazolium chloride (Fig. 4),
to which standards of various pyrrolidine concentrations were
added, was carried out. Although 1,3-dialkylimidazolium-based
ionic liquids are able to form carbenes in the presence of
a base such as NaOH.® this did not interfere with the
analysis. All other amines investigated gave spectra of similar
appearance.

Unreacted inorganic starting material (HY, MY) and
by-products (MX, HX)
The complete removal of the acidic by-product HX and

excess reactant HY, which is used for the anion exchange, is

Table 3 Method characteristics for the amines investigated
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Fig. 4 UV-spectra of 1-butyl-3-methylimidazolium chloride spiked
with 1% pyrrolidine (blue) as impurity model, and three standard
additions of pyrrolidine (2.1, 4.2, 6.3 mmol L', red, yellow and
turquoise, respectively), and standard addition plot (insert) corrected
by ionic liquid-caused offset (A = 277 nm; y = 0.331 + 0.052x; R* =
0.9978).

conveniently assured by following each step of the aqueous
extraction or steam distillation using indicator paper, colori-
metric methods* or a pH-meter. The salts MX and MY
possess a very limited solubility in most dry ionic liquids,
which has been previously shown by sodium-selective elec-
trode measurements on the example of Na[NO;], NaCl and
Na[BF,]. Therefore, residual halide impurity originates rather
from unreacted [C,mim]X/[C,py]X than from MX.>* However,
lithium salts possess higher solubilities than analogous sodium
salts. The lithium content can be determined by counterflow
electrophoresis® at ppb level.

By now, a plethora of analytical techniques have been devel-
oped to determine the halide content in ionic liquids: the use
of a chloride-selective electrode has been described,’ requiring
the preparation of standard chloride solutions containing the
same cation as the sample ionic liquid, since both the slope
and intercept vary from that obtained from standard NaClL
The reproducibility of the electrode is + 2%, and a detection
limit of 2 ppm is obtained using a four-point calibration. The
error of measurement was determined to be 3%. In addition to
the laborious calibration and sample preparation, the possible
interference of other ions is a disadvantage, and for ionic
liquids containing alkyl chains longer than octyl, only unstable
meter readings are obtained. However, compared to the Volhard
titration (vide infra), only a small sample size of 0.15-0.3 g is
necessary.’

Amine A/nm  Linear range’/mmol L'  Linear range/pg L' SD?/[%] Slope Intercept (abs.) LOD‘/mmol L' LOQ‘/mmol L™
Pyrrolidine 277  1.4-12.0 0.31-2.78 5.42 0.792 -0.034 1.0 2.7
Morpholine 285 1.1-9.8 0.49-4.18 3.04 0.596 —0.011 0.5 1.3
Butylamine 283  1.3-13.7 0.38-4.00 4.76 0.601 -0.033 0.9 25
Propylamine 283  1.7-17.0 0.40-4.01 2.54 0.965 -0.025 0.6 1.7

“Verified by the MANDEL test of goodness of fit. * SD = standard deviation. ¢ LOD = limit of detection, determined according to DIN 32645.
4L0Q = limit of quantification (k = 3).
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Ton chromatography has been described for the determination
of chloride,**" featuring a detection limit well below 1 ppm
for IL-water or acetonitrile-water solutions, corresponding
to below 10 ppm chloride in the pure ionic liquid (water
miscible and immiscible ones), but due to the strong retention
of some anions, analysis time may be prohibitive.***® Capillary
electrophoresis® was established for [C,mim][(CF;SO,),N] and
[C,mim][PF,] with detection limits < 10 ppm. Problems were
encountered due to limited homogenisation of viscous samples.
Alternatively, linear-sweep and square-wave voltammetry*>7%"!
feature a detection limit at ppb level, but are applicable only to
a narrow range of chloride concentrations. For water-soluble
ionic liquids, low detection limits (10 ppb) of total chlorine
content are achieved by using inductively coupled plasma-
mass spectrometry.’> An ion exchange chromatographic column
has been used for the analysis of 1-butyl-3-methylimidazolium
chloride in the concentration range of 1-100 uM, yielding a
detection limit of 20 pg.*

Determination of the halide content by Volhard titration
(IXI" > 1 wt%). As pointed out above, methods for the deter-
mination of halides at extremely low concentrations have been
developed. However, since most of them require rather sophis-
ticated apparatus, we have looked further into the potentials of
the Volhard titration, since it requires only standard glassware
and can thus be carried out in any laboratory. The principle
of this method is to precipitate all halide ions present in an
aqueous sample solution by addition of an excess of silver
nitrate. The precipitate is filtered off, and excess silver is back-
titrated with a solution of thiocyanate. Excess thiocyanate, in
turn, forms the reddish-brown thiocyanatoiron(iir) complex with
the indicator, and the endpoint of the titration is determined
visually by the first permanent appearance of red.” The standard
Volhard method has previously been validated using a chloride-
selective electrode.® For samples containing either chloride or
bromide impurities, the detection limit is 0.4 wt% and 0.9 wt%,
respectively. Lower limits of detection are achieved by further
increasing the weighted sample, or with an alternative, semi-
quantitative method using Nessler cylinders (vide infra).

Because the original Volhard protocol is only applicable to
water-soluble ionic liquids, it was extended to water-insoluble
ionic liquids. Various organic solvents were elucidated using the
principally water-soluble [C,mim][BF,] as a standard both in
deionised water and the respective solvent. Acetone was found
to give reproducible results which agreed within 2% with the
values obtained with water.

Although the Volhard method is very reliable, some disadvan-
tages are intrinsic: a large amount of sample (0.5 g) is used and
can not be regenerated, thus, the halide content of small samples
can not be determined. Due to the necessary filtration step, the
method is relatively time-consuming, and thiocyanate waste is
generated. Also, ionic liquids containing pseudo-halide anions,
such as [SCN]™ and [(CN),N]", can not be analysed.

Semi-quantitative determination of trace amounts of halide
(IXI" > 10 ppm). The principle of the Nessler cylinder method
is based on the fixation of any halide anion as AgX in acidic
aqueous solution in the presence of silver nitrate. The opacity
of the samples is visually compared to standard solutions (0, 10,
20, 40, 60 ppm) contained in colorimetric Nessler cylinders

(Fig. 5). These cylinders feature a precise volume of 50 mL
with a constant height, and their bases are manufactured to be
plane to prevent the diffraction of light when placed on a dark
background and examined from above. The standard solution
which is slightly more turbid than the sample is visually selected,
and the halide content of the sample is thus lower than the
respective standard ppm value. For water-insoluble ionic liquids,
ethanol was found to reliably substitute for distilled water.

Fig.5 Colorimetric Nessler cylinders containing standard solutions of
NacCl (0, 10, 20, 40 and 60 ppm) for semi-quantitative determination of
halides.

Solvents from extraction procedures and water absorbed from the
atmosphere

In our experience, the only commonly used solvent in ionic
liquid synthesis that may not be quantitatively removed from
ionic liquids after the preparation is water, especially if the
stringent drying procedure is not followed. All other solvents
(diethylether, chloroform, dichloromethane, ethyl acetate etc.)
are sufficiently volatile to be quantitatively removed and do
not pose a problem. However, as pointed out above, water is
accumulated if exposed to the atmosphere due to the hygroscopic
nature of ionic liquids. If ionic liquids are exposed to air
frequently and over a prolonged period of time, their water
content should be determined regularly.

Water by Karl-Fischer titration. Automated Karl-Fischer
titration ideally lends itself to this purpose, since the deter-
mination can be carried out within a few minutes without
sample preparation, and only small amounts of ionic liquid are
required."” This quick method requires only a small sample
size (approx. 0.05-0.1 g), and 0.01 to 0.1 mg water content
per sample, with a detection limit of 0.01 mg water, can be
determined.

Although the water content of any conventional ionic liquid
can be measured, it should be noted that samples containing
strong acids or bases as functional groups will result in a
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destabilisation of the buffered Karl-Fischer analyte mixture.
Also, oxidising and reducing agents, such as chromates, oxides,
copper(11) or Fe(1m) salts, thiosulfates and sulfides, basic oxides
or salts of weak oxy-acids, such as hydrogen carbonate, interfere
with the Karl-Fischer titration. It was found that ionic liquids
containing nitrite or alkylsulfite could not reproducibly be mea-
sured using this method, whereas no problems were encountered
with ionic liquids based on chloride, bromide, tetrafluoroborate,
trifluoromethane-sulfonate etc.

Since Karl-Fischer titration is not applicable to ionic liquids
containing oxidising or reducing anions, it is favourable to
compare/calibrate this method with the direct determination
of water using gas chromatography.

Water by GC. The determination of water by gas chro-
matography has been used as a reference method in the field
of food analysis for about two decades and has recently been
adapted to the moisture analysis of various ionic liquids. Instead
of calculating the sample’s water content by the consumption of
the Karl-Fischer reagent from the sample, a well defined single
peak of H,O is used which is independent of the presence of
further components in any individual sample-provided the H,O
peak is properly separated from other interfering peaks. Using
a special GC column, no interferences were found by GC with
thermal conductivity detection (TCD), which was verified by
GC-MS.

During our investigations, we found that the moisture content
in air is the main factor disturbing analytical results below the
0.01% range. The equipment used has to be dried carefully and
the condensation of moisture from environmental air has to be
carefully prevented.

Decomposition products and other volatiles

Tonic liquids are relatively thermally stable, but decompose
under certain circumstances, as observed by thermogravimetric
analysis.”**® Chemical decomposition may also occur, depen-
dent on the reaction conditions. Since little attention has been
paid to this aspect, we have developed methods to quantify the
amount of total volatiles as a sum parameter. Thus, impurities
that are volatile at temperatures up to the decomposition of
the ionic liquids can be monitored by gas chromatography. In
general, these are non-ionic substances such as the alkyl halides
that are frequently used for the alkylation reaction, the Lewis
base starting material, or the decomposition products of the
cations, such as alkenes and alkyl halides from the Hofmann
elimination and the reversed Menschutkin reaction, respectively.
For the quantification of volatile impurities, a combination of
headspace sampling and liquid injection has been chosen in
order to cover an optimum range of possible impurities.

Headspace GC. Purity screening of a large, random part of
our compound library (133 out of about 300 ionic liquids) with
this method (30 min equilibration time at 80 °C) yielded results
ranging from no detectable impurities to frequent occurrence
of impurities in concentrations smaller than 1 mg g up to
several mg g' volatile and semi-volatile impurities, expressed as
octane equivalents (Fig. 6a). It has to be noted, however, that
these values can only be taken as approximations since the real
response of the impurities will be different from octane and the

a) Headspace 30 min @ 80 °C b) Liquid injection @ 205 °C
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Fig. 6 Histograms of volatile compounds detected by GC-FID after

(a) 30 min equilibration at 80 °C and (b) liquid injection at 205 °C for a
set of 133 ionic liquid samples.

equilibrium concentration of the impurities within the gas phase
are dependent on the matrix as well as on the kinetics of reaching
this equilibrium.

Liquid injection. By this method, semi-volatile substances
up to the boiling point range of C,, alkanes can be detected.
Impurities are again assessed in a semi-quantitative way with
FID detection, and expressed as pentadecane equivalents.

In particular, the presence of higher alkyl chlorides and
nucleophiles (1-methylimidazole, methylpyridine efc.) can be
determined by this method.

Samples screened with this method generally indicated higher
levels of contamination than found with the headspace method,
although some substances did not show any measurable impu-
rities. Semi-quantitative assessment leads to sum values of up to
100 mg g™ and greater (Fig. 6b), pointing to thermal instability
of the compounds at the chosen conditions. Results have
to be carefully compared to thermogravimetric observations,
in order to draw correct conclusions. Strictly speaking, the
thermogravimetry of the pure compound has to be known in
order to interpret the results from this method.

Experimental
Total ionic liquid content

For UV-absorbing ionic liquid cations such as imidazolium,
pyridinium or quinolinium derivatives, standard reversed phase
chromatography with UV detection can be applied with mix-
tures of acetonitrile and a sufficiently acidic buffer, preferably
phosphoric acid/dihydrogen phosphate. The separation of com-
plex ionic liquid mixtures in Fig. 2 was achieved using 70%
acetonitrile (gradient grade, Fluka, Buchs, Switzerland), and
30% of a 5 mM solution of ammonium acetate in 0.1% acetic
acid (p.a., Fluka). The column was a 150 mm Monochrom®
MS column (Varian), with 3 mm i.d. and 5 um particle size,
operated at a flow rate of 0.5 mL min~' with an injection volume
of 2 uL on a Hewlett Packard system Series 1100, with online
degasser, autosampler and gradient pump and both a variable
wavelength UV/VIS detector and a Bruker Esquire ESI-MS
ion trap detector. Using the acetate buffer made it possible
to identify non-UV-absorbing cations with the mass selective
detector.

1158 | Green Chem., 2008, 10, 1152-1161

This journal is © The Royal Society of Chemistry 2008


http://dx.doi.org/10.1039/B808532C

Downloaded by City College of New Y ork on 09 November 2010
Published on 18 September 2008 on http://pubs.rsc.org | doi:10.1039/B808532C

View Online

Unreacted organic starting material

Determination of 1-methylimidazole impurity in ionic liquids by
GC using the standard addition method. To 1 mL of a solution
of [C,mim]C1 (492 g L™, i.e. approx. 2.82 mol L™") in acetonitrile,
a solution of 1-methylimidazole in acetonitrile (394.9 g L™, i.e.
approx. 4.8 mol L™') was added in increments of 0.1, 0.2, 0.3 and
0.4 mL. All samples were diluted with acetonitrile to the 5 mL
mark volumetric flasks, thus keeping the relative concentration
of the ionic liquid constant. A 3 puL sample was inserted into
the GC-injector, which was equipped with a glass insert to
prevent the accumulation of non-volatile ionic liquid on the
column. Analysis was performed using on a gas chromatograph
equipped with a PONA column, and FID detector operated at
300 °C. The retention time of 1-methylimidazole was 12.5 min
using this method (injector temperature 250 °C, initial column
temperature 120 °C, rate 4 °C min™, final temperature 300 °C),
and resulted in a good R* of 0.9984. The limit of detection of
this method is 2 g L.

Determination of imidazole and pyridine impurities in ionic
liquids by HPLC. HPLC set-up: degasser: Degasys DG-1310,
Uniflows (Japan); pumps: Model 2250, Bischoff (Germany);
autosampler: “Triathlon” Type 900, Spark Holland BV; column
thermostat: “Mistral” Type 880, Spark Holland BV;20/20 diode
array detector (UV-DAD): Groton (USA); instrument interface
and data acquisition unit: McDAcq32 Chromatography Control
System, Bischoff (Germany); software: Bischoff Chromatogra-
phy Data Acquisition (Version: 2.1).

Sample preparation: approx. 150 mg of ionic liquid is weighed
into a 25 mL volumetric flask and dissolved in the eluent mixture
(30% v/v A, 70% v/v B, Table 2). The solution is transferred to
a sample vial and analysed.

Determination of primary and secondary amine impurities in
ionic liquids by UV-spectroscopy. Due the high toxicity (toxic
to reproduction, cat. 3) of carbon disulfide, exposure must be
avoided and all experiments carried out under the recommended
safety precautions. It should be noted that due to the biphasic
system and a consecutive dilution step, all concentrations given
in the following (mmol L) refer to the amount of amine
in the 2 mL aqueous phase prior to the addition of CS,.
The reliability of the method is critically dependent on two
factors: firstly, best results were obtained with a 10% aqueous
sodium hydroxide solution. Secondly, a constant reaction time
(30 min) and reproducible intervals between derivatisation and
UV-measurements have to be adhered to, due to the limited
stability of the dithiocarbamates formed.

A seven point calibration with solutions of the pure amines
was performed in the concentration ranges indicated in Table 3,
i.e. in the absence of ionic liquid. A blank value was obtained
by adding 0.100 mL of distilled water to 1.900 mL sodium
hydroxide solution.

From a solution prepared from 0.5 g of the ionic liquid
in 10 mL of an aqueous 10% sodium hydroxide solution,
1.900 mL are transferred to each of four test tubes. 0.100 mL of
aqueous amine solutions with four equidistant concentrations
(e.g. 0, 0.041, 0.082 and 0.123 mol L™ for n-butylamine) are
added to give 2.000 mL. 1.000 mL carbon disulfide is added

under cooling. The biphasic reaction mixtures are vigorously
shaken for exactly 30 min at room temperature. 0.100 mL of
the upper yellowish aqueous phases containing the hydrophilic
dithiocarbamate are diluted to 25 mL in volumetric flasks and
analysed immediately by UV-spectroscopy (SHIMADZU UV-
2102 PC, 1 cm quartz cell, against sodium hydroxide solution).
The spectra are recorded from 200 to 350 nm. The detection
wavelength used depends on the amine analysed (Table 3) and
ranges between 277 and 285 nm.

Unreacted inorganic starting material (HY, MY) and
by-products (MX, HX)

Determination of halide content by Volhard titration ([X]- >
1 wt.%). Approximately 0.5 g of ionic liquid is weighed into
a volumetric flask (250 mL) and dissolved in either deionised
water or acetone to give the sample solution. In an Erlenmeyer
flask (250 mL), the sample solution (25 mL) is acidified with
nitric acid (6 M, 5 mL). Silver(1) nitrate (Aldrich, volumetric
standard, 0.100 M, 5 mL) is added to precipitate the halide.
After swirling the mixture, the white precipitate is removed by
gravity filtration, and the filtrate washed with three portions
of dilute nitric acid. To the combined washings, 1 mL of
the indicator (saturated, aqueous ammonium iron(ii)sulfate)
is added, and the solution titrated with potassium thiocyanate
solution (Aldrich, volumetric standard, 0.100 M) until the first
permanent reddish colour occurs. The endpoint is read from
the burette (10 mL, class A). For each sample, this procedure is
repeated three times, and the average of these titrations forms
the final result.

Semi-quantitative determination of trace amounts of halide
(IX]" > 10 ppm). Chemicals: nitric acid 65% (Fluka, puriss.
p.a. grade), chloride standard 1 g L™ (Fluka, chloride ion
chromatography standard solution), silver nitrate (Fluka, puriss.
p-a. ACS reagent), ethanol (Fluka, absolute, denaturised with
1% toluene), acetone (Aldrich, HPLC grade). Silver nitrate
solution (0.1 N) was obtained by dissolution of 17 g of
silver(Dnitrate in 1000 mL deionised water.

In a Nessler cylinder, 2.5 g of the sample is dissolved in 30 mL
deionised water and 1 mL nitric acid (65%) added. 1 mL silver
nitrate (0.1 N) is added, and the mixture diluted to 50 mL with
deionised water. Samples which are not soluble in water can be
dissolved in up to 20 mL of ethanol.

For the 10 ppm standard, 25 pL of the standard chloride
solution (1 g L™), 30 mL deionised water and 0.5 mL of nitric
acid (65%) are combined in a Nessler cylinder. 1 mL silver nitrate
solution (0.1 N) is added and the mixture diluted to 50 mL.

Similarly, 0, 20, 40, 60 ppm standard solutions are prepared
by using 0, 50, 100 and 150 pL of the standard chloride solution
(1 g L), respectively. All solutions are allowed to stand in the
dark for 30 min, before comparison to the standard solutions is
made.

It should be noted that all glassware must be absolutely free
of halide ions. This is achieved by maintaining a cleansing
procedure, starting with soaking all glassware in concentrated
nitric acid, rinsing with deionised water, followed by rinsing with
high-purity acetone, and subsequent drying in an oven.

This journal is © The Royal Society of Chemistry 2008
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Solvents from extraction procedures and water absorbed from the
atmosphere

Water by Karl-Fischer titration. A Karl-Fischer Mettler
DL37 Coulometer was used for the determination of water, using
Hydranal®-Coulomat A and C (both from Riedel-deHaén).
Samples are inserted into the titrator using a disposable 1 mL
syringe, and approx. 0.05-0.10 mL injected. Solid samples
are dissolved in chloroform with known water content, and
analysed. The measurements are performed in duplicate, and
agree within 5%.

Water by GC. We used extra dry pyridine (molecular sieve)
from Acros Organics and 10 mL headspace vials with Teflon®
layered silicone crimp caps for extraction. Depending on the
expected moisture content of the sample, 5.0 mL of pyridine are
mixed with e.g. 10 to 100 mg of sample and shaken extensively by
using a shaker assembly, by ultrasonic or a rotor stator blender.
For GC analysis, a 10 m x 0.32 mm (0.25 mm for GC-MS)
Chrompack CP Porabond-Q column with 5 um coating from
Varian was used. Water analysis was carried out isothermally at
50 °C with a subsequent temperature ramp up to 240 °C in order
to remove higher boiling compounds from the column. We found
a non-linear relationship between peak area and concentration.
Therefore, the standard addition method was not feasible and a
polynomial was used for calibration.

Decomposition products and other volatiles

Headspace GC. For headspace-GC, 100 mg ionic liquid
sample are introduced in 20 mL vials, which are in turn placed
into a headspace auto-sampler. Samples are equilibrated for
30 min at 80 °C, and chromatographed on a 50 m X 3 pum
SE-54 column at a flow rate of about 3 mL min™. With this
method, a linear response can be expected for compounds up
to the boiling point range of C,—C,, alkanes. Detection by a
flame ionisation detector (FID) allows for a semi-quantitative
assessment of volatile to semi-volatile compounds, expressed as
octane equivalents (response factor of octane = 1).

Liquid injection. In order to capture less volatile impurities,
liquid injection on a standard injector (liner filled with quartz
wool) is used. 100 mg of sample are dissolved in 10 mL of a
solvent suitable for controlled evaporation (e.g. MeOH/EtOH).
Care has to be taken that the sample is completely dissolved.
The injector temperature is 200 °C. After dosage of 1 puL of the
sample solution, the split of the injector is opened in order to get
rid of any decomposition products that may form after volatiles
have evaporated. The glass wool in the liner has to be replaced
and the liner has to be thoroughly cleaned on a regular basis. The
choice of the column is less critical than in the above method,
a DB-5 column with 0.25 um film has proven adequate. By this
method, semi-volatile substances up to the boiling point range
of C,, alkanes can be detected. Impurities are again assessed in
a semi-quantitative way with FID detection, and expressed as
pentadecane equivalents.

Conclusions

In summary, the precise determination of impurities in ionic
liquids is of utmost importance. We have shown that widely-

available, reliable methods exist, so that any laboratory should
be able to specify the materials their data is derived from. At
present, a detailed specification of the quality of ionic liquids
(irrespective of them being self-made or from a commercial
source) used for each experiment is most likely more essential
than working with ultra-pure, expensive material.

A thorough drying step (in vacuo at 80 °C for 12 h) must
follow the preparation of each batch, and subsequent sample
preparation should optimally be carried out in a dry-box.
Alternatively, the water content must be determined at the time
of the experiment.

Very little attention has been paid to impurities already
present in the starting materials of ionic liquids. These may
be negligible in R&D, since usually reactants of high purity are
being used. However, due to the unique nature of ionic liquids,
analytical problems may arise during the transfer of a process
to industrial scale, especially if the impurities are high-boiling
compounds or salts with a high affinity to the ionic liquid phase.

Hence, in order to provide reliable data on ionic liquids,
future work should include a minimum of relevant analytical
specifications, i.e. water, amine and halide contents.
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Pd-only, Au-only and bimetallic AuPd catalysts supported on a range of supports (Al,O;, TiO,,
MgO, and C) have been prepared by impregnation and tested for the hydrogenation and
decomposition of hydrogen peroxide under conditions similar to those used in direct synthesis of
hydrogen peroxide. Hydrogenation and decomposition are the main pathways for loss of
selectivity and yield in the direct synthesis reaction, and the support is found to be a crucial
parameter with respect to hydrogenation and decomposition activity. We show that by making the
right choice of support for both the monometallic and bimetallic Au and Pd catalysts, it is possible
to achieve very low hydrogen peroxide hydrogenation and decomposition activity, thus enhancing
hydrogen peroxide productivity during synthesis. Carbon is found to be the optimal support for
both monometallic Au and Pd catalysts as well as Au—Pd alloys, since carbon-supported catalysts
gave the lowest hydrogenation and decomposition activities. Au-only catalysts were generally less
active than Pd-only catalysts when utilizing the same support and metal loading. The addition of
Au to Pd catalysts supported on TiO, and carbon resulted in a decrease in both H,0,
hydrogenation and decomposition while the reverse effect was observed for the Al,O; and
MgO-supported catalysts. These effects are discussed in terms of the basicity of the support, and
in particular the isoelectronic point of the support, which is a major factor in controlling the

stability of hydrogen peroxide under reaction conditions.

Introduction

Hydrogen peroxide (H,0,) is an important chemical with many
industrial applications, being mainly used as a bleach and
disinfectant.! It also has a great potential for use as an oxidant for
the production of numerous valuable organic compounds such
as epoxides. The current commercial process for the production
of H,0O, involves the sequential hydrogenation and oxidation
of an alkyl anthraquinone, thereby avoiding the potential for
explosive contact between hydrogen and oxygen to occur.! This
indirect process is both well established and operated around the
world, and the annual production of H,0, is about 2 M tonnes
using this route. The process has many non-green features,
the most important being that the process is only economic
on a large scale, and this necessitates the production of very
concentrated solutions of aqueous H,0, which incurs very
high energy utilisation. These concentrated solutions are then
shipped to the point of use, which incurs further energy costs
due to transportation. In contrast, most uses of H,O, require
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relatively dilute solutions of H,O, and so there is a marked
mismatch between production and utilisation. The introduction
of a direct process would overcome the requirement to produce
concentrated solutions of H,0, since it could be used at the point
of production as a dilute solution. Also, the alkyl anthraquinione
used in the indirect process degrades over time and this produces
additional waste.

The direct synthesis of H,O, from molecular hydrogen and
oxygen using metal-supported catalysts is considered to be
an environmentally benign and economically attractive to the
indirect process.>™® It could soon compete with the indirect
process if selectivities based on H, utilisation can be improved.
Indeed, a pilot plant for the direct process is currently being
constructed.'” Pd-based catalysts are by far the most extensively
investigated catalysts for the direct process.>*>'*! However, in
recent studies,? it has been shown that a combination of
Pd with Au promotes both the activity and selectivity for the
direct synthesis reaction. Despite the high selectivity achieved
by the use of these bimetallic Au/Pd catalysts, there remains
the challenge to deal with the non-selective hydrogenation and
decomposition of H,0, for which these catalysts can still be
active.””? Both of these reactions limit the selectivity that can
be achieved with the direct synthesis process. This has previously
been the subject of many studies for supported Pd catalysts,'®*!
and dilute acids or halides have to be added to the reaction
mixture to suppress the hydrogenation and decomposition of
H,O,. However, the addition of these materials is both non-green
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and is likely to increase significantly the cost of production as
further treatment is required to separate the acid or halide from
the final product. In addition there are major corrosion problems
associated with the use of these chemicals. Interestingly, the Au—
Pd alloy catalysts do not require the use of these additives to
achieve high selectivity and this represents a major potential
advantage for utilizing these bimetallic catalysts.

We have previously shown that the nature of support is
crucial for the direct synthesis of H,O, over Au/Pd-supported
catalysts.?®*® To identify if the major reason for these differences
in activity are mainly associated with sequential H,O, hydro-
genation and/or decomposition (Scheme 1) we have now investi-
gated the role of the support in controlling these reactions. In this
paper we investigate the effect of different supports (Al,O;, TiO,,
MgO, and carbon) on both hydrogenation and decomposition
of H,0O, over monometallic Au- and Pd-supported catalysts as
well as the more active bimetallic Au/Pd-supported catalysts.
The study therefore provides valuable insights into the design of
suitable catalyst formulations for the direct synthesis of H,O,.

H20,
+0,
H, 050, +H,
+0.5 03
H.O
Scheme 1

Experimental
Catalyst preparation

Catalysts comprising 2.5 wt%Au/2.5wt% Pd/support were
prepared using the following standard method (all quantities
stated are per g of finished catalyst) PdCl, (0.042 g, Johnson
Matthey) was added to an HAuCl,-3H,O solution (2.5ml, 5 g
in 250 ml) and stirred at 80 °C until the Pd dissolved completely.
The appropriate support (0.95 g; TiO, (P25, Degussa), Al,Os
(CA-150 mesh, Aldrich), MgO (BDH Chemicals Ltd, > 90%),
or C (G60, Aldrich)) was then added to the solution and
stirred to form a paste. The paste was dried (110 °C, 16 h)
before calcination (400 °C, 3 h). Monometallic Swt%Au and
Swt%Pd-supported catalysts were prepared in a similar way
using appropriate amounts of PdCl, or HAuCl,-3H,0O solution
and support. Deionised water (2-3 ml) was used to dissolve the
PdCl, for preparation of Pd-only supported catalysts.

Catalyst characterisation and testing

XPS measurements were made on a Kratos Axis Ultra DLD
spectrometer. Samples were mounted using double-sided ad-
hesive tape, and binding energies referenced to the C(1 s)
binding energy of adventitious carbon contamination taken
to be 284.7 eV. Monochromatic Al Ko radiation was used
for all analyses except for Au-Pd/MgO where we employed
a non-monochromatised Mg Ka source to avoid overlap of the
Au(4d)-Pd(3d) region with intense features arising from KLL

Auger transitions. For the Au—Pd/MgO sample there was also
significant overlap between the Mg(2 s) signal and the much
weaker Au(4f) peaks. It was possible to extract the intensity
of the Au(4f;,,) component by means of curve-fitting and this
intensity was scaled appropriately to obtain the intensity of the
Au(4f) doublet. The intensities of the Au(4f) and Pd(3d) features
were used to derive Pd : Au surface molar ratios.

Samples were prepared for electron microscopy analysis by
dispersing the powders in high-purity ethanol and allowing a
drop of the solution to dry on a 300-mesh, Cu-supported lacey
carbon film (SPI). Scanning transmission electron microscopy
(STEM) annular dark-field (ADF) imaging and X-ray energy
dispersive spectroscopy (XEDS) was carried out using a VG
HB603 dedicated STEM operating at 300 kV comprising a Nion
Co. spherical aberration corrector. The instrument was also
equipped with an Oxford Inca 300 system for the acquisition
of XEDS spectra images. An entire X-ray spectrum from 0-
20 keV at 20 eV channel™ was acquired for 250 ms at each pixel
position.

Hydrogen peroxide hydrogenation and decomposition was
evaluated using a Parr Instruments stainless steel autoclave with
a nominal volume of 50 ml and a maximum working pressure
of 14 MPa. To test each catalyst for H,O, hydrogenation, the
autoclave was charged with catalyst (0.01 g) and a solution
containing 4 wt% H,0, (5.6 g MeOH, 2.22 g H,O and 0.68 g
H,0, (50%)). The charged autoclave was then purged three times
with 5% H,/CO, (0.7 MPa) before filling with 5% H,/CO, to
a pressure of 2.9 MPa at 20 °C. The temperature was allowed
to decrease to 2 °C followed by stirring (at 1200 rpm) of the
reaction mixture for 30 min. The above reaction parameters
represent the optimum conditions we have established for the
synthesis of H,0,.2 The only difference is the absence of O,
and the addition of H,0, in the reaction mixture. Catalysts were
tested for decomposition of H,O, using a similar procedure to
that described above but without adding H,/CO, to the reaction
mixture. All decomposition experiments were also performed at
2 °C for 30 min duration. The wt% of H,O, hydrogenated or
decomposed was determined by titrating aliquots of the fresh
solution and the solution after reaction with acidified Ce(SO,),
(0.0288 M) in the presence of two drops of ferroin indicator.

Synthesis of H,0, from H, and O, was performed using
similar conditions in the presence of O, and with no added
H,0, (5% H,/CO, and 25% 0O,/CO,, 1:2 H,/0, at 3.7 MPa,
5.6 g MeOH, 2.9 g H,0, 0.01 g catalyst and 1200 rpm). H,O,
productivity was determined by titration of the final filtered
solution as decribed previously. H, conversion was calculated
by gas analysis before and after reaction using a GC with TCD
and CP, Carboplot P7 column (25 m, 0.53 mm id).

Results and discussion
Hydrogen peroxide hydrogenation and decomposition

We initially investigated the hydrogenation, decomposition and
synthesis of hydrogen peroxide over the individual supports
using our standard reaction conditions. Experiments in the
absence of catalyst under these conditions did not hydro-
genate, decompose or produce hydrogen peroxide, indicating
the absence of any background homogeneous reactions. As
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expected the supports (Table 1) were not active as catalysts
for the synthesis of hydrogen peroxide in the absence of gold
and palladium. Carbon and MgO did show activity for both
hydrogen peroxide hydrogenation and decomposition. On the
basis of these initial results one would be tempted to postulate
that the use of Al,O; or TiO, as supports would be beneficial
in the design of active catalysts for the synthesis of hydrogen
peroxide. Although we have previously shown that TiO, is a
very effective support for Au-Pd bimetallic catalysts,? we have
also demonstrated that carbon supported catalysts are far more
effective.”’

The hydrogenation and decomposition of hydrogen peroxide
were investigated using the mono-metallic catalysts and the
results are shown in Tables 2 and 3. The Pd catalysts (Table 2)
all show increased rates of hydrogenation and decomposition
when compared with the bare support (Table 1). This result
is to be expected since both of these reactions are known to
be very problematic with supported Pd catalysts for the direct
synthesis reaction, and acid and halide additives have to be used
to control these sequential reactions.'®?! Specifically, the carbon-
supported Pd catalyst displays the lowest rate of hydrogenation
of hydrogen peroxide, and consequently gives the highest rate of
synthesis of hydrogen peroxide in the direct reaction. However,
there is no obvious trend relating hydrogen peroxide synthesis
and hydrogenation activity for these supported Pd catalysts. This

is more apparent for the supported Au mono-metallic catalysts
(Table 3), all of which showed very little activity in the synthesis
of hydrogen peroxide under standard conditions. However, apart
from the carbon-supported catalysts all gave higher rates of
hydrogen peroxide hydrogenation compared with synthesis. This
suggests that there is no direct link between the activity for the
initial hydrogenation of oxygen to form hydrogen peroxide, and
its subsequent hydrogenation. Hence it is possible that distinctly
different sites may be responsible for these two reactions
and this feature may be of considerable value in designing
more selective catalysts. Interestingly, the Au/carbon catalyst
showed no activity for hydrogen peroxide decomposition and
hydrogenation, whereas the carbon support was active for both
these reactions. The Au/MgO catalyst also showed a lower
rate of hydrogenation of hydrogen peroxide than the bare MgO
support. This may indicate that the gold nanoparticles are in fact
decorating and blocking the sites responsible for these sequential
reactions of hydrogen peroxide, which again suggests that the
sites for synthesis and hydrogenation may be different.

The catalytic data for the bimetallic Au—Pd catalysts is shown
in Table 4. We have previously reported that Au-rich core/Pd-
rich shell structures form on Al,0;,> TiO,* and Fe,0;* sup-
ports, based on detailed XPS and STEM-XEDS measurements.
In the case of Au-Pd/MgO we find the Pd : Au molar ratio
derived from the XPS intensities is ca 16 : 1, which contrasts

Table 1 Hydrogen peroxide hydrogenation, decomposition and synthesis over bare supports

H,0, hydrog. rate*/

H,0, decomp. rate®/ H,0, productivity*/

Support H,O0, hydrog.* (wt%) mol kg, h! H,0, decomp.” (wt%) mol kg, h! mol kg, h!
Al, O, 0 0 0 0 0
TiO, 0 0 0 0 0
MgO 10 206 10 217 0
Carbon 4 94 1 24 0

“hydrog. = wt% H,0, hydrogenated, hydrog. rate = rate of hydrogenation of H,0, calculated from H,0, hydrogenated using standard reaction
conditions: 4 wt% H,0, in solvent (5.6 g MeOH, 2.22 g H,0 and 0.68 g 50% H,0,), 0.01 g catalyst, 2.9 MPa 5%H,/CO,, 2 °C, 1200 rpm.
> decomp. = wt% H,0, decomposed to water and O,, decomp. rate = rate of decomposition of H,O, calculated from H,0, decomposed using
standard reaction conditions: 4 wt% H,0, in solvent (5.6 g MeOH and 2.9 g H,0), 0.01 g catalyst, 2 °C, 1200 rpm.  Rate of hydrogen peroxide
production determined after reaction: 5% H,/CO, and 25% O,/CO,, 1 :2 H,/0, at 3.7 MPa, 5.6 g MeOH, 2.9 g H,0, 0.01 g catalyst and 1200 rpm).

Table 2 Effect of support on hydrogen peroxide hydrogenation, decomposition and synthesis over monometallic Pd-supported catalysts

H,O0, hydrog. rate*/

H,0, decomp. rate*/ H,O0, productivity*/

Catalyst H,0, hydrog.* (wt%) mol kg, h™ H,0, decomp.” (wt%) mol kg, h™! mol kg, h™
5%Pd/Al, 0O, 11 200 1 24 9
5%Pd/TiO, 16 288 12 247 30
5%Pd/MgO 29 582 18 405 29
5%Pd/carbon 6 135 5 118 55

“ Defined in Table 1.

Table 3 Effect of support on hydrogen peroxide hydrogenation, decomposition and synthesis over monometallic Au-supported catalysts

H,0, hydrog. rate*/

H,0, decomp. rate*/ H,0, Productivity*/

Catalyst H,0, hydrog.* (wt%) mol kg, h™ H,0, decomp.* (wt%) mol kg, h™ mol kg, h™
5%Au/Al,O; 10 229 1 18 2.6
5%Au/TiO, 4 71 1 24 7
5%Au/MgO 5 100 1 12 0
5%Au/carbon 0 0 0 0 1

“ Defined in Table 1.
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Table 4 Effect of support on hydrogen peroxide hydrogenation, decomposition, and synthesis over bimetallic Au/Pd-supported catalysts

H,0, hydrog. rate*/

H,0, decomp.rate*/  H,0O, Productivity*/

Catalyst H,O0, hydrog.* (wt%) mol kg, h' H,0, decomp.” (wt%) mol kg, h! mol kg~ h! H, sel.b (%)
Au-Pd/AlLO; 24 452 3 59 15 14
Au-Pd/TiO, 12 235 6 129 64 70
Au-Pd/MgO 39 817 25 535 29 38
Au-Pd/C 5 117 2 41 110 80

“ Defined in Table 1. * Hydrogen selectivity calculated by analysis of the reaction gases before and after reaction using the standard condition.

markedly with the expected value of 1.9 : 1 for a homogeneous
alloy (Pd : Au = 1 : 1 by weight), and is also therefore
consistent with a core—shell structure for the bimetallic particles:
in addition the Pd is noted to be in the +2 oxidation state,
indicating the surface layer has been oxidised. Except for the
M¢gO supported catalysts, the bimetallic catalysts are all more
active for the synthesis of hydrogen peroxide. The addition of Au
to Pd catalysts supported on TiO, and carbon resulted in a de-
crease in both H,O, hydrogenation and decomposition while the
reverse effect was observed for the Al,O; and MgO-supported
catalysts (Tables 2 and 4). The MgO-supported catalyst gave the
highest rates of hydrogenation and decomposition, and the H,
selectivity observed in the direct synthesis reaction is broadly in
line with the levels of hydrogen peroxide hydrogenation and
decomposition. There is an inverse correlation between the
rate of H,O, formation and hydrogenation (Fig. 1) and Au-Pd
catalysts with high rates of H,O, hydrogenation give very low
rates of H,O, synthesis. Hence, it is the loss of the selective
product via sequential hydrogenation that causes the poorer
performance observed with Al,O;- and MgO-supported Au—
Pd catalysts. Hence hydrogenation plays a key role in lowering
H,O, production suggesting that the concentration of hydrogen
relative to oxygen should be low under synthesis conditions. The
importance of sequential hydrogenation has been recognized
in the previous studies concerning supported Pd catalysts.'®*!
For Pd monometallic catalysts phosphoric acid and halide are
added to stabilize the hydrogen peroxide.’**! However, we have
previously demonstrated that with our most active and selective
supported Au-Pd catalysts the addition of these compounds is
deleterious.”
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Fig.1 Relationship between H,O, production and H,O, hydrogenation
rate over Au/Pd-supported catalysts.

Previous studies have also shown that in the direct synthesis
reaction with Pd only catalysts phosphoric acid has to be added
to arrest the sequential hydrogenation of the product.’®*' We
have demonstrated that the addition of acid is not required
when employing Au—Pd bimetallic catalysts using our reaction
conditions as the CO, diluent acts as an in-situ acid promoter.”
However, it is apparent that the support has a major effect
on both the synthesis of hydrogen peroxide as well as its
hydrogenation, as shown in Fig. 1, and its decomposition. In
these experiments we have in fact examined a range of supports
that display different surface charges under reaction conditions.
The degree of surface charging is controlled by the isoelectronic
point of the support. To determine if this is a major parameter
influencing the reactivity of the supported catalysts we have
plotted the reactivity for hydrogenation, decomposition and
synthesis against the isoelectronic point of the supports,***
and the data are shown in Fig. 2-4. From these data it is
clear that for the Au-Pd catalysts, in general, supports with a
high isoelectronic point tend to hydrogenate hydrogen peroxide
with high rates (Fig. 2). Interestingly, the Au mono metallic
catalysts all show relatively low rates of hydrogenation. The
trend is not so clear for decomposition (Fig. 3) as the Al,O;-
supported catalysts all show very low rates of decomposition.
However, the Al,Os;-supported catalysts are not particularly
active for the synthesis of H,O,; whereas, the observation of
decreased H,0, decomposition with Al,O; as a support may be
a useful feature when designing catalysts that use H,O, as an
oxidant. The correlation between the rates of hydrogenation
and H,O, synthesis indicates that the surface basicity is a
major factor for these reactions. This effect cannot be totally
ascribed to the addition of acid in the reaction mixture (e.g. the
in-situ introduction of an acid by using CO, as diluent) since
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Fig. 2 H,O, hydrogenation as a function of the isoelectronic point of
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This journal is © The Royal Society of Chemistry 2008

Green Chem., 2008, 10, 1162-1169 | 1165


http://dx.doi.org/10.1039/B809881F

Downloaded by City College of New Y ork on 09 November 2010
Published on 26 September 2008 on http://pubs.rsc.org | doi:10.1039/B809881F

View Online

1000 -

©

=3

=3
L

carbon TiO, Al,O3 MgO

P =23

=3 =1

S =]
' '

n

=3

=]
'

Rate of H,0, decomposition / mol kg, " h”

14
Isoelectric point

Fig. 3 H,O0, decomposition as a function of the isoelectronic point of
support. Key: @ Pd-only, Bl Au-only, A Au—Pd.

H,0, productivity / mol kge,' h™'

0 2 4 6 8 10 12
Isoelectric point

Fig. 4 H,O0, productivity over Au-Pd catalysts as a function of the

isoelectronic point of support.

all our data are obtained under identical reaction conditions.
Most importantly there is a definite correlation between the rate
of hydrogen peroxide synthesis and the surface charge on the
support (Fig. 4), since supports with low isoelectronic points
(i.e. carbon and silica) give the highest rates of synthesis. In
this correlation we have also included synthesis data obtained
under the same reaction conditions using CeQO,, silica- and
iron oxide-supported catalysts.*** This correlation implies that
the isoelectronic point of the support is an important design
parameter for Au-Pd catalysts. In general the high rates of
H,O, synthesis we observe are, in part, a consequence of the
decreased rates of sequential hydrogenation (Fig. 1). Other
design parameters will also be important, (e.g. dispersion of
the metals and the degree of alloying of the Au-Pd bimetallic
nanoparticles), however, we have now identified the isoectronic
point of the support as a major catalyst design parameter, and
future studies will need to focus on exploiting this observation.

It is important to consider the factors that influence the
selective formation of H,0,, since in the direct synthesis
reaction several reactions take place simultaneously. Indeed, the
mechanism and kinetics of H,O, synthesis and decomposition
have been studied in detail previously.®**” The key reactions can
be divided into four classes (see Scheme 1), namely:

1. Production of hydrogen peroxide from syngas

2. Production of water from syngas

3. Decomposition of hydrogen peroxide

4. Reduction of hydrogen peroxide by hydrogen

A priori, in our opinion, it is to be expected that these reactions
are not independent reactions, but it is probable that they
occur,, at least partially, via common surface species. Based on
our observations, and consideration of the previous studies, we
suggest the following kinetic scheme.

(i) Production of hydrogen peroxide (reaction (1)) takes place
via the elementary steps:

H, + 2% — 2 H* 1)

0, +* = O,* ®)

H* + 0,* — O,H* + * (3)
O,H* + H* — H,0,* + * 4)
H,0,* - H,0, + * (5)

where * denotes a vacant surface site.

So, in this proposal the formation of hydrogen peroxide occurs
via a two step hydrogenation of adsorbed O,. Conceptually, it
is feasible that hydrogen peroxide could be generated by the
combination of two surface hydroxyl radicals formed by initial
oxygen bond scission and hydrogenation; but, this pathway will
kinetically favour water synthesis by sequential hydrogenation,
as discussed below.

(i1) Undesired side reactions leading to water (reactions (2),
(3) and (4)) involve the dissociative adsorption of O,:

0, +2* — 20* (6)

O* + H* — OH* + * )
OH* + H* — H,0* + * ®)
H,0* — H,0 + * )

(iii) Direct dissociation of adsorbed H,O,, which is analogous
to the dissociation of N,0,*® might take place via:

H,0,* + * — H,0* + O% (10)

This kinetic scheme describes the observed reactions, viz.,
production of hydrogen peroxide and water from the H,
and O, syngas, decomposition of hydrogen peroxide and the
hydrogenation of hydrogen peroxide in terms of a relatively
small number of elementary steps. It was decided to limit them
to the smallest number of steps necessary for explaining the
data while being in agreement with our observations. Although
the data suggests that synthesis and hydrogenation might occur
on different sites, at this stage it was decided not to include
this in the kinetic scheme. We have not included the interaction
with methanol, which we feel is justified because we observe no
perceptible oxidation of methanol under our reaction conditions
and the role of methanol is to increase the solubility of hydrogen
under reaction conditions. Due to the low reaction temperature
it is to be expected that strong adsorption takes place and
the desorption step might be dominating the observed kinetics.
According to the scheme decomposition of hydrogen peroxide
takes place by reaction with a neighbouring empty site (eqn (10)).
Under the conditions of hydrogenation the hydrogen will act as
a scavenger (eqn (3) and (8)) and the concentration of empty
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sites will increase as will the decomposition rate of hydrogen
peroxide. A related alternative mechanism is the following. In
the decomposition reaction the reverse step of eqn (2) has to
take place:

O* + O* - O, + 2* (1

When this reaction is slow the action of H, would be to create
a second channel for the removal of O*. In N,0 decomposition
this kinetic scheme was observed for ZSM-5 catalysts.*® Hence,
the above kinetic scheme can explain the fact that the rate of
decomposition is increased when hydrogen is present and this
effect will get stronger as the rate of dissociation of hydrogen
increases.

The data show that monometallic Au based catalysts are not
very effective in the production of hydrogen peroxide. They
show relatively high hydrogenation rates (Table 3) and this
suggests that under hydrogen peroxide production conditions
the O* concentration is high, efficiently reducing the rate of
decomposition but also the rate of formation of hydrogen
peroxide. When alloyed with Pd the addition of Au increases
both the rate of hydrogen peroxide synthesis and the hydrogen
selectivity and this effect may be related to the optimising the O*
concentration. Overall, MgO is a poor support, since it is very
active in decomposing hydrogen peroxide. The reason for this is
not related to its hydrogenation activity, but rather its basicity
leads to high rates of decomposition of the desired product, and
this suggests that other basic supports will be equally poor.

As the isoelectronic point of the support is a major factor
in controlling the activity of the catalyst, it is interesting to
consider whether there are additional factors that play a role
during catalyst synthesis. The Au-Pd catalysts are prepared by
wet impregnation from aqueous solutions of HAuCl, and PdCl,.
Hence, there is the possibility that CI- could be retained on the
surface of the catalysts using this preparation method. While
the addition of halide during hydrogen peroxide synthesis is
deleterious with Au-Pd catalysts,? it is possible, as discussed
previously,?”** that the residual halide could be acting as an in-
situ promoter. In addition, it is plausible that the surface charge
of the support could affect the amount of CI that is retained.
As an initial investigation of this factor we have qualitatively
monitored the amount of residual Cl in fresh catalysts using
STEM-XEDS mapping of Cl on the surface of the carbon-,
TiO,- and Al,O;-supported unused Au—Pd catalysts following
calcination at 400 °C. Fig. 5 shows a typical STEM-ADF image
and the corresponding Pd and Cl elemental maps acquired
from the Au-Pd/C catalyst. One of the major advantages

50 nm

of the STEM-XEDS spectrum image technique is the ability
to produce such maps with a very high spatial-resolution as
demonstrated by the coincidence of the Pd La map (Fig. Sb)
with the bright particles detected via ADF imaging (Fig. 5a).
However, the map produced using the Cl Ko peak (Fig. 5¢)
is rather noisy since the amount of CI present in the sample
is very small and the resulting signal is barely resolved above
the background. In this case, a more advantageous method of
analyzing the STEM-XEDS spectrum images is to mine specific
pixel areas of the data cubes which correspond to particular
sample features (i.e. particles, and support only areas.) and
to examine the spectra they contain. This was carried out for
the spectrum image data sets collected from the 2.5wt.%Au—
2.5wt.%Pd catalysts supported on carbon (Fig. 6(a,b)), Al,Os
(Fig 6(c,d)), and TiO, (Fig. 6(e.f)). The X-ray spectra were
extracted from pixels associated with either the metal particles
(Fig. 6a—) or the underlying support (Fig. 6d-f) and these
spectra were then summed to produce a statistically more
meaningful sum spectrum. The data clearly show that residual
Cl is a significant component of the metal particles and the
support areas in the carbon and Al,O; supported catalysts. In
the case of the TiO, supported catalyst, compared to the Pd Lo
peak intensity the observed Cl Ko signal is significantly weaker
in both the particle and support spectra than that in the spectra
extracted from the C and Al,O; supported catalysts. In fact, in
the TiO, support spectra, the Cl Ko peak is just barely resolved
above the background, suggesting that the residual Cl present
in this sample is less than that detected in the carbon-supported
catalyst and considerly less than that in the Al,O;-supported
catalyst. These measurements suggest the amount of residual
Cl does not simply correlate with the surface charge of the
support, and, furthermore, does not appear to correlate with
catalyst performance. However, it is also possible that only a
trace amount of residual Cl is all that may be required to act as
an in-situ promoter and this factor will be considered in a future
detailed study.

Conclusions

The role of support in the hydrogenation and decomposition
of H,0, over Au-only, Pd-only, and Au—Pd-supported catalysts
has been evaluated. Carbon-based catalysts showed the low-
est H,O, hydrogenation and decomposition activity, making
carbon the ideal support for Pd-only and Au-Pd-supported
catalysts for H,O, synthesis. Indeed, carbon-supported catalysts
gave the highest H,0, productivity. While many factors may

Fig. 5 STEM-ADF image (a) and corresponding Pd Lo (b) and Cl Ka: (¢c) XEDS elemental maps of 2.5wt.%Au—2.5wt.%Pd/C catalyst.
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Fig. 6 Spectra extracted and summed from more than 500 pixels of STEM-XEDS data cubes corresponding to bimetallic particles (a,c,e) and the
underlying support (b,d.f) acquired from 2.5wt.%Au-2.5wt.%Pd catalysts supported on carbon (a,b), Al,O; (c,d), and TiO, (e,f).

contribute to the observed trends in hydrogen peroxide synthesis,
hydrogenation and decomposition, we have observed that the
major parameter is the isoelectric point of the support, and
supports with low isoelectronic points (e.g. carbon and silica)
give catalysts with the highest rates for the synthesis of hydrogen
peroxide. This observation is in line with previous data for
Pd-only catalysts where acid has to be added to achieve ap-
preciable selectivities for hydrogen utilisation. The isoelectonic
point of the support controls the surface charge and clearly
basic supports lead to the catalysis of non-desired sequential
hydrogenation and decomposition of hydrogen peroxide. Having
identified this major catalyst design parameter future studies
should now concentrate on optimising the dispersion of the

Au-Pd bimetallic particles and the identification of the optimal
particle size that is associated with high synthesis activity.
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The solvent performances and ecological (dis)advantages of different solvent systems for the

Diels—Alder reaction of cyclopentadiene and methyl acrylate were investigated. Promising solvent
alternatives, especially [C4sMIM][BF,](1-hexyl-3-methylimidazolium tetrafluoroborate), citric
acid/N,N’-dimethyl urea as well as a solvent-free alternative were compared to the conventional
solvent systems methanol, cyclohexane, acetone and methanol/water. By means of the ECO

(Ecological and Economic Optimisation) method these solvent alternatives were evaluated already

during an R&D (Research and Development) stage in a holistic approach. This method is a
screening tool that employs a Simplified Life Cycle Assessment (SLCA) approach in combination
with an optimisation procedure. All life cycle stages from the production of reactants, solvents
etc., synthesis and workup, recycling and disposal are considered within this methodology. With
the help of the ECO method, some significant environmental issues depending on the solvent

selection are compared in order to make a contribution to the assessment of the greenness of

chemical processes and products during R&D.

Introduction

Much effort has already been made to replace toxic and
hazardous substances, e.g. solvents, auxiliaries or catalysts, by
non-volatile, less hazardous and non-toxic alternatives, respec-
tively. However, most organic solvents still used in chemistry
are volatile and often hazardous both to humans and the
environment. In order to substitute them and to create more
environmentally benign chemical processes, solvent alternatives
such as supercritical fluids,! water,? ionic liquids® or solvent-free
processes* have been receiving growing interest.

As an example, the supercritical fluid scCO, benefits from
the fact that it has a comparatively low toxicity due to the
high concentrations needed for acute toxicity. Furthermore, it is
relatively inert, easily removable and recyclable. The nature of
this reaction medium benefits from both liquid and gaseous
properties. The facilitated diffusion of the substrate to the
catalyst and rapid dissociation after the chemical conversion,
results in a positive effect on catalytic reactions. The drawback
of supercritical fluids, however, is the demand for sophisticated
equipment, exceeding the standard lab equipment, and thus
resulting in a still limited use during R&D.

Furthermore, water is considered to be the ideal solvent, being
non-toxic, cheap and easily available. This solvent, however,
has also some limitations due to the insolubility of nonpolar
organic compounds and the instability of reactive reagents or
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substrates in this medium. A neglected topic in the context of
water-chemistry is the effort of removing the reactants during
the workup procedure, consuming usually a large amount of
organic solvent and energy, respectively. The extraction volume
can exceed the volume of water by factors of up to 30.°

Further, new reaction media consisting of carbohydrates and
urea were investigated as solvents for organic reactions, e.g.
Diels—Alder or Stille reactions.® Stable and clear melts can easily
be obtained by reaching the melting points between 65 °C and
92 °C (depending on the composition). Fig. 1 shows a citric
acid/N,N’-dimethyl urea (DMU) melt in the case of a Diels—
Alder reaction.

Fig. 1 left: citric acid/DMU mixture (rt); middle: citric acid/DMU
melt (65 °C) with methyl acrylate/cyclopentadiene loading (separation);
right: homogeneous melt with starting material after stirring for 5 min.

These mixtures benefit from the advantages of having a very
low toxicity, being non-volatile and consisting of compounds
from readily available resources, being in line with the majority
of the 12 principles of green chemistry.” At first glance, these
media seem to be a green alternative to conventional solvents.

Tonic liquids have been discussed as an alternative to conven-
tional organic solvents as well, since they offer e.g. significant
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chemical advantages and have no relevant vapour pressure.
However, results on their potential environmental impact,
e.g. toxicity and environmental degradation, as well as the
production effort required have been led to a more differentiated
point of view.

Nowadays, it is widely accepted that no solvent is a priori
green; its greenness rather strongly depends on the specific ap-
plication, its toxicological properties and on the environmental
impact resulting not only from the production process but also
from the whole life cycle.

While choosing a suitable solvent for a process or searching for
alternative technologies, environmental, health and safety crite-
ria should be considered in addition to physical and chemical
properties of a solvent. With this in mind, the efforts to eliminate,
replace, recycle or minimise the use of solvents should commence
in the earliest stage of the product/process development. A
number of scientific groups have already published solvent
selection/replacement tools in order to support this decision-
making process.® These tools range from merely qualitative,
semi-quantitative (e.g. ABC/XYZ-valuation®), to complex life
cycle approaches. Some well-known computer aided method-
ologies and software tools, e.g. by Gani et al.," EPA’s SAGE
(Environmental Protection Agency; Solvent Alternatives Guide)
for surface cleaning processes' and PARIS II (Program for
Assisting the Replacement of Industrial Solvents), reflecting
solvent properties and environmental issues,'? were developed.

In recent activities solvent selection tools were developed
allowing for environmental, health and safety aspects at the
R&D stage, partly under consideration of life cycle aspects/LCA
(life cycle assessment),” as well as economic criteria.* For
instance, the solvent selection guide by Capello et al.* integrates
the life cycle assessment method as well as the EHS (envi-
ronment, health, safety) method developed by Hungerbiihler
and coworkers.”® Further, the Ecosolvent-Tool'® is used as a
life cycle assessment tool that facilitates the quantification
of the environmental impact of waste-solvent treatment. For
example, it is a useful tool to decide between “incineration
versus distillation”. Moreover, it contains life cycle inventories
of the petrochemical production of the integrated solvents
based on the ecoinvent database.’® Kralisch et al'? suggested
a holistic evaluation and optimisation approach considering
ecological and economic aspects. The ECO (ecological and
economic optimisation) method was in particular designed by
the authors to accompany and optimise early stage development
work in chemical R&D regarding the principles of ecological and
economic sustainability. The ECO method uses a Simplified Life
Cycle Assessment (SLCA) approach,' integrating all life cycle
stages from the production of reactants, solvents ezc., synthesis,
workup, recycling and disposal. To evaluate the greenness of
a product or process, the method uses three main criteria: the
energy factor EF, the environmental and human health factor
EHF and the cost factor CF, describing the energy demand,
toxicity and cost of e.g chemicals, auxiliaries, energies and
equipment used during the life cycle stages of a product or
process.

In this paper, ionic liquids and carbohydrate—urea mixtures
are investigated regarding their ecological and economic sustain-
ability for a typical organic reaction with the help of the ECO
method. The Diels—Alder reaction was chosen as an exemplary

application, since the solvent effect on the reaction rate and
selectivity has been widely examined and discussed, also in the
case of the alternative solvents ionic liquids and carbohydrate—
urea mixtures. Both media are compared to an assortment of
conventional organic solvents as well as a solvent-free version
(i.e. with no additional solvent within the Diels—Alder reaction),
in order to demonstrate the process advantages, e.g. concerning
product separation and catalyst recycling, but also to accentuate
disadvantages and challenges, respectively.

Diels—Alder reaction

To perform a comprehensive assessment of solvent alternatives
for a given chemical synthesis, starting material, auxiliaries and
the energy demand for synthesis and workup procedure have to
be taken into account besides the solvent and its performance.
Otherwise challenges and weak spots of processes/products
during the whole life cycle can not be detected and improved. For
our investigations, the Diels—Alder cycloaddition was chosen
as a model reaction. The [4 + 2]-cycloaddition between a
conjugated diene and a dienophile represents a widely used
reaction to obtain fine chemicals, pharmaceuticals and bioactive
molecules, respectively.” The pericyclic reaction proceeds via an
aromatic transition state, typically resulting in the preferential
formation of the endo diastereomer under kinetic control.

Both, efficiency and selectivity are significantly influenced
by the acidity of the reaction medium. Up to now, Diels—
Alder reactions have been investigated in several reaction
media, like water,?® LiClO,/ether,?! lithium amides,? as well as
surfactants.?® Studies reviewing the solvent effects, the polarity
of the solvent or solvent mixtures focused predominantly on the
stereoselectivity and reaction rate.* In this context, Cativiela
et al. found out that with increasing polarity both the reaction
rate and the endo/exo ratio increase. Experiments in aqueous
solution® showed an even higher reaction rate enhancement
due to “enforced hydrophobic interactions between diene and
dienophile”. Engberts et al.*® found out that relatively nonpolar
reactants are “forced” to perform a solvophobic binding process,
and that this is more favoured in water or aqueous, polar
media, than in conventional organic solvents. As early as 1980,
Rideout and Breslow demonstrated that Diels—Alder reactions
were dramatically accelerated in water due to the “hydrophobic
effect”.?

In a comprehensive review, Cativiela et al. compared the
theoretical and experimental results for solvent effects of diverse
Diels—Alder reactions.? In this context, different solvents with
polarities ranging from that of cyclohexane to acetic acid were
tested in terms of reaction rate and three kinds of selectivity
(endo/exo, regio- and diastereofacial). Experimental studies
showed that the solvent polarity only has a marginal influence
on the rate of some Diels—Alder reactions, whereas theoret-
ical results pointed out that the activation barrier increases
or decreases depending on the dienophile. However, solvent
polarity enhanced the endo/exo selectivity, and, in agreement
with theoretical calculations, the diastereofacial selectivity as
well. In conclusion, solvent solvophobicity was established to
be the main factor influencing reaction rate, accounting for the
acceleration in aqueous media, and also the endo/ exo selectivity
of some Diels—Alder reactions.

This journal is © The Royal Society of Chemistry 2008
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In spite of many advantages, water is not always the solvent
of choice, as discussed above. One disadvantage can be e.g.
the stability of the catalyst. As an example in the context of
Diels—Alder reactions, Lewis acids as catalysts are, with a few
exceptions like Sc(OTf); and Ce(OTf);,” rather problematic in
use because of their immediate reaction with water.

The above mentioned carbohydrate—urea mixtures were tested
to be very polar reaction media® with polarities between dimethyl
sulfoxide and ethylene glycol and are therefore suitable for
organic reactions proceeding via polar or ionic intermediates
or transition states. Such polar reactions are promoted by polar
solvents like carbohydrate—urea melts due to a strong stabilisa-
tion by solvation of polar intermediates. The hydrogenation with
a Wilkinson catalyst, the Suzuki reaction and the Stille cross-
coupling are examples for the applicability of carbohydrate—urea
melts facilitating organic transformations in very high yields.®
Apart from the efficient reaction procedure this alternative
reaction medium has the advantage of consisting of mainly
renewable components, which are vastly abundant and have a
low impact on the environment and human health. Considering
the risk for humans and the environment these melts should
benefit from their very low (eco)toxicity compared with ionic
liquids and conventional solvents.

Further, ionic liquids as reaction media and (acidic) catalysts
for Diels—Alder reactions have also been the topic of numerous
studies.”® Aggarwal er al.®® investigated the effect of possible
hydrogen bonds between starting material and solvent molecules
(ionic liquid) in terms of selectivity and reaction rate. The C2
imidazolium-proton shows a significant Lewis acid character
and is able to coordinate the carbonyl oxygen in the methyl
acrylate molecule during the reaction. The hydrogen bond for-
mation between the cation of the ionic liquid and the dienophile,
as a Lewis acid—base interaction, stabilises the transition state
of the cycloadduct and leads to the preferential formation
of the endo product (Scheme 1). By introducing sterically
demanding residues (R), the preferred transition structure can
be energetically disturbed, leading to a decrease in selectivity.

Scheme 1 Activated complex with the help of hydrogen bond interac-
tions of an imidazolium cation with methyl acrylate. (in accordance to
ref. 29).

In order to maximise the product yield, in some cases
ionic liquids have the advantage that products can be simply
removed by decanting the organic layer and the extraction phase,
respectively, without time and energy consuming steps. Further,
the performance of ionic liquid-based processes is improved
significantly if the catalyst remains in the ionic liquid phase
after separation (see e.g. ref. 30).

Sample reaction

To compare the performance of alternative solvents the reaction
of cyclopentadiene and methyl acrylate (Scheme 2) was investi-
gated, leading to a mixture of endo- and exo-bicyclo[2.2.1]hept-
5-en-2-carboxylic acid methyl esters. We assumed the endo
molecule as the desired product of the synthesis. The reaction is
typically performed at room temperature with stirring. Herein
we compare different solvent systems in terms of their overall
performance in the Diels—Alder cycloaddition, taking into ac-
count an ecological and economic assessment. For this purpose,
ionic liquids were tested as solvents for Diels—Alder reactions
and compared with the results obtained in solvent-free systems
and conventional organic media. As a representative ionic liquid,
1-hexyl-3-methylimidazolium tetrafluoroborate, [CsMIM][BF,],
was chosen. This ionic liquid does not show any Lewis acid
character and hence does not interfere with a potentially
used catalyst, shows moisture compatibility, is stable under
air and thus simplifies the handling. Furthermore, 1-hexyl-3-
methylimidazolium tetrafluoroborate allows for facile recycling
of solvents, products and catalysts, and is easily accessible.’! In
addition, carbohydrate—urea mixtures as novel alternative sol-
vents based on renewable components were compared regarding
their performance, ecological and economic impact. Therefore,
a melt consisting of citric acid/DMU (% w/w 40/60) was used.
The conventional solvent systems evaluated in this work were
acetone, methanol/deionised water, methanol, cyclohexane and
a solvent-free reaction, respectively.

@ N ﬁkocm - Zb * Aﬁcozcm

CO,CH;4

endo exo

Scheme 2 Diels—Alder reaction of cyclopentadiene and methyl
acrylate.

Experimental

[CsMIM]CI was synthesised via the Menschutkin reaction. This
synthesis of [CsMIM]CI was part of an optimisation study in
earlier work."” It was performed in a 250 mL round bottom
flask, fitted with a reflux condenser. The mixture of 0.21 mol
N-methylimidazole and 0.21 mol n-hexyl chloride (1.0 mol
equivalents) was stirred for 30 h (100 °C, oil bath) and cooled
down to room-temperature afterwards. The workup procedure
was carried out by dissolving the crude reaction mixture in water,
followed by the extraction of the remaining N-methylimidazole
content with diethyl ether. The yield of 98% was determined
after removing of all volatiles in vacuo (rotary evaporator, water
bath T=80°C, t = 1.5 h, p = 10 mbar). The purity was checked
by '"H-NMR-spectroscopy.

[CsMIM][BF,] was synthesised via reaction of [C;,MIM]CI
with HBF,: 1 mol [CsMIM]CI was dissolved in 150 mL of water
and stirred at rt for 3 h together with 1 mol HBF, (48% aqueous
solution). After the synthesis, the crude mixture was dissolved
in methylene chloride, followed by an aqueous extraction. The
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yield of 80% was determined after removal of all volatiles in
vacuo (rotary evaporator, water bath 7 =80 °C,t=1.5h, p =
10 mbar). The purity was verified by "H-NMR-spectroscopy and
the water content by means of Karl Fischer titration. By AgNO;
test and halide titration with 0.1 M AgNO; using 1 g of the ionic
liquid (automated Mettler Toledo titration), no chloride content
could be detected (halide < 200 ppm, water 0.02% by mass).
The resulting ionic liquid was dried in vacuo immediately prior
to use. Compared to commercially available [C,MIM][BF,],
e.g. from Merck (specification: high purity; halide < 200 ppm,
water 0.05% by mass), no changing in performance properties
concerning the Diels—Alder reaction of methyl acrylate and
cyclopentadiene could be detected.

With regard to the citric acid/DMU mixture, 10.5 g DMU
and 7 g citric acid were blended and led to a stable melt at 65 °C.

For a typical Diels—Alder reaction, 15 mL of solvent (ace-
tone, cyclohexane, methanol, methanol/water (% v/v 50/50),
[CsMIM][BF,], citric acid/DMU (% w/w 40/60)), cyclohex-
anone (1 mL) as internal standard, methyl acrylate (5.34 mL,
59 mmol) and freshly cracked cold cyclopentadiene (5.85 mL,
71 mmol) were added into a Schlenk flask containing a small
stirring bar. The reaction took place at 25 °C (controlled by a
cryostat) and at 65 °C, respectively (see Table 1). The progress
of the reaction was monitored at appropriate time intervals
by extraction of aliquots with cyclohexane (for [CsMIM][BF,]
and citric acid/DMU), appropriate dilution and GC analysis
(conditions below). The yield of products and endo/exo ratios
were calculated based on the GC analysis.

In the case of recycling experiments ([C,MIM][BF,]), cy-
clohexane or diethyl ether (ca. 5 x 30 mL) were added to
extract non-reacted starting material and products. Afterwards,
the cyclohexane phase including impurities was decanted. The
purity of the cyclohexane phase was tested via GC. Before
each run, the ionic liquid was dried in vacuo. Mass losses and
performance properties can be seen in Table 2. In the case of
citric acid/DMU, the same assumptions were made. For the
conventional solvents, a solvent loss of 10% for each run was
assumed. In general, the workup was performed by distillation
steps to remove solvents and starting material from the product
phase.

GC-measurements were performed using a Hewlett Packard,
8890 Series II apparatus; column HP 5 (Chrompack), length
30 m, diameter 0.32 mm, 0.25 um film thickness. The follow-
ing conditions were used: column pressure 5 psi, flow rate

Table 1 Solvents used in the Diels—Alder reaction and their performances

Table 2 Reaction conversions and endo/exo ratios with recycled
[CsMIM][BF,]

endo/ Conversion of
Run Massloss/g Massloss (%) exoratio® methyl acrylate® (%)
1 3.8 92
2 0.52 3.1 3.7 96
3 0.72 4.3 3.7 97
4 0.84 5 3.7 98

“ Determined by gas chromatography.

75 mL min™ of hydrogen; inlet temperature: 200 °C, detector
temperature: 250 °C; oven conditions: 50 °C for 6 min, then
ramped at 15 °C min™ to 110 °C, maintained for 10 min, then
ramped at 25 °C min™ to 250 °C, maintained for 2 min. Total
run time: 27.6 min. FID-detector.

The energy demand for heating, stirring and distillation
for the Diels—Alder reaction was determined using an energy
monitoring socket (Energy Monitor 3000, Voltcraft), and in the
case of the ionic liquid synthesis calculated with the help of
thermochemical data.

Evaluation
Assessment of the solvent performance

Table 1 summarises the results of the Diels—Alder reactions
that were performed in different solvents (catalyst-free, without
recycling). These experiments were carried out twice with no
significant change neither in conversion nor selectivity. The
evaluation was performed for reaction times of 8 h and 48 h,
respectively, as can be seen in Table 1. These reaction times,
yields and selectivities represent the basis for the evaluation,
since in all cases similar and nearly quantitative conversion and
high product yields were reached. Further, the conversions and
yields reached a plateau during this time (see also Fig. 2).

Fig. 2 shows the time-dependent synthesis of endo-
bicyclo[2.2.1]-hept-5-en-2-carboxylic acid methyl ester.

In general, the ionic liquid [CsMIM][BF,] showed a similar
performance in the Diels—Alder reaction compared to con-
ventional solvent systems at room temperature. The solvents
methanol and methanol/water, respectively, appear to be the
best choice among the tested solvents for the Diels—Alder
reaction at room temperature (in accordance to the literature).

Conversion of methyl acrylate®

Exp. number Solvent Temp./°C Time/h % endo/exo ratio”
1 Methanol 25 48 95 49
2 Methanol/water % v/v, 50/50 25 48 98 5.5
3 Acetone 25 48 83 33
4 Cyclohexane 25 48 90 2.6
5 [CsMIM][BF,] 25 48 92 3.8
6 Citric acid/DMU % w/w, 40/60 65 8 99 3.7
7 [CsMIM][BF,] 65 8 98 33
8 Solvent-free 25 48 98 2.9

“ Determined by gas chromatography.
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Fig. 2 Yield of endo-bicyclo[2.2.1]-hept-5-en-2-carboxylic acid methyl ester in dependence of the time and solvent system (see Table 1).

Further, the citric acid/DMU mixture would be a good
choice, if accepting a higher energy demand for heating and
a slightly reduced endo/exo ratio. In the case of [C{MIM][BF,],
with increasing temperature higher conversion rates, but de-
creasing endo/exo ratios were observed.

In the case of the solvent-free route, good results were
obtained too, even if the endo/exo ratio is lower than for the
reactions with added solvents.

Ecological assessment

The experimental work was accompanied by the application of
the ECO method in order to compare the solvent performances
in a holistic approach and to identify improvements regarding
the objectives EF, EHF and CFE.{ The data obtained during the
assessment procedure are very extensive and thus, only selected
and significant findings will be discussed in detail below.

Evaluation of the energy factor EF

The energy factor EF sums up the cumulative energy demand
(CED)* resulting from the supply of the reactants, solvents
and auxiliaries (E®), the performance of the reaction (E®), the
energy demand necessary for the workup (EV), the application
of the products (E*) and the disposal of waste (EP), related to a
product-based benefit e.g. the product molarity (eqn (1)) or the
product mass.

1 For this study, the disposal of the ionic liquid was not included,
due to lack of data concerning the end of life information. Since
this study represents a screening of all solvent alternatives, only the
upstream chains, the Diels-Alder reaction, the recycling considerations
and workup were part of the calculation. To demonstrate the influence of
[CsMIM][BF,] when released into the environment, a qualitative (Fig. 5)
and quantitative assessment (environmental and human health factor)
was made.

s

XR W XA Xp
S S S S S
— i=1 i=1 i=1 i=1 (1)

EF = =

nproduct

The EF was determined using the Life Cycle Assessment
software Umberto,* incorporating the database Ecoinvent,!
which contains literature references as well as a pool of data
concerning the supply of organic and inorganic chemicals,
electrical energy, inert gases etc., starting from their primary
sources. If specific data were not available, the energy demand
for the supply of structurally similar compounds available from
the database was used as an approximation.}

Fig. 3 demonstrates the EF for the synthesis of 1 mol endo-
bicyclo[2.2.1]-hept-5-en-2-carboxylic acid methyl ester. The best
results were obtained for methanol, methanol/water and for the
solvent-free system. On the one hand, this can be explained
by the comparatively low energy demand for the supply of the
solvents and on the other hand by the solvent performance
during the Diels—Alder reaction. Due to the low endo/exo
selectivity, the EF for the supply of the reactants for the solvent-
free route is higher than for methanol and methanol/water. In
spite of this, the EF per kg endo product is comparably low, since
no additional energy demand for the solvent supply is necessary.
Further, the workup procedure involves no additional solvent
distillation steps increasing the EF.

In the case of acetone, cyclohexane§ and DMU, the CEDs
for solvent supply are generally higher than for methanol or
water. In addition, the reaction in acetone and cyclohexane
gave lower yields and selectivities, which results in higher EF
values. For citric acid/DMU, a lower EF for the supply of

1 The CED for cyclopentadiene was determined using the inventory data
of “chemicals organic, at plant” (ecoinvent v. 1.3).

§ The CED for cyclohexane was determined using the ecoinvent database
v. 2.0, 2007.
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Fig. 3 Dependence of EF on the choice of solvent for the Diels—Alder reaction of methyl acrylate and cyclopentadiene (7' = 25 °C and 65 °C,
t =48 h and 8 h, solvent systems methanol, methanol/water, acetone, cyclohexane, [CsMIM][BF,], citric acid/ DMU, solvent-free, see Table 1).

starting material can be expected. However, for the synthesis
at 65 °C, the higher energy demand for heating has to be taken
into account. Further, the workup procedure of the media citric
acid/DMU and [C;MIM][BF,] is more complex and results in a
higher EF, since additional organic solvents become necessary to
extract the product from the stationary phase having no relevant
vapour pressure. However, in some cases the organic phase can
be removed from the stationary phase by decanting, resulting in
a lower energy demand.

Comparability of upstream processes for solvent supply. One
of the main requirements for a well-founded comparison is
to ensure comparability. In this case, a direct comparison of
the alternative solvents was difficult, since the same scale of
production data for all solvents considered is necessary. The
supply of acetone, methanol, deionised water, cyclohexane as
well as of carbohydrates and urea derivatives can be evaluated on
industrial production scale using the Ecoinvent-database, while
such data were not available for the supply of [C;sMIM][BF,].
The energy demand for a lab scale synthesis (batchwise) of the
ionic liquid, known from our experiments, allows no energetic
comparison to the supply of the other solvent systems. Whereas,
especially the alkylation step of N-methylimidazole and n-
hexyl chloride is exceedingly energy demanding. To guarantee
comparability, the energy requirements for heating, stirring and
distillation processes within upstream chains were theoretically
calculated by means of thermochemical data. The amount of
energy which is theoretically required (calculated by means
of heat capacity, enthalpy of vaporisation, standard enthalpy
change of formation, standard enthalpy change of reaction;
assumed efficiency for heating: 80%) amounts to less than 10%
of the overall result (Fig. 3).

Against this background, the approach seems to be sufficient
regarding the task of our investigations.

The results presented in Fig. 3 point out that the energy
demand for the supply of both reaction media, the melt system
as well as the ionic liquid, is higher than that for the supply
of the conventional solvents. In order to become an ener-

getically favourable alternative, further synthesis optimisation,
new synthetic strategies and/or other techniques, e.g. process
intensification via microreactors, as studied in the case of
[C,MIM]Br,* have to be considered.

Another promising possibility of increasing the energy ef-
ficiency of the Diels—Alder synthesis could be an appropriate
solvent recycling strategy. This aspect will be discussed in the
following.

Effects of solvent recycling. To investigate a particular pro-
cess advantage of ionic liquids, [CsMIM][BF,] was recycled and
reused for 3 times. After three recycling steps, a mass loss of 5%
was determined, while the solvent performance seems to remain
unchanged (Table 2).

If ionic liquids (or carbohydrate—urea melts) should represent
an ecological and further economic alternative to conventional
solvent systems, their process advantages like solvent recovery
or catalyst recycling are of particular importance. Therefore, we
assumed a 100-fold use in order to demonstrate the impact on
ecological and economic criteria.

For the determination of EF including recycling, the assump-
tion was made, that the solvent performance does not diminish
within 100 runs and the mass loss of 5% per 4 runs does not
increase. Carbohydrate—urea mixtures benefit from their simple
workup by adding water to the still warm melt, upon which the
water soluble carbohydrates and urea derivatives are dissolved,
leaving behind a supernatant of products and starting material,
which can be decanted. However, the energy demand for the
supply of the melt components is higher than for conventional
solvents, and therefore recycling is desired. For the calculation,
we assumed that the changes in solvent performance and mass
loss are equal to the results obtained in the ionic liquid. In the
case of the conventional solvents, a mass loss of 10% per run
was assumed.

Fig. 4 shows a significant improvement in energy efficiency
concerning the supply of [C{MIM][BF,], resulting in a lower
EF (reduction of approx. 98%) and in a better comparison to
the other solvent systems in the case of a hundred-fold solvent

This journal is © The Royal Society of Chemistry 2008
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Fig. 4 Dependence of EF on the choice of solvent for the Diels-Alder reaction of methyl acrylate and cyclopentadiene (7 = 25 °C and 65 °C,
t =48 h and 8 h, solvent systems methanol, methanol/water, acetone, cyclohexane, [C,MIM][BF,], citric acid/DMU, solvent-free, see Table 1), per

100 cycles.

use. The EF for the supply of the [C;MIM][BF,] and of the
citric acid/DMU melt is nearly equal to the energy demand
for the supply of the conventional solvents. With the possibility
of recycling the reaction medium easily, ionic liquids as well
as carbohydrate—urea mixtures become a suitable alternative to
conventional solvents (compare the black bars in Fig. 4).

However, a disadvantage for media having no relevant vapour
pressure or being non-volatile became clear for the workup
procedure, where additional solvents are needed to extract the
organic reaction products and non-reacted reactants.

Although the workup procedure has not been optimised
yet, we tried to estimate the additional energy demand for
the supply of an extraction solvent and distillation steps. As
shown in Fig. 4 (white bars), additional workup steps—to
extract starting material and products from the stationary phase
([CsMIM][BF,], citric acid/DMU) before reuse—decrease the
energy efficiency of the Diels—Alder reaction. Although these
alternative media feature non-volatility and therefore contribute
to safety aspects, the workup regarding the Diels—Alder reaction
seems to be the bottle-neck and accentuate the need for an
assessment via a life cycle approach.

Evaluation of the environmental and human health factor EHF

We started our investigations addressing toxicological aspects
of the solvent choice by means of qualitative criteria concerning
aspects of mobility, acute toxicity and chronic toxicity for
humans, acute toxicity for aquatic organisms, persistency in the
environment and bioaccumulation, using the data given in safety
data sheets.® These results are demonstrated in Fig. 5.

Against this background, water seems to be an environmen-
tally benign solvent alternative, followed by the melt components
DMU?* and citric acid, which are harmless to human health
and the environment. The classification of [C,MIM][BF,] turned
out to be difficult, since quantitative data regarding toxicity for

humans, ecological effects, information about accumulation and
biodegradability of this product are hardly or not available at all.
Since [C,MIM][BF,] is classified by a water hazard class (WGK)
of 3, the acute toxicity for aquatic organisms was assumed to be
“high”.

To quantify the environmental effects and to integrate the
quantity of the solvents used under consideration of technical
constraints (e.g. safety issues), the environmental and health
factor EHF wasused. The EHF allows a comparison of different
chemical substances used, e.g. as reactants, solvents or auxiliaries
regarding the resulting risks for human and environment during
their supply (RPoDS®), product synthesis (RPoD®), product
workup (RPoDY), product application (RPoD*) and disposal
(RPoDP). EHF sums up the RPoDj, calculated according
to Koller et al.,’ and relates this input to the molarity (or
mass) of the product. The EHF is divided into three sub-
objectives: EHF(AcT), EHF(ChT) and EHF(WmE), referring
to the categories acute toxicity, chronic toxicity and water-
mediated effects. Their calculation is demonstrated using the
example of EHF(ACT) (eqn (2)).

XS XR
ZRPOD(ACT)? + ZRPoD(AcT);‘
EHF(AcT) = 2! iz

+
n
product
@

XW XA XD
2 RPoD(AcT)" + ZRPOD(ACT),.A + 2 RPoD(AcT)P
i=1 i=1 i=1

n product

As mentioned in safety data sheets, hazardous properties
of [CsMIM][BF,] can not be excluded. In the absence of
bioaccumulation and persistency data we assumed the risk as
high as possible.
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Fig. 5 Qualitative assessment of the ecological impact of the used solvents (database: safety data sheets).

Fig. 6 demonstrates the criteria EHF in the special case of
acute toxicity regarding the alternative solvents used. Methanol
is classified as a toxic substance and has therefore a significant
impact on the human health. Although the risk is assumed to be
high in the case of [C;MIM][BF,], the resulting acute toxicity for
humans is lower than for methanol-systems, since [C;sMIM][BF,]
has no relevant vapour pressure and thus represents a low
imminent hazard. Further, Fig. 6 gives an in-depth view into
the toxicological impact of the starting-materials used as well.
In the case of cyclopentadiene, the resulting EHF is about in

0.004

the same order of magnitude compared to the influence of the
solvents. A possible negative effect resulting from the release
potential of cyclopentadiene and methyl acrylate at 7' = 65 °C
was avoided by working under reflux to minimise the hazard
potential.

Fig. 7 demonstrates the EHF for water mediated effects. The
EHF(WmE) for [C,MIM][BF,] is extremely high in comparison
to the other solvent systems. This effect is a result of its high
classification in the German water hazard class as well as
the low biological degradation®” and has to be regarded as

0.003

B Methyl acrylate
@ Cyclopentadiene|
M Solvent

EHF (AcT) /kgmol ! ende product

5 6 7 8

Fig. 6 Dependence of EHF(AcT) on the choice of the solvent for the Diels—Alder reaction of methyl acrylate and cyclopentadiene (7' = 25 °C
and 65 °C, 1 = 48 h and 8 h, solvent systems methanol, methanol/water, acetone, cyclohexane, [C,MIM][BF,], citric acid/DMU, solvent-free, see

Table 1).
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Fig. 7 Dependence of EHF(WmE) on the choice of the solvent for
the Diels—Alder reaction of methyl acrylate and cyclopentadiene (see
Table 1).

worst case scenario. Cyclohexane is classified as N-substance,
i.e. environmentally dangerous substance. Further, cyclohexane
is specified with R-codes 50/53, indicating a substance as
very toxic to aquatic organism, and may cause long-term
adverse effects in the aquatic environment. Acetone, methanol,

0.3

3 Methyl acrylate
@ Cyclopentadiene
B Solvent

0.2 1

methanol/water and citric acid/DMU have no significant
influence on aquatic organisms, since the systems are classified
with WGK 1. For the latter solvent systems and the solvent-free
alternative, respectively, Fig. 8 shows the resulting EHF(WmE).
Here the environmental impact is significantly affected by the
performance of the solvent.

In general, reactions in the citric acid/DMU melt are well
suited regarding toxicological aspects, since their low impact
on the environment and human health as well as their solvent
performance. For the solvent-free experiment, reduced endo/exo
ratios and yields were obtained, resulting in a slightly higher
consumption of starting material and therefore higher EHF
values.

Evaluation of the cost factor CF

The cost factor CF is determined in analogy to EF and EHF
and sums up all occurring costs, i.e. the prices of the chemicals,
energy, disposal, equipment and personnel as well as process
expenditure efc., related to the molarity (or mass) of the product.

Fig. 9 represents the cost factor CF for the synthesis of
1 kg endo-bicyclo[2.2.1]hept-5-en-2-carboxylic acid methyl ester

0.1 1

EHF (W'n’lE)l’l(gmul'l ende product

1 2

3 6 8

Fig.8 Dependence of EHF(WmE) on the choice of the solvent system for the Diels—Alder reaction (7' = 25 °C and 65 °C, t = 48 h and 8 h, solvent
systems methanol, methanol/water, acetone, cyclohexane, [CsMIM][BF,], citric acid/DMU, solvent-free, see Table 1).
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Fig. 9 Dependence of CF on the choice of the solvent for the Diels—Alder reaction of methyl acrylate and cyclopentadiene (7' = 25 °C and 65 °C,
t =48 h and 8 h, solvent systems methanol, methanol/water, acetone, cyclohexane, [CsMIM][BF,], citric acid/DMU, solvent-free, see Table 1).
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under consideration of a 100-fold use strategy.*® Therein, the
costs for starting-materials, solvents for reaction and workup as
well as energy costs were considered. Personnel costs were not
included yet, since their calculation on laboratory scale would
not be representative.

The conventional solvents are easily available and relatively
cheap, that is why the cost factor is mainly defined by the
supply of the starting materials. Therefore, in case of a 100-
fold use, CF mainly depends on the performance of the different
reaction media. In the case of the ionic liquid as well as the
carbohydrate—urea melt, the additional solvent demand for
extraction and further higher costs for the supply of these
media, lead to a comparably higher CF than for the reactions
in conventional solvents and the solvent-free synthesis route.
Taking into account the specific application for ionic liquids
discussed herein, the price for [C;MIM][BF,] should not exceed
22 € kg™ in order to be in the range with the conventional
solvents (40 € kg™ endo product). This is in accordance with
Hilgers and Wasserscheid. They expected that a range of ionic
liquids will become commercially available for €25-50 L™ on a
ton scale.®

Conclusions

Within this study, new, potentially green, solvent alternatives
for the Diels-Alder reaction between methyl acrylate and
cyclopentadiene were compared to conventional solvents and
a solvent-free version, too. The ionic liquid [C,MIM][BF,] and
carbohydrate—urea melt citric acid/DMU were chosen as two
representative examples for those alternative reaction media.
They were investigated regarding their performance and their
ecological as well as economic sustainability.

One major disadvantage of the melt system can be its
relatively low thermal and pressure stability compared to the
other solvents used, since N,N’-dimethyl urea and carbohydrate
components like glucose tend to decompose at high temper-
atures. However, within our investigations the system showed
no thermal decay since the reactions and workup procedures
were performed well below the decomposition temperature. In
addition, the melt components feature very low (eco)toxicity,
simplifying the handling.

Further, ionic liquids and carbohydrate—urea melts can be-
come attractive alternatives to conventional solvents, if their
separation efficiency and recyclability are high. The production
stage of ionic liquids turns out to be disadvantageous in most
cases and further research work has to be done in this context.

In the case of the investigated reaction, the solvent system
methanol/water or the solvent-free synthesis seem to be the
most ecological sustainable alternatives, yet. This has been
proven within a decision support software. With the help
of the outranking procedure PROMETHEE,* the different
reaction media have been compared in an objective way under
consideration of EF, EHF and CF. The outranking of the
different solution candidates under consideration of a 100-fold
reuse resulted in the following order of preference: solvent-free >
methanol/water > methanol > acetone > cyclohexane > citric
acid/DMU > [C,MIM][BF,]. This result is valid under the
following regulations: minimise EF, EHF(AcT), EHF(ChT),
EHF(WmE), CF, weight: 33 : 11 : 11 : 11 : 33, preference

function: linear, threshold unit: percent, and was determined
using the software Decision Lab 2000.*

The use of ionic liquids or carbohydrate—urea melts within
the Diels—Alder reaction instead of water containing systems
may be preferred, since these media allow the use of mois-
ture sensitive reagents, and organic materials can be removed
in vacuo. In addition, the use of Lewis acid catalysts, like
Sc(OTY);, in these media is advantageous compared to conven-
tional solvents, if the catalyst remains in the reaction medium
after workup. Addressing these issues, processes based on non-
or low-volatile solvents can be improved significantly regarding
their environmental and reaction performance. However, reac-
tions in media with no relevant vapour pressure often require
additional solvents during workup, which might affect envi-
ronmental aspects adversely. Therefore, multiphasic systems,
which often can be established in ionic liquid processes, probably
provide more efficient pathways for practical applications.

If the costs of producing bulk ionic liquids remain at their
current level, difficulties in adopting ionic liquids in industrial
processes in order to replace volatile organic solvents can not be
overcome.* The carbohydrates and urea components are easily
available, but purity specifications for organic synthesis actually
inhibit their cheap disposal.

The considered ionic liquid [CsMIM][BF,] presents only one
example of the huge class of ionic liquids, and there is, for
instance regarding the factor of human and environment, great
potential for further optimisation by changing the solvent and
using other synthesis strategies (see e.g. review by Stark and
Seddon?®). Nevertheless, the ECO method was used to accentuate
the need for the assessment of alternative reaction media in a
more holistic approach and to demonstrate the opportunities
and challenges of these alternative media.

The presented results are part of a long-term investigation
regarding the optimisation of synthesis pathways and assessment
of applications of ionic liquids via life cycle approach.

List of abbreviations

CED Cumulative energy demand
CF Cost factor
[C,MIM]Br  1-Butyl-3-methylimidazolium bromide

[CsMIM][BF,] 1-Hexyl-3-methylimidazolium tetrafluoroborate

[CsMIM]ClI  1-Hexyl-3-methylimidazolium chloride
DMU N,N’-Dimethyl urea

EC50 Half maximal effective concentration
ECO Ecological and economic optimisation

EF Energy factor

EHF Environmental and human health factor

EHF(AcT)  Environmental and human health factor regard-
ing acute toxicity risks

EHF(ChT) Environmental and human health factor regard-
ing chronic toxicity risks

EHF(WmE) Environmental and human health factor regard-
ing risks resulting from water-mediated effects

EHS Environment, health and safety

GC Gas chromatography

GK Swiss poison class (Giftklasse)
LC50 Median lethal concentration
LCA Life cycle assessment
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LCC Life cycle cost

LD50 Median lethal dose

Log kow Log octanol-water partitioning coefficient

MAK Workplace treshold value (Maximale Arbeits-
platzkonzentration)

OECD Biodegradability after 28 days (standardised test)

R&D Research and development

RPoD Remaining potential of danger

rt Room-temperature

SLCA Simplified life cycle assessment

WGK German water hazard class (Wassergefdhrdungs-
klasse)
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The decarboxylation reaction of dialkyl carbonates to give their related ethers was investigated.
The reaction was carried out at atmospheric pressure and in the presence of hydrotalcite or basic
alumina as catalysts without any solvent. The influence of several reaction parameters on the
selectivity was studied (e.g. temperature, amount of catalyst, substrate concentration, solvent).
The stability of the catalyst was also investigated. The experimental data for the decarboxylation
confirmed that this reaction is complicated by competitive processes, such as dismutation and, in
one case, pyrolysis. The results obtained show that in the presence of hydrotalcite as a catalyst,
symmetrical dialkyl ethers can be synthesised with yields up to 80%. Dissymmetrical ethers (i.e.
methyl alkyl ethers) can be produced with yields up to 80% at high temperature (250 °C). The
catalyst proved to be fully recyclable in all cases studied, except for the carbonate containing

n-octyl moiety.

1. Introduction

Methylations are extremely important reactions in synthetic
organic chemistry. Typically methylations are carried out using
methyl halides or dimethyl sulfate. Both reagents are toxic
and corrosive chemicals. Moreover the reaction requires a
stoichiometric amount of a base as catalyst and produces
a stoichiometric amount of inorganic salts that need to be
disposed of. Dimethyl carbonate (DMC) is an environmentally
benign substitute for dimethyl sulfate and methyl halides."* In
fact, at temperatures higher than 150 °C, it acts as a methylating
agent, producing CO, and methanol as the only by-products.
DMC reacts in the presence of a base with nucleophiles, such as
anilines,! phenols? and methylene-active compounds,? to yield,
at reflux temperature, their mono-methyl derivatives, according
to a B2 mechanism.* Under similar conditions, the reaction of
alcohols with DMC gives only the transesterification product
(Bac2 attack).’

Recently we reported the synthesis of methyl ethers in high
yield from the reaction of their parent alcohols with DMC by
operating in the presence of catalysts (such as hydrotalcite or
basic alumina) at 200 °C.¢

Scheme 1 reports a possible reaction mechanism for the reac-
tion. Presumably, under basic catalysis the carbonate derivative
forms first and would then decarboxylate to the corresponding
methyl ether.

This methylation procedure requires a large excess of DMC,
which is used as solvent and reagent, and produces dimethyl
ether as by-product. In this paper, we aim to investigate the
two step synthesis of dialkyl ethers and in particular of alkyl
methyl ethers, from their parent alcohols. Thus, according to
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Base
) ROH + CH;0COOCH; ROCOOCH; + CH;0H
Catalyst .
b) ROCOOCH; ————» ROCH; +CO,
200 °C

Scheme 1 Methylation of alcohols with DMC.

Scheme 1, a selection of dialkyl carbonates (Fig. 1) has been
synthesised using only stoichiometric amounts of DMC. Then
the decarboxylation reaction of the isolated products was
investigated in the presence of catalysts and without any solvent.
The influence of several reaction parameters on the selectivity
was studied.

O (3) R= 5 R'=CH,
M
RO OR' (4) R=sec-CgH,; R'=CH,
1 Rr-= é R'=CH; (5) R=nCgH;; R =nCgH,
(2) R=nCgH,; R =CH, (6) R=nCyHy;  R'=CH;

Fig. 1 Investigated dialkyl carbonates.

The advantages of this approach is that DMC is employed
only in stoichiometric amounts and the catalyst of the decar-
boxylation reaction can be recycled.

2. Result and discussion

2.1 Decarboxylation of primary alkyl derivatives: benzyl
methyl carbonate (1) and 1-octyl methyl carbonate (2)

Benzyl methyl carbonate (1) and 1-octyl methyl carbonate (2)
were synthesised by transesterification with DMC from their
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parent alcohols (benzyl alcohol and 1-octanol, respectively)
under reflux conditions (90 °C), in the presence of hydrotalcite
KW2000 (Mg,,Aly;0,,5)" or K,CO; as catalyst (Scheme 2),
according to the procedure already reported in the literature®
or described in the Experimental.

Catalyst, 90 °C
ROH +CH3;0COOCH; ————— ROCOOCH; + CH;0H

Scheme 2 Synthesis of alkyl methyl carbonates.

The isolated carbonates 1 and 2 were then subjected to
decarboxylation. In a typical experiment the alkyl methyl
carbonate was added through a funnel to the catalyst pre-heated
at the given reaction temperature without any solvent present.
Either basic alumina or activated hydrotalcite KW2000 was used
as the catalyst.

The results obtained at 180 °C and 200 °C are reported in
Table 1 for compound 1 and in Table 2 for compound 2. K,CO;-
catalysed reactions were also performed for comparison. When
the reaction was catalysed by alumina or hydrotalcite, the two
carbonates 1 and 2 were converted into their methyl and dialkyl
ethers (entries 1-4, Tables 1 and 2).

For benzyl methyl carbonate, the KW2000-catalysed reaction
was complete at 180 °C after 30 minutes (entry 3, Table 1),
while the alumina-catalysed reaction needed higher temperature
(200 °C) to achieve an almost quantitative conversion (entry
2, Table 1). For the benzyl methyl carbonate 1, KW2000 was
more effective as a catalyst than alumina in the synthesis of
symmetrical ethers. For both the substrates 1 and 2, temperature
seemed to have just a little effect on the outcome of the reactions.

Table 1 Decarboxylation of benzyl methyl carbonate 1; Scheme 3“

As expected, no methylether products were observed for the
K,CO;-catalysed reactions (entries 5 and 6, Tables 1 and 2).

2.2 Decarboxylation of secondary alkyl derivatives: 1-phenyl-
ethyl methyl carbonate (3) and 2-octyl methyl carbonate (4)

In order to study the reactivity of secondary alcohol derivatives
and to investigate the related reaction mechanism, 1-phenylethyl
methyl carbonate 3 and 2-octyl methyl carbonate 4 were syn-
thesised by a transesterification reaction with DMC from their
parent alcohols (1-phenylethanol and 2-octanol, respectively)
and then they were decarboxylated under the same conditions
employed for the compounds 1 and 2.

The results are shown in the Tables 3 and 4, respectively.

Also in this case, when the reaction was catalysed by alumina
or hydrotalcite, the two secondary carbonates were converted
into the methylether products (entries 1-4, Tables 3 and 4).
For 1-phenylethyl methyl carbonate 3, the KW2000-catalysed
reaction was complete at 180 °C (entries 3, Table 3), while
the alumina-catalysed reaction required a higher temperature
(200 °C) to achieve an almost quantitative conversion (entry 2,
Table 3). However, in all the experiments a considerable amount
of symmetrical ethers was also observed. Methylether products
were not observed for the K,CO;-catalysed reactions (entries 5
and 6, Table 3 and 4).

In the decarboxylation of I-phenylethyl methyl carbonate
(Table 3) styrene was also formed as by-product. In this
regard, two possible reaction pathways leading to the olefin
may be envisaged: (i) the base-promoted elimination of methyl
carbonate CH,OCOO™ from the reagent carbonate, and (ii) the
pyrolysis of the methyl carbonate (Tschugaev’s reaction) with

Product distribution (GC-MS %) R = PhCH,

Catalyst T/°C Conv. (%) ROMe ROR ROCOOR ROH
1 ALO, (10%) 180 71 22 38 26 10
2 ALO, (10%) 200 92 31 48 13 4
3 KW2000 (10%) 180 100 31 66 — —
4 KW2000 (10%) 200 100 29 71 - .
5 K.CO; (1.2 eq.) 180 47 — - 67 26
6 K,CO; (1.2 ¢q.) 200 59 — — 74 26

“Reaction conditions: Reaction time: 30 min. ® 1/catalyst 1.0 : 0.1 (w/w).

Table 2 Decarboxylation of 1-octyl methyl carbonate 2; Scheme 3¢

Product distribution (%) R = CH;(CH,),

Catalyst T/°C Conv. (%) ROMe ROR ROCOOR ROH
1 AL O; (10%)° 180 80 20 3 67 11
2 ALO; (10%)° 200 81 24 4 62 9
3 KW2000 (10%)° 180 92 21 5 63 11
4 KW2000 (10%)* 200 100 23 23 45 9
5 K,CO; (1.2 eq.) 180 14 — — 100 —
6 K,CO; (1.2 ¢eq.) 200 49 — — 100 —

@ Reaction conditions: Reaction time 30 min. ® 2/catalyst 1.0 : 0.1 (w/w).
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Table 3 Decarboxylation of 1-phenylethyl methyl carbonate 3; Scheme 3“

Product distribution (%) R = Ph (Me)CH

Catalyst T/°C Conv. (%) ROMe ROR ROCOOR ROH Styrene
1 AL O; (10%)° 180 74 37 12 3 17 29
2 AL O; (10%)° 200 96 34 12 — 11 38
3 KW2000 (10%)* 180 98 23 25 9 19 24
4 KW2000 (10%)* 200 100 24 32 — 19 25
5 K,CO; (1.2 eq.) 200 63 — — 80 10 10

“ Reaction conditions: Reaction time 30 min. * 3/catalyst 1.0 : 0.1 (w/w).

Table 4 Decarboxylation of 2-octyl methyl carbonate 4; Scheme 3¢

Product distribution (%) R = CH;(CH,);CHCH;

Catalyst T/°C Conv. (%) ROMe ROR ROCOOR ROH
1 ALO; (10%)° 180 19 21 33 42
2 ALO; (10%)° 200 24 28 — 28 39
3 KW2000 (10%)* 180 85 24 — 73 3
4 KW2000 (10%)* 200 100 35 4 53 7
5 K,CO; (1.2¢eq.) 180 15 — — 3 53
6 K,CO; (1.2 ¢eq.) 200 10 — — 100 —

“ Reaction conditions: Reaction time 30 min. ® 4/catalyst 1.00:0.10 (w/w).

elimination of methylcarbonic acid; both rapidly decompose in
CO, and methanol. However the formation of 1- or 2-octene
was never observed (Table 2 and 4) in the reactions where 2
and 4 were used as substrates. The absence of any elimination
by-product in these reactions demonstrates that the elimination
reaction is not base-promoted, thus the styrene production is
probably due only to pyrolysis reaction.

2.3 The reaction pathway

These preliminary results show that different and competitive
processes might be involved in the decarboxylation of methyl-
carbonates: Scheme 3 reports a possible reaction pathway.
According to the proposed mechanism, the presence of the
symmetric ethers in the reaction mixture might be due to a

-CO,
a)  ROCOOCH; —— ROCH,

+H,0

b) 1)ROCOOCH; ROH + CH;0H + CO,

+ ROH
2) ROCOOCH; =<——== ROCOOR + CH;0H

+H,0
3)ROCOOR ~=——== 2ROH +CO,

¢ ROCOOR ——2» ROR

Scheme 3 Competitive processes involved in the decarboxylation of
alkyl methyl carbonates: (a) decarboxylation of methyl carbonates;
(b) dismutation via transesterification (trace of methanol, due to the
presence of a small amount of water, or other Bronsted acids catalyse
the reaction); (c) decarboxylation of the dialkyl carbonates. Steps bl,
b2 and b3 are equilibrium reactions; steps a and ¢ are not equilibrium
reactions.

“dismutation reaction”. In this case, the term dismutation is
not used in the conventional redox sense; it is used instead to
indicate the transformation of an alkyl methyl carbonate into
dimethylcarbonate and the corresponding dialkylcarbonate.

Scheme 4 describes some possible reaction pathways for the
“dismutation” reaction catalysed by the surface hydroxyls of
the catalyst. In fact, transesterification, which leads to the
symmetrical carbonate, might be due to the presence of acidic
hydroxyl moieties in the catalyst: hydrolysis or methanolysis of
the methyl carbonates gives the alcohol, which reacts with the
initial carbonate to form the symmetrical carbonates.

The acidic hydroxyl moieties of the catalyst might play a
crucial role, since they are the catalysts for the transeterification
reaction, too. Catalytic amounts of methanol (or water) might
be sufficient to initiate these side processes since the methanol
produced can react once again with the carbonate in a self-
sustaining process. These acidic hydroxyls, being real catalysts,
do not enter into the stoichiometry of the overall reaction.

The driving force for this dismutation reaction, which pro-
duces the symmetrical ethers as the final products, might be the
formation of DMC (always present in significant amounts in
the distillate, see Experimental) or methanol, both removed by
evaporation from the reaction mixture at the given temperatures.

In order to understand the correlation between the acidic
hydrogen of the catalyst hydrotalcite and the observed trans-
esterification behavior which yields symmetrical ethers, IR
analysis was performed on the catalyst after different heating
activation methods.

The IR spectrum of untreated hydrotalcite (KBr pellet)
showed the broad absorption band for the OH stretching around
3400 cm™ and the corresponding HOH bending at 1630 cm™,
along with the typical band at 1363 cm™ attributable to the
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a) ~ 0 | %
Zron + Rl == Zt+o" 0"+ ROH
2 Z

by ~| @ _ o
Z N7 CHOH  =—= on - ~oP o
z Z

c) ~ 0 —

?—OH + R )k . = ?__OiO,R + CH;0H
= 0”0 z
- -

d) ~ = 0
-~ j])\ R . ROH =—= ZTOH: Ry AR
24070 Z
Z z
-

Total reaction (dismutation):

2 ROCOOCH;3; ROCOOR + CH3;0COOCH;3

~——

Scheme 4 Dismutation of methyl alkyl carbonates. Due the presence
of acidic hydroxyls on the surface of the catalyst, transesterification
reactions occur: methanol and alcohol are released which, in turn,
produce, through a series of equilibria reactions, DMC and the
symmetrical dialkyl carbonate. The overall reaction (addition of routes
a, b, ¢ and d) is shown.

interlayer anions CO;*. By heating the pellet at 200 °C for
two hours under vacuum, interlayer water was removed from the
hydrotalcite, as shown by the lost of the band at 1630 cm™ and
the decrease in the intensity of the band at 3400 cm™'. However,
after a few seconds in the air, the intensity of the latter band
rapidly increased.

In a separate experiment, the pellet was heated under vacuum
at 450 °C for 1.5 hours in a quartz tube, equipped with a CaF,
window, which allowed recording of the IR spectrum without
opening the system. The spectrum shows that this treatment
completely removed not only the interlayer water and carbonate
groups, but also surface hydroxyl groups. However, a very short
exposure to air by opening the tube immediately restored the lost
water. Such results showed that, if the decarboxylation reaction
is performed under atmospheric air, heat activation may not
ensure the complete absence of water on the catalyst surface.
And, even when the interlayer water is completely removed,
hydrolysis and transesterification reactions may also occur, due
to the hydroxyl groups which are not affected by the treatment
at 200 °C.

2.4 Effect of the temperature and of the amount of catalyst

In order to improve the yield of the decarboxylation over
the other competing pathways, the influence of some reaction
parameters was investigated. In a first set of experiments, the
decarboxylation of 1-octyl methyl carbonate 2 was performed
using varying amounts of catalyst. In particular, the reaction was
carried out using an amount of KW2000 ranging from 10% to
50% w/w. Results reported in Table 5 show that no relevant
improvement was obtained increasing the catalyst/substrate
ratio. On the contrary, higher ratio of catalyst increased the
viscosity of the reaction, strongly impairing the stirring.

Table 5 Decarboxylation of /-octyl methyl carbonate 2 with different
substrate/catalyst ratio

Product distribution (%)
R = CH;(CH,),

KW2000 (%)* Conv. (%) ROMe ROR ROCOOR ROH

1 10 100 23 32 34 9
25 100 27 63 1 6

350 100 33 54 2 9

“ Reaction time: 30 min. 7" = 220 °C.

In addition, the decarboxylation reactions on 1-octyl methyl
carbonate 2 and 2-octyl methyl carbonate 4 were performed
varying the temperature from 180 °C to 250 °C. In all cases
the reaction time was 30 minutes and KW2000 was used as a
catalyst.

The results, reported in Table 6, showed that performing the
reaction at different temperatures did not affect the conversion,
which is complete in every case, except when the reaction was
carried out at 180 °C. There is, however, a little effect on the
selectivity to 1-octyl methyl ether.

The yield of 1-octyl methyl ether increased at high reaction
temperatures, although not significantly. The most important
effect observed was the complete decarboxylation of the inter-
mediate dioctyl carbonate into dioctyl ether.

Table 7 reports the results of the decarboxylation of 2-octyl
methyl carbonate 4. Also in this case, no major differences in
the reaction outcome were observed. However, the yields of the
methyl and dialkyl ether are slightly increased, whilst the yield
of dialkyl carbonate decreased.

Table 6 Decarboxylation of 1-octyl methyl carbonate 3 at different
temperatures”

Product distribution (%)
R = CH}(CH2)7

T/°C Conv. (o) ROMe ROR ROCOOR ROH
1 180 92 21 5 63 11
2 200 100 23 23 45 9
3220 100 23 32 34 9
4 240 99 27 68 0 1
5 250 100 28 70 0 2

“3/KW2000 1.00 : 0.10 (w/w). Reaction time: 30 min.

Table 7 Decarboxylation of 2-octyl methyl carbonate 4 at different
temperatures”

Product distribution (%)
R = CH;(CH,);CHCH;

T/°C Conv. (%)  ROMe ROR ROCOOR ROH
1 180 85 24 0 73 3
2 200 100 35 4 53 7
3 220 100 44 13 27 13
4 240 100 53 24 0 21
5 250 100 53 31 0 14

“4/KW2000 1.00 : 0.10 (w/w). Reaction time: 30 min.

This journal is © The Royal Society of Chemistry 2008
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Table 8 Decarboxylation of n-decyl methyl carbonate at different concentrations®

Product distribution (%) R = CH;(CH,),

Solvent Substrate conc. Conv. (%) ROMe ROR ROCOOR ROH
1 no solvent — 100 55 27 10 7
2 n-dodecane 1.2M 100 45 42 0 13
3 n-dodecane 0.015M 98 52 10 14 22

«T =216 °C; KW2000 10%; reaction time: 30 minutes.

2.5 Effect of the substrate concentration

n-Dodecane was chosen as a non-polar solvent to explore the
effect of the substrate concentration (if any); the decarboxylation
of n-decyl methyl carbonate 6, chosen as a test reaction, was
carried out at the reflux temperature of the solvent, 216 °C. The
results obtained for the two studied concentrations (1.2 and
0.015 M) are reported in Table 8. Entry 1 reports, for compari-
son, the result obtained from the reaction performed at 216 °C
in the absence of solvent.

Table 8 shows that dilution does not considerably influence
the yield of 1-decyl methyl ether, which is formed in about 50%
yield in all cases.

2.6 Effect of the solvent

Because solvent polarity very often affects the reaction outcome,
the decarboxylation was carried out in different solvents. In this
case, a standard procedure using different solvents was used
(see Experimental): the decarboxylation reaction was carried out
by slow dropwise addition of the n-decyl methyl carbonate to
the refluxing solvent. Accordingly, experiments were conducted
using different solvents at their respective refluxing temperature.
Table 9 reports that the selectivity to the methyl ether dramati-
cally increased with respect to the same reaction performed by
the bulk addition of the substrate (compare Table 8 to entry 2
of Table 9).

Using n-dodecane as the solvent at 1.2 M substrate con-
centration, the yield of n-decyl methyl ether increased from
45% (Table 8, entry 2) to 78% (Table 9, entry 2). The yield
of the methyl ether was even higher (80%, entry 3, Table 9)
in refluxing n-tetradecane (b.p. 252 °C), while slightly lower
(67%, entry 1) in refluxing trans-decaline (b.p. 190 °C). No
reaction was observed with polar aprotic solvents, such as
polyethyleneglycol dimethylether (PEG 250 DME) and tri-

ethyleneglycol dimethylether (triglime). Probably, such polar
solvents inhibit the absorption of the polar compounds on the
catalyst, preventing the reaction from occuring. Vice versa, the
non polar solvents, by allowing the absorption on the catalyst,
promote the reaction.

Since all the non polar solvents used have a similar hydrocar-
bon structure, the different yields observed may be attributed
to the temperature. This might indicate that the activation
energy of the decarboxylation reaction is higher than that of
the transesterification, since increasing the temperature (from
190 to 252 °C), increased the yield of the methyl ether (from 67
to 80%).

2.7 Decarboxylation of di-1-octylcarbonate (5)

Finally, in order to avoid the production of undesired by-
products via the dismutation pathway, the decarboxylation of
a symmetrical dialkyl carbonate was also carried out. The
reaction was performed in the absence of solvent; this should
give the corresponding ether only. Thus, a set of experiments
was performed using di-1-octyl carbonate as the substrate at
different temperatures (Table 10).

The effect of temperature on the conversion was evident.
Conversion reached a plateau at 240 °C. As expected, the yield of
dioctyl ether increases by increasing temperature, while the yield
of 1-octanol dramatically decreases. The results support the idea
that decarboxylation is highly dependent on the temperature,
due to its high activation energy.

2.8 Catalyst stability and recycling

The stability of the catalyst is also an important parameter.
Fig. 2 shows the data obtained performing the decarboxylation
reaction of di-1-octyl carbonate 5 at different reaction times.
After two hours the reaction shows no significant improvement

Table 9 Decarboxylation of n-decyl methyl carbonate 6 by dropwise addition to refluxing solvents containing the catalyst*

Product distribution (%) R = CH;(CH,),

Solvent Reflux 7/°C Conv. (%) ROMe ROR ROCOOR ROH
1 trans-decaline 190 98 67 21 — 10
2 n-dodecane 216 100 78 21 — 1
3 n-tetra decane 252 100 80 20 — —
4 PEG 250 DME* 220 4 — 1 — 1
5 Triglime 216 9 — — — 9

1.2 M n-decyl methyl carbonate added dropwise; KW2000 10%; reaction time: 30 minutes after complete addition. ® Poly(ethylene glycol) dimethyl

ether, average M, ~ 250; b.p > 250 °C.

1186 | Green Chem., 2008, 10, 1182-1189

This journal is © The Royal Society of Chemistry 2008


http://dx.doi.org/10.1039/B809271K

Downloaded by City College of New Y ork on 09 November 2010
Published on 01 October 2008 on http://pubs.rsc.org | doi:10.1039/B809271K

View Online

Table 10 Decarboxylation of di-l1-octyl carbonate 5 at different
temperatures”

Product distribution (%)

4, are shown. The recovered catalyst was reused with the same
carbonate for which it was originally tested.
The tests show that the catalyst is not regenerated completely

R = CH,(CH,), when treated at 100 °C (entries 6 and 9), while it is regenerated

. c @ ROR ROH by treatment at 500 °C (entries 7 and 10), except in the case of

onv. (%) octyl methyl carbonate 3 (entries 2 and 4). The structure and the

1 180 1 20 380 texture of hydrotalcite is not affected by the treatment, and its

2 200 57 63 35 activity remains unaffected.

3 220 71 79 21 The results given by the C; moiety are quite interesting. In
4 240 98 84 14 ° . ..

5 550 04 32 18 fact, after 100 °C treatment (entry 2) while the conversion is not

“ Reaction condition: 5/KW2000 1.00 : 0.10 (w/w). For other reaction
conditions see footnotes of Table 6.

100l

90

80 ‘ []
70

60
\ = = di-1-octyl carbonate

4 di-1-octyl ether
A— 1-octanol

GC-MS %

time (h)

Fig. 2 Decarboxylation of dioctyl carbonate 5 with time. Reaction
conditions: dioctyl carbonate/KW2000 1.00 : 0.10 (w/w). T = 180 °C.

on conversion; this can be attributed to possible deactivation of
the catalyst.

In order to investigate the origin of such a deactivation, a
few tests for the re-use of the catalyst were carried out. After
the reaction, KW2000 was regenerated by washing with diethyl
ether and then dehydrated in an oven at 100 °C or in a muffle
oven at 500 °C; the latter treatment is the general condition used
to activate the catalyst in all the experiments so far reported
(see Experimental). In Table 11, the results obtained with some
of the carbonates previously investigated: an aliphatic substrate
2, an aromatic substrate 3, and a secondary aliphatic substrate

significantly changed, the efficiency of the catalyst dramatically
decreased. Visible changes (from white to dark black) were
observed after treatment at 500 °C, due to carbon formation.

This behaviour might show that the cavities of hydrotalcite
are particularly suited to the 1-octanol generated in the reaction,
which is difficult to remove by washing and cracks during heat
treatment. The affinity of 1-octanol for the catalyst cavities might
also be the cause of its deactivation decipted in Fig. 2.

The only method possible for the removal of the 1-octanol
from the KW2000 cavities was to wash the catalyst in di-
ethylether using a sonicator bath.

3. Conclusions

The synthesis of ethers from the parent carbonates has been
reported utilizing basic alumina and hydrotalcite as catalysts;
the latter proved to be the best catalyst. Dimethyl carbonate
was used only in a stoichiometric amount for the conversion of
the alcohols to carbonates. The reaction can be carried out at
atmospheric pressure and with no solvent.

In such a two step procedure, and starting from alkyl methyl
carbonates, the reaction becomes complicated by the presence
of symmetrical dialkyl carbonates and the corresponding dialkyl
ethers as by-products.

This is due to the presence of acidic hydrogens (water, alcohols,
and surface hydroxyls) which allow the organic carbonates to
give transesterified compounds which produce the symmetrical
ethers; this process is controlled also by the boiling points of the
alkyl carbonates involved, since DMC is removed by distillation
from the reaction mixture.

Dissymmetrical ethers (i.e. methyl alkyl ethers) can be ob-
tained in good yield if the reactions are carried out at high

Table 11 Recycling test. Decarboxylation of compound 2, 3 and 4, for each carbonate the reaction with both recycled and new catalyst*

Product distribution (%)

Substrate Catalyst origin Conv. (%) ROMe ROR ROCOOR ROH Styrene
1 2 new’ 92 21 5 63 11 NA
2 2 recycled (100 °C) 89 0 0 100 0 NA
3 2 new (100 °C) 77 0 0 83 17 NA
4¢ 2 recycled (500 °C) — — — — — —
5 3 new? 98 23 25 9 19 24
6 3 recycled (100 °C) 54 14 4 54 21 8
7 3 recycled (500 °C) 96 24 18 28 16 13
8 4 new* 85 24 0 73 3 NA
9 4 recycled (100 °C) 58 14 7 71 10 NA
10 4 recycled (500 °C) 82 21 0 57 9 NA

“Reaction conditions: 7' = 180 °C. Reaction time: 30 min; carbonate/catalyst 1.00 : 0.10 (w/w). Data given as GC%. NA: not applicable. * Entry 3
Table 2. < The reaction was not performed due to blackening of the catalyst. ¢ Entry 3 Table 3. ¢ Entry 3 Table 4.
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temperature. High temperature favours the decarboxylation over
the “dismutation” reaction and methyl ethers can be obtained in
high yield.

A possible reason for this temperature effect is that entropic
factors facilitate the elimination of CO, at high temperatures, as
a consequence of the higher activation energy of the decarboxy-
lation process. The catalyst proved to be fully recyclable in all
cases, except with the compound containing the n-octyl moiety.

4. Experimental
4.1 General information

All compounds used were ACS grade and were used without
further purification. Al,O; was from Merck, type 5016A basic
standard grade, 150 mesh, no activation. KW2000 was from
Kyowa Chemical Industry Co. Tokyo, Mg,,Al 50,5, specific
surface area 202 m* g™', activated at 500 °C for 4 hours.

GC-MS analyses were performed at 70 eV (MS) with a 30 m
HP 5 capillary GC column.

Infrared spectra were recorded on a Nicolet Magna 750 FT-
IR spectrophotometer. NMR spectra (‘H, *C) were obtained
on AVANCE 300 Bruker spectrometers at 25 °C and referred to
internal tetramethylsilane.

Basic alumina type 5016A basic standard grade, 150 mesh,
was purchased from Merck, and hydrotalcite was a kind gift
from Cognis Company.

If not otherwise specified, all the reactions were performed in
batch conditions and at atmospheric pressure.

4.2 Preparation of methyl carbonates: general procedure,
Scheme 2

In a three-necked flask equipped with a dephlegmator, alcohol
(30 g), DMC (100 g) and KW2000 (Mg,;Al,;0,;5) (30 g) were
heated at refluxing conditions (90 °C) under magnetic stirring.
Continuous removal of methanol as an azeotropic mixture with
DMC (3 : 1 w/w) boiling at 64 °C pushed the equilibrium
toward the carbonate. The reaction was followed by GC-MS
analysis of the reaction mixture. At complete conversion of
the substrate (usually after 24 hours), the mixture was filtered
over Gooch no. 4 to remove the solid catalyst, and the solid
was washed three times with 100 ml of diethylether. After
removal of diethylether, methanol and unreacted DMC by
evaporation under vacuum, alkyl methyl carbonate was obtained
as a colourless oil.

1: 39 g obtained; yield: 85%; b.p.: 68-70 °C/7 torr (lit.® 125—
127 °C/20 torr); '"H NMR (300 MHz, CDCl,, lit.?): & 3.81 (s,
3H); 6 5.19 (s, 2H); 6 7.37-7.41 (m, 5H)

2: 33 gobtained; yield: 75%; b.p.: 238 °C/760 torr (lit.* 73°C/ 1
torr); '"H NMR (300 MHz, CDCl,, 1it.»*): § 1.62-1.64 (d, 3H);
6 3.77 (s, 3H); 6 5.73-5.80 (m, 1H); § 7.32-7.40 (m, 5H)

3: 38 g obtained; yield: 88%; b.p. 70 °C/7 torr; 'H NMR
(300 MHz, CDCl,, lit.'™): 6 0.86-0.90 (t, 3H); 6 1.27 (m, 10H);
6 1.62-1.70 (m, 2H); 6 3.78 (s, 3H); 6 4.11-4.16 (t, 2H)

4: 39 g obtained; yield: 90%; b.p. 45 °C/7 torr; '"H NMR
(300 MHz, CDCl;): 6 0.89 (t, 3H), 6 1.27-1.29 (m, 8H), § 1.46—
1.55 (m, 2H), 8 1.60-1.65 (m, 2H), & 3.77 (s, 3H) 6 4.71-4.81
(m, 1H)

6: 36 g obtained; yield: 89%; b.p. 75 °C/7 torr; 'H NMR
(300 MHz, CDCl;): 6 0.86-0.90 (t, 3H); 6 1.27 (m, 14H); &
1.62-1.70 (m, 2H); 6 3.78 (s, 3H); 6 4.11-4.16 (t, 2H)

4.3 Preparation of di-1-octyl carbonate (5)

In a three-necked flask equipped with a dephlegmator, 1-octanol
(85 g), 1-octyl methyl carbonate (30 g) and KW2000 (30 g)
were heated at 110 °C with magnetic stirrer. The reaction
was followed by GC-MS analysis of the reaction mixture. At
complete conversion of the substrate, which took place after
5 hours, the mixture was filtered over Gooch no. 4 to remove
the catalyst and the solid was washed three times with 100 ml
of diethylether. After removal of diethylether and unreacted 1-
octanol by distillation under vacuum, the symmetrical carbonate
was obtained as colourless oil.

5: 37 g obtainded; yield: 82%; b.p. 165 °C/7 torr (lit."* 168—
170 °C/5 torr); '"H NMR (300 MHz, CDClI, lit.'?): § 0.87-0.91
(t, 6H); 6 1.28 (m, 20H); 6 1.62-1.72 (m, 4H); 6 4.10-4.15 (t,
4H)

4.4 Decarboxylation reactions (Tables 1-7 and Tables 9
and 10)

All the decarboxylation reactions were carried out in a three
neck round bottom flask at atmospheric pressure. The flask
was equipped with a condenser and a dropping funnel. The
reactor was heated using a heating jacket and the temperature
was controlled by a thermocouple dipped in the reaction mixture
through the side neck.

The reactions were carried out in the absence of solvent. The
methylcarbonate (2 g) was added dropwise over a 1 minute
period through the funnel to the catalyst pre-heated at the
reaction temperature (typically at 180 or 200 °C). Basic alumina
(0.2 g) or hydrotalcite KW2000 (0.2 g) or K,CO; (1.2 eq) were
used as the catalysts.

Addition of the methylcarbonate substrates to the catalyst
produced, in every case, vigorous foaming, due to the rapid
evolution of CO,. The results obtained performing the de-
carboxylation reaction on the carbonates 1-6 at 180 °C and
200 °C are reported in Tables 1-7 and Tables 9 and 10, leaving
out the value for DMC; however, it was always present in the
chromatograms as 15% of total compounds.

4.5 Substrate concentration analysis (Table 8)

A round bottom flask was equipped with condenser and two
dropping funnels. After heating the catalyst (1.8 g or 0.02 g) at
220 °C, n-dodecane (75 mL) was added from the first funnel.
When the refluxing temperature of n-dodecane was reached
(T =216 °C), n-decyl methyl carbonate, according to the chosen
concentration (18 g or 0.24 g), was quickly added from the
second funnel.

4.6 Catalyst recycling (Table 11)

After a typical decarboxylation reaction, KW2000 was sepa-
rated by a paper filter, washed with diethyl ether and submitted to
2 different treatments: dehydration in an oven at 100 °C (entries
2, 5 and 9, Table 11) and reactivation in a muffle oven up to
500 °C (entries 3, 7 and 10, Table 11). The so-treated catalyst
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was then re-used performing a reaction exactly as the one from
which the catalyst was taken.
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Rosin is an abundantly available natural product. Rosin is a mixture of acidic (ca. 90%) and neutral
(ca. 10%) compounds. The characteristic fused ring structure of rosin acids is analogous to that of
some aromatic compounds in rigidity, and makes rosin and its derivatives potential substitutes for
those aromatic compounds in polymers. In this study, the synthesis of biobased epoxy and curing
agent using rosin and the cure reaction were investigated. Abietyl glycidyl ether and methyl
maleopimarate were synthesized from one of the rosin acids. Abietyl glycidyl ether was used as a
model compound representing rosin-based epoxies, while methyl maleopimarate was used as a
model compound representing rosin-based anhydride curing agents. The synthesis methods of the
model compounds were examined and the chemical structures were confirmed by '"H NMR, *C
NMR, FT-IR and ESI-MS. Curing of abietyl glycidyl ether with aniline and curing of methyl
maleopimarate with phenyl glycidyl ether were investigated separately. Nonisothermal curing of
the model systems was studied by DSC, and the cured products were characterized by 'H NMR.

Introduction

Rosin is an abundantly available natural product. Rosin is mainly
obtained from the exudation of pines and conifers. It is also
obtained by the distillation of crude tall oil, which is a byproduct
in the Kraft pulp process, or from aged pine stumps. Total world
production of rosin is approximately 1.2 million tons annually.!
Rosin is a mixture of acidic (ca. 90%) and neutral (ca. 10%)
compounds.” The acidic components, generally named rosin
(or resin) acids, are also a mixture containing mainly isomeric
abietic-type acids (40-60%) and pimaric-type (9-27%) acids
on the basis of total rosin weight.! The exact composition of
rosin acids varies, depending on the tree species and production
location. Rosin and its derivatives have long been used as
adhesive tackifiers, and are still mainly used in that market.
In addition, rosin and its derivatives have also found other niche
applications in printing, varnishes, paints, sealing wax, some
soaps, paper sizing, soldering, plasters, ezc.?

In recent years, the drive for obtaining chemicals and materials
from renewable resources has also prompted the research of
new applications for rosin. Rosin acids, owing to their charac-
teristic fused ring structure, are analogous to many aromatic
compounds in rigidity. Therefore, rosin and its derivatives could
become important alternatives to current fossil carbon-based
aromatic monomer compounds in polymers. The chemical
reactivity of rosin resides in its monocarboxylic acid and the
unsaturated carbon-carbon double bonds. The Diels—Alder
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adduct of levopimaric acid (one of the isomeric rosin acids) and
maleic anhydride, the maleopimaric acid, for example, was used
for polyesterimide® and polyamideimide.** Rosin-based polyols
were also prepared and applied to polyurethane synthesis.*®
The adduct of levopimaric acid and acrylic acid was used to
synthesize polyesters and polyamides.” Maleopimaric acid was
also used as a rigid building block in aliphatic copolyesters to
regulate molecular rigidity.'*"" On the other hand, there have
been only a few studies using rosin for epoxy resin applications.
In one study, rosin-based polyamides were synthesized and used
as hardeners for epoxy resins.'? In another study, glycidyl esters
of maleopimaric acid were prepared and then the resulting epox-
ides were cured with 1,2-cyclohexanedicarboxylic anhydride."
However, the relatively low hydrolysis resistance and thermal
stability of the ester linkages in the epoxy resin may limit its
application in uses such as electronics packaging.

It is known that anhydride-type curing agents are widely used
for epoxy coating resins. Maleopimaric acid has similarities in
rigid structure and functionality to trimellitic acid which is an
important building block for anhydride-type curing agents. Since
the conjugated carbon-carbon double bond in levopimaric acid
can easily undergo Diels—Alder reaction with maleic anhydride,
we are more interested in using maleopimaric acid derivatives
as curing agents. Although only levopimaric acid possesses
the optimum cyclic diene structure for Diels—Alder addition,
the other isomeric rosin acids can undergo isomerization to
levopimaric acid at elevated temperatures, preferably in the
presence of a strong acid.® Considering that the ether group
is more hydrolytically and thermally stable than the ester group,
derivatives of rosin-based glycidyl ether are preferred for the
preparation of rosin-based epoxies.

In this study, two model compounds, which represented rosin-
based anhydride type curing agents and rosin-based glycidyl

1190 | Green Chem., 2008, 10, 1190-1196

This journal is © The Royal Society of Chemistry 2008


http://dx.doi.org/10.1039/B803295E

Downloaded by City College of New Y ork on 09 November 2010
Published on 19 September 2008 on http://pubs.rsc.org | doi:10.1039/B803295E

View Online

ether type epoxies, respectively, were prepared. The respective
curing reactions of the epoxide with aniline and the anhydride
with phenyl glycidyl ether and cure kinetics were also inves-
tigated. To the best of our knowledge, there has not been a
similar study using glycidyl ether of rosin analogs as epoxies
and maleated rosin analogs as hardeners in the literature. This
study is part of the results from our recent investigation utilizing
rosin acids as building blocks for epoxies and hardeners. The
major aim of this study is to provide some synthesis methods
for rosin-based anhydride and glycidyl ether and to investigate
their curing and cure reactions in potential epoxy applications.

Results and discussion
Synthesis of model compounds

Maiti ez al.? and Vandenberg! reported the preparation of epoxy
resins-based on glycidyl esters of rosin or rosin derivatives in
the literature. Those epoxides were prepared by the reaction
between the carboxyl groups of rosin or the anhydride groups
of maleated rosin with epihalohydrin. However, those epoxies
contained ester linkages rather than ether linkages between the
rosin moiety and the glycidyl groups. Considering that the ether
linkage is more resistant to hydrolysis and thermolysis than the
ester group, the glycidyl ether type of rosin-based expoxies is
more advantageous. In this study, the glycidyl ether of abietic
alcohol was synthesized as an analog to rosin-based epoxies.
The carboxyl group of rosin acid was first reduced to a hydroxyl
group which was then reacted with epihalohydrin to achieve the
glycidyl ether.

To reduce the carboxyl group of rosin to a hydroxyl group,
LiAlH, was used as the reducing agent (Scheme 1). The
resulting abietyl alcohol intermediate (I) was then reacted with
epibromohydrin to form abietyl glycidyl ether (II) in the presence
of a phase transferring catalyst Bu,N*HSO, . Because of the
steric hindrance effect of the fused ring on the hydroxyl methyl
group of abietyl alcohol, using epichlorohydrin only resulted in
a very low yield of the glycidyl ether. By using the more reactive
epibromohydrin, the etherification was able to proceed with a
better yield. The yield and recovery yield of the epoxide from
the two-step reaction were 29% and 87%, respectively.

A e

NaOH, BuN+HSO ,-

H, OH
LiAIH,

abietic acid abietyl alcohol (I) abietyl glycidyl ether (Il)

Scheme 1 Synthesis route of abietic glycidyl ether.

For the preparation of an analog to the rosin-based anhydride
hardeners, the free carboxyl groups of rosin were first blocked by
esterification (Scheme 2) with CH;1in DMF, using K,CO; as the
catalyst. Similar to the above etherification, the fused ring also
had a significant steric hindrance effect on the reaction of the
carboxyl group. Employing other reagents, such as methanol/p-
toluenesulfonic acid, methanol/KOH, and methanol/N,N’-
dicyclohexyl-carbodiimide, did not yield satisfactory results.
Maleic anhydride was added onto the methyl ester of abietic
acid (IIT) through Diels—Alder reaction, using hydroquinone as
the catalyst. It was known that levopimaric acid was the only

COOH

OOCH; COOCH;
CHsl, K;CO3 __>100°C
—_—
DMF lsomenzatmn

abietic acid methyl abietate (l1l) methyl levopimarate
COOCH;
MA
Hydroquinone

methyl maleopimarate (IV)

Scheme 2 Synthesis route of methyl maleopimarate.

rosin acid which could undergo Diels—Alder adduction, and
the other isomeric rosin acids experienced the isomerization to
levopimaric acid at elevated temperatures during the reaction.>*
The yield of rosin-based anhydride (IV, methyl maleopimarate)
from the two-step reaction was 66%. Using H;PO, as a catalyst in
the Diels—Alder reaction could also achieve the final product, but
resulted in a lower yield (54%) from the two-step reaction. The
structures of the intermediate and final products were identified
by '"H NMR. Fig. 1 gives the 'H NMR spectra of abietic acid,
abietyl glycidyl ether and methyl maleopimarate. Chemical shift
peaks from 6 0.6 to 2.2 were attributed to the protons of six-
member fused rings of rosin.

Curing and cure kinetics

Similar to the isothermal curing of many other epoxy systems,
a reaction was noted to take place during heating to the
selected cure temperatures in this study. Although approaches
such as dropping the cold sample into a preheated DSC or
curve fitting could be adopted to compensate for the lost
signal,” in this study we selected the simple nonisothermal
method for the curing study. It has been concluded that there
is no fundamental contradiction between kinetic parameters
determined from isothermal and nonisothermal experiments, ¢!’
though the inconsistency in Arrhenius parameters between these
two methods persists.’** Fig. 2 shows the exothermic heat
flows of nonisothermal curing of the model compounds in the
DSC experiment. The DSC experiment results are summarized
in Tables 1 and 2. As the heating rate (f) increased, initial
curing temperature (77;), peak exothermic temperature (7',) and
temperature at curing end (7,) all shifted to higher temperatures,
and the range of curing temperature widened. However, the
curing time actually decreased with heating rate increase. The
enthalpy of cure reaction generally increased with heating rate up
to 10 °C min™', then showed a significant decrease at 20 °C min™'.

While the shift in the cure temperature of the cure reac-
tion with heating rate is more probably methodological, the
dependence of the cure reaction enthalpy on heating rate is
supposed to have a chemical nature.* Epoxy curing involves
a sequence of elementary reactions; these elementary steps and
reaction pathway are temperature dependent. The relatively low
enthalpy at heating rate 20 °C min™ for both curing systems
is likely related to the different reaction pathways involved at
the higher cure temperature. DSC analysis measures the overall
reaction enthalpy. Without a comprehensive analysis of the
possible elementary reactions, DSC results can only provide
very limited information on the cure mechanism. Nevertheless,
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Fig. 2 DSC thermograms of curing of model compounds at different

heating rates.

the dependence of cure kinetics on heating rate could be
eliminated by extrapolating the results to infinitely slow heating
rates (isothermal conditions), therefore “true” cure reaction
temperature and Arrhenius parameters can be determined.™
The values of these curing reaction parameters at the zero
heating rate were estimated from linear extrapolation and are
also given in Tables 1 and 2, ranging from 119 to 149 °C
for maleopimarate/EPP and from 124 to 175 °C for abietyl
glycidyl ether/aniline, respectively. If the initial curing, peak

Table 1 DSC results of nonisothermal curing of the methyl maleopi-
marate/phenyl glycidyl ether system

20 112.4 80.4 411.8 444.2 499.5
10 151.8 108.5 406.7 430.8 505.8
5 128.4 91.8 390.1 415.3 457.8
2.5 139.6 99.8 380.9 402.1 451.4
0° 127.9¢ 91.5¢ 392 402 422

“On the basis of per mole of epoxide. ®Linear extrapolation at
d7/dt = 0. < Enthalpy was extrapolated by excluding the result at a
heating rate of 20 °C min™'.

Table 2 DSC results of nonisothermal curing of the abietyl glycidyl
ether/aniline system

B/Kmin"  AH/Jg! AH/kKJmol'* T/K T,/K TJ/K

20 55.4 21.6 4230 4632  516.6

10 105.5 41.2 408.7  455.1 491.8
5 93.5 36.5 3945 4439 4635
2.5 90.3 353 382.7 4292 4446
0 105¢ 41¢ 397 431 448

“On the basis of per mole of epoxide. ®Linear extrapolation at
d7/dt = 0. < Enthalpy was extrapolated by excluding the result at a
heating rate of 20 °C min™'.

and curing end temperatures at the zero heating rate can be
used as references for the selection of temperatures in the
isothermal curing study,?** then these temperatures fell within
the conventional epoxy curing temperature range. By comparing
the enthalpy of the cure reaction on the basis of per mole
of epoxide, it was interesting to note that the molar enthalpy
of curing of abietyl glycidyl ether by aniline (~33 kJ mol™)
was less than half of that of the curing of the phenyl glycidyl
ether system. The latter showed a molar enthalpy of reaction
(~ 91 kJ mol™) close to that of diglycidyl ether of bisphenol A
cured with m-phenylene diamine.?*?*' This result suggests that
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rosin-based epoxy tends to yield significantly lower enthalpy of
reaction than the conventional epoxies.

Fig. 3 shows the progress of reaction conversion with curing
temperature. The s-shaped curves of degree of conversion
() versus temperature indicate that the cure reaction was
autocatalytic.?® The slope reached a maximum in the range
of low to medium conversions. This is a clear indication that
the reaction intermediates accelerated the cure reaction. At
higher conversions, the linearity is lost, indicating the decrease in
reaction rate. Since there was no network structure formed in the
model reaction systems, the slowdown of reaction in this region
was probably due to the decrease in the reactant concentrations.
Fig. 4 shows the cure rate as a function of curing temperature. It
indicates that the maximum reaction rate occurred around the
peak exothermic temperature, and increased with heating rate.

100
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Fig. 3 Degree of conversion versus temperature at different heating
rates.

Activation energy was measured following the Kissinger’s
method:*

B
d(in %)
E =-R|—2
. d(yT,)

where f3 = heating rate; 7', = peak exothermic temperature (K);
E, = kinetic activation energy; and R = gas constant (1.987 cal
K™ mol™). The plot of In(8/T?) against 1/T, fell in a good
linear relationship (curves not shown), and the slope was equal
to —E,/R. The calculated value of E, was 65.3 +4.8 kJ mol™! for
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Fig. 4 Effect of heating rate on reaction rate.

the methyl maleopimarate/1,2-epoxy-3-phenyl propane system
and 91.6 £ 5.2 kJ mol™ for the abietyl glycidyl ether/aniline
system, respectively.

Cure reactions and curing mechanism

The reactant mixture before curing and the product after curing
were analyzed by '"HNMR. Fig. 5 shows '"H NMR spectra of the
above two reaction systems before and after curing. The cured
products in Fig. 5 were from the above nonisothermal DSC
curing study at a heating rate at 2.5 °C min™'. The assignments
of the chemical shifts correspond to those labels in Scheme 3.
The chemical shifts of the oxirane in phenyl glycidyl ether at
6 2.77, 2.91 and 3.36 (Fig. 5a) basically disappeared after the
cure reaction with methyl maleopimarate; instead, new peaks at
6 3.65 and & 5.35, which were attributed to the methylene and
methenyl groups connected with the newly formed ester and
hydroxyl groups (Scheme 3a), respectively, were observed. The
peaks at § 3.97 and 0 4.16 were attributed to the diastereomeric
protons of the methylene connecting with the oxirane, and
disappeared after curing. Chemical shifts of the double bond
(6 5.53), methyl group (6 3.67) of the rosin ester and other
protons in the rosin moiety did not show any observable changes.

In the abietyl glycidyl ether/aniline reaction system (Fig. 5b),
the peaks at 6 2.57, 2.76 and 3.65, which were attributed to
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Fig. 5 'H NMR spectra before and after curing reaction. a:
methyl maleopimarate/ 1,2-epoxy-3phenoxy propane; b: abietyl glycidyl
ether/aniline.

the oxirane, disappeared after reaction. A new peak at 3.40
attributed to the methylene group connected with aniline was
noted. Similarly, the chemical shifts at 6 5.71 and 5.32, which
belonged to the two protons of the two double bonds in the rosin
structure, and the chemical shifts of other protons in the rosin
moiety did not change after curing.

Based on the '"H NMR results of cure reactions, the curing
mechanisms for the two epoxy systems in this study can be sug-
gested as in Scheme 3. In the presence of a base catalyst (2-ethyl-
4-methyimidazole), rosin-based anhydride curing of epoxide
selectively resulted in the formation of diester (Scheme 3a), and
this result was consistent with the well established epoxy curing
mechanisms using anhydride.” Initially the catalyst activated the
reaction by attacking the oxirane, forming a hydroxyl-containing
intermediate (I).? This intermediate reacted with the rosin-
based anhydride to yield a monoester with a free carboxyl group,
which then reacted with an epoxide to form a diester with a
hydroxyl. The reaction continued in the same cycle. The cure
reactions of rosin-based epoxy with aniline were also suggested
as in Scheme 3b. According to Shechter er al.,*”® a primary
and a secondary amine reacted with epoxide to give a secondary
and a tertiary amine, respectively. Without more evidence, the
involvement of the catalyst in the curing of the abietyl glycidyl
ether/aniline system was not discussed in this study. There was
no evidence of reaction (etherification) between epoxide and
the newly formed hydroxyl groups noted. This was probably
due to the equivalent stoichiometric amount of reactants used
in the reaction system, where excess epoxide was not available
for favorable etherification. In this study, under the condition
of 1 : 1 epoxy/anhydride (or 1 : 1 epoxy/amine) equivalent
stoichiometry, the reaction selectively resulted in a hydroxyl ester
or tertiary amine rather than polyether. In addition, according
to Shechter et al. , the esterification is the preferred reaction in
a base-catalyzed system.

Conclusions

Rosin acid derivatives, glycidyl abietyl ether and methyl maleopi-
marate, were successfully synthesized as analogs for rosin-based
epoxies and anhydride curing agents, respectively. The synthesis
methods for the products and intermediates were examined in
detail. The maleation of methyl abiectate was relatively easy
and gave a good yield, while the etherification of the abietic
alcohol showed steric hindrance as reflected in the relatively low
yield. The nonisothermal curing study by DSC suggested that
both the curing reaction of epoxide with the rosin anhydride
compound and the curing reaction of rosin epoxide with aniline
were autocatalytic, and the cure reactions were similar to the
respective conventional epoxy resin systems. In the presence
of 2-methy-4-ethyl-imidazole catalyst and under the equivalent
stoichiometric amount of epoxy and curing agent, the curing
of rosin-based anhydride with 1,2-epoxy-3phenoxy-propoane
selectively yielded a diester, and the curing of rosin-based epoxy
cured with aniline selectively yielded a tertiary amine. There was
no etherification noted in the cure reactions.

Experimental
General

Abietic acid (75% by HPLC) was obtained from Aldrich and
used as received. It was actually a mixture of abietic acid
and other rosin acids with the most neutral rosin compounds
removed. Maleic anhydride (powder, 95%), iodomethane
(99.5%), epibromohydrin (98%), hydroquinone (99%), phenyl
glycidyl ether (99%) and 2-ethyl-4-methylimidazole (95%),
aniline (99.5%) were also obtained from Aldrich. Lithium
aluminum hydride (95%) was obtained from ACROS. Tetra-
n-butylammonium hydrogen sulfate (97%) was obtained from
Lancaster. Sodium hydroxide (99%, pellet), potassium carbon-
ate (99%, anhydrous, granular) were obtained from B.T. Baker.
Magnesium sulfate (anhydrous, reagent grade) was obtained
from Fisher, as were all organic solvents (analytical grade).
Solvents for synthesis (methanol, xylene, toluene, THF, DMF)
were dried with 5 A molecular sieves before use; the others
(ethyl ether, chloroform) were used as received. TLC was
performed on silica gel/UV,s, (0.25 mm, Sorbent Technology)
plates. Column chromatography was carried out with Merck
Kieselgel 60 (0.040-0.063 mm). '"H NMR and *C NMR spectra
were recorded with a Bruker 300 MHz spectrometer at room
temperature in deuterated chloroform (CDCl;). Chemical shifts
are reported relative to chloroform (8 7.26) for 'H NMR and
chloroform (6 77.28) for *C NMR. FTIR spectra were recorded
with NEXUS 670 FT-IR, KBr pellet, wavelength from 4000 to
400 cm™. Mass spectrum was recorded with a LCQ Advantage
ESI mass spectrometer.

Synthesis of model compounds

Abietyl alcohol (I).  Abietic acid (2.00 g, 75% purity, 5 mmol)
in dry THF (60 mL) was added dropwise to a suspension of
powdered LiAIH, (1.12 g, 29.4 mmol) in dry THF (30 mL) at
room temperature. The reaction mixture was stirred overnight at
room temperature. To this mixture was added 60 mL water and
50 mL H,SO, (1 M), stirring for 1 h. The mixture was extracted
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Scheme 3 Curing reactions of methyl maleopimarate/phenyl glycidyl ether (a), and abietyl glycidyl ether/aniline (b).

with ethyl ether (60 mL x 3). After drying with anhydrous MgSO,
and evaporating the solvent, the residue was purified by silica
gel column chromatography (AcOEt : hexane = 13 : 87) to yield
the product (I, 1.38 g, yield 96.5%). '"H NMR 6 5.77 (s,1H),
5.40 (s,1H), 3.36 (m,1H), 3.13 (m,1H), 2.17-1.83 (m,9H), 1.37-
1.22 (m,5H), 1.03-1.01 (m,7H), 0.75-0.41 (m,7H). *C NMR
6 145.47, 135.77, 122.60, 121.13, 72.35, 50.99, 43.88, 39.09,
37.72, 35.93, 35.11, 34.86, 27.75, 24.05, 22.90, 21.66, 21.10,
18.40, 17.93, 14.47. FT-IR v 889, 1050, 1300, 1380, 1470, 2960,
3390 cm™. ESI-MS m/z 289.2, [M + H*].

Abietyl glycidyl ether (II). Abietic alcohol (I) (527 mg,
1.8 mmol) was dissolved in toluene (10 mL) at room temper-
ature. To this solution were added powdered NaOH (146 mg,
3.6 mmol) and Bu,N*HSO,™ (186 mg, 0.5 mmol). The mixture
was stirred for 0.5 h at room temperature and then epibro-
mohydrin (600 mg, 4.4 mmol) was dropped in. The mixture
was further stirred overnight at 60 °C and cooled to room
temperature. The reaction was quenched with H,O (20 mL) and
the mixture was extracted with ethyl ether (30 mL x 3). After
drying with anhydrous MgSO, and removing the solvent under
reduced pressure, the product was purified by silica gel column

chromatography (AcOEt : hexane = 1:9). [II, 200 mg, yield 30%
(yield based on recovering start material 90%)]. '"H NMR & 5.77
(s,1H), 5.40 (s,1H), 3.65 (m,1H), 3.36-2.92 (m,4H), 2.76 (m, 1 H),
2.57 (m,1H), 2.21-1.20 (m,12H), 1.02-0.98 (m,8H), 0.88-0.81
(m,7H). "CNMR 6 145.16, 135.42,122.44,121.24,80.92, 72.03,
51.08, 50.69, 44.24, 43.89, 38.80, 37.25, 36.37, 34.88, 34.63,
27.54, 23.99, 22.66, 21.42, 20.86, 18.22, 18.03, 14.23. FT-IR
v 768, 883, 893, 922, 1110, 1260, 1380, 1470, 1740, 2960 cm™.
ESI-MS m/z 345.2, [M + H*]; 367.2, [M + Na*].

Methyl abietate (III). Powdered K,CO; (5.75 g, 42 mmol)
was added to anhydrous DMF (60 mL) and the mixture was
stirred for 5 min at 25 °C. To this mixture was added abietic acid
(5.00 g, 75% purity, 12 mmol) and then iodomethane (11.40 g,
60 mmol). The reaction was stirred for 4 h at 25 °C and the
solid precipitate was removed via filtration. The filtrate was
diluted with 300 mL ethyl ether, and then washed with water (3 x
100 mL). The ethyl ether layer was then dried with anhydrous
MgSO, and concentrated in vacuum. Purification was carried
out by silica-gel column chromatography (EtOAc : hexane =
1 : 9) to provide methyl abietate (III, 3.00 g, yield 77%). 'H
NMR 65.77 (s,1H), 5.36 (s,1H), 3.62 (s,3H), 2.23-1.56 (m, 1 | H),
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1.25-1.18 (m,6H), 1.02-1.00 (m,7H), 0.80 (s,3H). “C NMR 6
179.20, 145.52,135.74,122.56, 120.84, 52.06, 51.15, 46.81, 45.32,
38.55, 37.33, 35.11, 34.75, 27.70, 25.90, 22.69, 21.64, 21.08,
18.36, 17.24, 14.26. FT-IR v897, 1150, 1230, 1250, 1390, 1460,
1730, 2960 cm™. ESI-MS m/z 317.6, [M + H*]; 339.6, [M +
Na'].

Methyl maleopimarate (IV). Methyl abietate (III) (3.00 g,
9 mmol), maleic anhydride (1.76 g, 18 mmol) and hydroquinone
(0.02 g, 0.18 mmol) were mixed in a sealed tube in dry xylene
(10 mL). The mixture was stirred at 220 °C for 5 h under Ar
protection. The reaction was cooled to 80 °C, and the reaction
solution was transferred into a beaker. Most of the product
precipitated itself as crystals with the cooling down of the
solution and was collected with a funnel. The residual product
in the filtrate was precipitated with ethyl ether (50 mL) and
collected by filtration. Then the two solid parts were combined
and washed with 200 mL ethyl ether, dried to obtain the pure
product (IV, 3.2 g, yield 86%). '"H NMR 6 5.53(s,1H), 3.67
(s,3H), 3.11 (m,2H), 2.72 (d,1H), 2.50 (m,1H), 2.25 (m,1H),
1.78-1.24 (m,13H), 1.15 (s,3H), 1.00-0.98 (d,6H), 0.59 (s,3H).
BCNMR 6179.32,172.97, 171.26, 148.31, 125.34, 53.51, 53.47,
52.27, 49.64, 47.30, 45.87, 40.67, 38.21, 37.89, 36.90, 35.88,
35.00, 32.99, 27.42, 21.85, 20.79, 20.17, 17.20, 16.95, 15.76. FT-
IR v 795, 850,922,945, 1000, 1090, 1140, 1240, 1390, 1470, 1720,
1790, 1860, 2880, 2960cm™". ESI-MS m/z 415.4, [M + H*].

Sample preparation for curing study

To study the curing activity of methyl maleopimarate (MMAP),
phenyl glycidyl ether (PGE) was used as the epoxide. In order
to achieve a good mixing of the reactants, MMAP/PGE in
molar ratio 1 : 2 together with the catalyst were first dissolved
in CHCI;, and then the solvent was removed in a vacuum at
room temperature. To study the curing activity of abietyl glycidyl
ether (AGLE), aniline was used as the curing agent. Similarly,
an equivalent stoichiometric amount of AGLE and aniline
(AGLE/aniline in molar ratio 2 : 1) together with a catalyst were
first dissolved in ethyl ether, and then the solvent was removed in
vacuum at room temperature. For both epoxy systems, 2-ethyl-
4-methylimidazole was added as a catalyst during preparation
at the level of 0.5 wt% of the total weight of epoxide and curing
agent. The mixtures were sealed in glass vials and were kept in
dry ice for a maximum of 48 h while waiting for curing tests.

Curing study by DSC and "H NMR

Nonisothermal curing of the epoxy systems was performed on a
Mettler-Toledo 822e DSC in a nitrogen atmosphere. Heat scan
ranging from —50 to 250 °C was performed at heating rates of
2.5, 5, 10, and 20 °C min™, respectively. Approximate 5 mg of
each of the above prepared samples was weighed and sealed in
an aluminium DSC sample pan, and the curing was conducted
immediately. The degree of conversion of the epoxy group at any
instantaneous temperature (or time) during the curing reaction,
a, was calculated from the area under the DSC exothermic peak:

o= &
Qtot

where Q, was given by the fraction peak area at time ¢ (or
corresponding temperature 7') and Q,,, by the total peak area.
The cure reactions were studied by '"H NMR analysis of the
reaction products. The reacted sample after curing on DSC and
unreacted samples were examined using '"H NMR in CDCl;.
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A neat water-based thermoregulated system for Pd-catalyzed Heck reactions is described. It uses a
thermo-responsive ligand L that enables (1) the transfer of the catalyst in the organic phase upon
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heating thus allowing the reaction to take place in one phase, and (2) the separation/recovery of
the catalyst in the water phase upon cooling and hence catalyst reuse. The amphiphilic ligand L
with an inverse temperature-dependent solubility in water is prepared by covalent attachment of
2,2’-dipyridylamine to the tip of a nonionic polyoxyethylene surfactant (decyloctaethyleneglycol
CoEy). Spectroscopic studies reveal that the amphiphilic dipyridyl-based ligand L formsa 1 : 1 Pd
complex (PALCI,) in organic solvent and a 1 : 2 Pd complex in water. Cross-coupling reactions of
iodobenzene with ethyl acrylate and styrene are achieved, without any organic solvent, at

100-120 °C with sodium carbonate as a base using 0.1 to 0.5 mol% of Pd catalyst generated in
water from L and Na,PdCl,. The reaction products, trans-cinnamic acid and stilbene, are readily
isolated at room temperature, and the catalyst is recovered in the aqueous phase, without the need
to add any organic solvent. The aqueous phase can be used in three catalytic runs with an almost
constant catalytic activity for the coupling of iodobenzene with ethyl acrylate.

Introduction

The development of reactions in water, which is a cheap, safe
and non toxic solvent or in aqueous-based systems is attracting
nowadays a growing interest in response to environmental con-
cerns and increased restrictions on the use of hazardous organic
solvents.! Water-based catalytic systems, that permit the catalyst
separation and recycling, have many potential advantages and
meet several goals of green chemistry. Liquid-liquid biphasic
catalysis using homogeneous water-soluble catalysts has been
widely studied."® However, while biphasic conditions facilitate
catalyst/product separation and catalyst reuse, multiple phases
introduce kinetic barriers and mass transfer limitations, which
are sometimes overcome by adding an organic co-solvent
or a phase transfer agent.>®* Thermomorphic systems offer
an alternative approach to facilitate the catalyst separation
while preserving the benefits of homogeneous catalysis and are
therefore attracting widespread attention."*” One of the unique
features of thermoregulated biphasic catalysis is that it provides a
mean to perform monophasic catalysis at one temperature with
biphasic catalyst—product separation at another temperature.
Numerous thermomorphic catalytic systems have been reported
during the last decades. Fluorous biphasic catalysis as well
as thermomorphic light fluorinated catalysts have provided
some elegant solutions, with, however, the main drawback of
using perfluorinated or organic solvents."*”! Thermomorphic
systems based on polymer-supported catalysts in properly
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chosen organic solvent mixtures have been shown to perform
homogeneous catalytic reactions at one temperature and to
permit the catalyst recovery by cooling, heating or addition of a
solvent or a perturbing agent.”!12

A limited number of water-based thermoregulated biphasic
catalytic reactions have been reported. Phosphine and phosphite
ligands containing polyethylene glycol (PEG) moieties have
been used in rhodium-catalyzed hydroformylation or hydro-
genation of alkenes in water—organic solvent thermoregulated
phase transfer catalysis."*”!* These thermoregulated systems are
based on the inverse temperature dependent solubility of PEG
residues in water that allows the transfer of the catalyst in the
organic phase during the reaction at high temperature and the
subsequent separation of the catalyst in the aqueous phase, and
further reuse, upon cooling.

In this paper, we report the use of a thermo-responsive am-
phiphilic dipyridyl ligand in the thermoregulated biphasic water-
based, organic solvent-free, palladium-catalyzed Heck reaction.
The Heck reaction, a carbon—carbon coupling reaction of major
relevance in synthetic organic chemistry,? is usually performed
at elevated temperatures and is therefore particularly suitable for
the conception of thermoregulated catalytic processes. Various
thermomorphic systems based on polymer-supported catalysts,
as well as water—organic biphasic systems using water-soluble
phosphine ligands, have been used to perform Heck reactions
and to facilitate the catalyst—product separation and catalyst
reuse.” 51112 However, to the best of our knowledge, there
is no previous report of water-based thermoregulated biphasic
catalysis of Heck reactions.

Non-ionic alkylpolyoxyethylene surfactants, usually referred
as CE,, exhibit a temperature-dependent behaviour, with a
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separation into two phases when an aqueous micellar solution is
heated above a certain temperature, referred to as the cloud point
(CP)."*" The driving force for clouding and phase separation of
aqueous solutions of non-ionic surfactants is the dehydration
of the polyoxyethylene (POE) polar headgroup upon heating.™
Consequently, the CPs depend on the surfactants molecular
structure with known relationships's and can be easily adjusted.
This property makes non-ionic surfactants useful potential
building blocks for the design of thermo-responsive ligands. In
previous studies, we have shown that the covalent attachment
of metal-binding units to surfactant blocks is a versatile,
modular, synthetic approach that gives access to functional
surfactants with controlled predictable properties.’®!” Recently,
we used this strategy to design thermo-responsive nonionic
surfactants tethered with a diamide chelating group having
adjustable CPs which were successfully used for the solvent-free
thermoregulated separation of uranyle."”

Bidentate dipyridyl ligands have proven to be efficient ligands
for palladium catalyzed C—C bond forming reactions in organic
or aqueous solvents."*?? Pd (11) complexes with aminodipyridyl-
based ligands immobilized on polymer or inorganic supports
have also been used as recoverable heterogenized catalysts for
C-C cross coupling reactions.’** Considering the stability and
the catalytic activity of Pd complexes with dipyridylamine based
ligands, we chose to design an amphiphilic thermo-responsive
ligand by tethering a C,E; surfactant with a 2,2’-dipyridyl amine
residue. We describe here the synthesis of this amphiphilic ligand
and its ability to form Pd complexes as well as first results on
model catalytic Heck reactions that illustrate the potentialities of
functional nonionic surfactants for performing thermoregulated
aqueous biphasic cross coupling catalysis without any added
organic solvent.

Results and discussion

Synthesis of the amphiphilic ligand L and formation
Pd complexes

The amphiphilic ligand L was synthesized by covalent attach-
ment of N,N’-di-2-pyridylamine (DPA) to the tip of decyloc-
taethylene glycol (C,,E;) in three steps, as depicted in Scheme 1,
with a good overall yield (88%). C,,E; was first quantitatively
converted to tosylate 1 using standard procedures.”® The bromo
derivative 2 was then obtained through nucleophilic substitution
with lithium bromide in an almost quantitative yield. Finally, the
alkylation of DPA with 2 in the presence of sodium hydride
afforded the amphiphilic ligand L which was isolated and
purified by column chromatography. Elemental analysis, NMR
and MS spectra confirm the structure and purity of L. The
ESI-MS spectrum shows the sodium adduct [LNa]* as the base
peak at m/z 686.5. The 'H and *C NMR spectra indicate the
presence of pyridyl groups, oxyethylene units and alkyl chain;
the resonance of the methylene protons CH,N as a triplet at
4.40 ppm confirms the covalent linkage of DPA to the tip of
the POE group. It is worth noting that this synthetic approach
is general and could be extended to the functionalization of
other nonionic polyethylene glycol based surfactants and may
therefore allow one to prepare a series of amphiphilic ligands
with modulable properties.
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Scheme 1 Synthesis of the amphiphilic dipyridyl ligand L.

The formation of Pd complexes with the amphiphilic ligand
L in organic solvent and in water has been studied by NMR
and ESI-MS analyses (Scheme 2). The 'H NMR spectrum of a
1/1 mixture of ligand L and Na,PdCl, in CDCI; is indicative
of a complete instantaneous complexation and shows downfield
signals for the pyridyl nuclei in agreement with a coordination to
Pd: the '"H and *C NMR spectra are consistent with an LPdCl,
structure for the complex C; formed in organic solvent, as
was observed for N-methylbenzyl- and N-acyl-aminodipyridine
derivatives.”*** The observation of 1 : 1 LPd ions in the
electrospray mass spectrum with a base peak corresponding
to LPdCl,Na* confirms the formation of a 1 : 1 complex C,
in CDCl;. The same complex C; is formed from equimolar
amounts of ligand and Pd salt in aqueous solution. Nevertheless,
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Scheme 2 Pd complexes formed with the amphiphilic ligand L.
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complex C, is not soluble in water and precipitates quantitatively
and instantaneously.

On the other hand, a water-soluble Pd complex C, is formed
when the ligand L is reacted with 0.5 equivalent of Na,PdCl,
in water. The ESI-MS is indicative of the formation of a 1 : 2
complex PdL,** in water and shows a base and unique peak, with
the expected isotopic pattern, at m/z 716.8 for PdL,*". The '"H
NMR spectrum in D,0 shows downfield signals for the nuclei
Hg, H,, H; of the coordinated pyridyl groups and methylene
CH,-N (A6 =0.2t0 0.7 ppm relative to the free ligand) while the
pyridyl ortho proton (H,) is slightly upfield shifted. It is worth
noteing that this 1 : 2 complex is not observed in organic solvents
and that the NMR spectrum of a 2/1 mixture of ligand and Pd
salt in CDCI; reveals the presence of the characteristic signals
for 1: 1 complex C, (LPdCl,) and free ligand. Although further
studies are required to determine the exact structure of complex
C,, the formation of a dicationic complex PdL,*" in water may
be rationalized by the following reasons: (1) the displacement
of chlorine by pyridyl ligand is favoured in polar solvent as was
observed in the study of the equilibrium between [Pd(Py),]** and
[Pd(Py),(OAc),];* (2) the close proximity of the dipyridyl groups
at the surface of the surfactant micellar aggregates should favour
the coordination of two ligands to the metal, as was already
observed with other functional metal-binding surfactants.?

Catalytic experiments were therefore performed in the pres-
ence of an excess of ligand L relative to Pd, with L/Pd molar
ratio of 2 or 10, in order to generate in situ the Pd complex
(C,) soluble in water at room temperature. Aqueous solutions
of amphiphilic ligand L and Na,PdCl, exhibit a temperature-
dependent behaviour with clouding and phase separation when
heated. The cloud points vary with the Pd-to-ligand molar ratio:
the CPs for 1 wt% solutions of ligand in water are respectively
16, 34 and 100 °C for Pd-to-ligand ratios of 0.1, 0.25 and 0.5,
respectively. The formation of a cationic Pd complex C, (PdL,*)
in aqueous micellar solutions may account for the observed
increase of the cloud point when the Pd content is increased, in
a similar manner to what is observed in mixtures of non-ionic
surfactants with ionic surfactants.?’

Biphasic aqueous thermoregulated catalysis of Heck reactions

Biphasic aqueous thermoregulated catalysis was tested in two
model Heck cross coupling reactions of iodobenzene with ethyl
acrylate and styrene (Scheme 3). The catalyst was pre-formed
by mixing the amphiphilic ligand L and Na,PdCl, in water in
a 1/2 or 1/10 Pd-to-ligand molar ratio before adding the other
reactants and further heating. The reactions were carried out,
without any added organic solvent, at 110-120 °C with sodium
carbonate as a base. The main results are summarized in Table 1.
It is important to note that no precautions against catalyst
oxidation need to be taken: all the reactions and separations
were run in air.

The coupling of iodobenzene with ethyl acrylate proceeds
smoothly at low Pd content (0.1 mol%) with quantitative
conversion after 20 h and leads to trans-cinnamic acid 3, which
results from the in situ saponification of the acrylic ester (Table 1,
entries 1-3). Interestingly, under the experimental conditions
used here, the reaction product precipitates as a sodium salt
upon cooling to room temperature and is easily separated

Na,PdCl
| 2L '4 >~ _R
+ = _—
©/ R Na;CO3 H,0 @/\/
110 -120°C
R = CO,Et 3:R=COH
R=Ph 4:R=Ph

Heat Cool (RT)
Catalyst Catalyst
transfer transfer

w0 o—=w

CATALYSIS SEPARATION

(organic phase)

Scheme 3 Schematic of the biphasic aqueous thermoregulated system
and Heck reactions tested with the amphiphilic Pd/L catalyst.

from the aqueous catalytic phase by a simple filtration without
the need of any treatment or extraction with organic solvent.
Whatever the ligand-to-metal ratio, pure cinnamic acid 3 is
isolated with good yields of about 90% after crystallization in
acidic water. The aqueous phase retains its catalytic activity and
can be reused for further experiments. The catalytic activity of
the recycled phase was found to depend dramatically on the
ligand-to-palladium ratio: for L/Pd ratio of 2, a significant loss
of the catalytic activity is observed for the second and third
runs (Table 1, entry 2). Similar yields are obtained in blank
experiments performed without ligand (Table 1, entry 3). On
the other hand, when an excess of ligand is used (L/Pd = 10),
the aqueous phase can be used for three catalytic runs with a
good conservation of activity (Table 1, entry 1). In this case,
the amount of ligand is large enough to retain Pd as a 1 : 2
complex C,, soluble in the water phase at room temperature, and
hence enable the transfer of the Pd catalyst in the aqueous phase
upon cooling. However, a significant loss of activity is observed
at the 4th catalytic run. Although the loss of Pd as colloidal
particles should not be excluded, the increase of the ionic
strength in the aqueous phase after multiple uses may account
for this observed diminution of activity. As already pointed out
by Berbreigter,” this is a potential limitation for the multiple
recyclings in thermoregulated biphasic catalysis of a reaction
that produces a salt as by-product (Nal in the present case),
since the clouding and phase behaviour of nonionic surfactants
is known to be influenced by the presence of inorganic salts.
The facile separation of the product, just filtered off, without
the need of any added solvent, and the multiple uses of the
catalyst show the advantages of using a thermosensitive ligand
compared to other syntheses of cinnamic acid by ligand-free
or conventional soluble ligands based Heck processes in neat
water.’®*2 Considering the reaction yields and the separation
and re-use of the catalyst, the thermoregulated aqueous biphasic
system appears comparable to supported Pd catalysts based
systems.?*3
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Table 1 Pd-catalyzed Heck reactions under biphasic aqueous thermoregulated conditions

Entry R Conditions* Pd (mol%)

L/Pd Product Run Yield (%)®
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¢ Conditions A: ethyl acrylate (1.1 mol/PhI), Na,CO; (1.1 mol/Phl), water (9.5 mL), 120 °C, 20 h; Conditions B: styrene (2 mol/Phl), Na,CO;
(1.5 mol/Phl), water (2.5 to 9.5 mL), 110 °C, 40 h; R, = volume of water/volume of organic reactants (Phl + alkene). ® Isolated yields of pure
products 3 and 4: 3 was recrystallized in acidic water and 4 was purified by flash column chromatography. © 25% of the ligand initially introduced
was recovered in the organic phase. ¢ 62% of the ligand initially introduced was recovered in the organic phase. ¢ After 64 h.”Same yields for the first
and second runs were obtained with 0.75 mol Na,CO;/Phl. £ 80% of the ligand initially introduced was recovered in the organic phase. * 15% of the
ligand initially introduced was recovered in the organic phase. 1 mol styrene/Phl was used.

This all-water based catalytic process was also found to be
successful for the coupling of iodobenzene with styrene, with,
however, lower activities (Table 1, entries 4-7). The reaction
product is readily isolated, without the need for adding any
organic solvent, after separation of the organic and aqueous
phases upon cooling to room temperature. Catalytic reactions
performed with a 0.5 mol% Pd load and a ligand-to-Pd ratio
of 10 give trans-stilbene 4 in more than 90% isolated yield after
40 h (Table 1, entry 4). Lower yields (50-55%) are obtained
at lower Pd loads (0.1 mol%) or ligand-to-Pd ratio (L/Pd =
2) (Table 1, entries 6-7). The absence of coupling products
in a blank experiment conducted without ligand confirms the
role of the amphiphilic Pd complex in the catalytic cycles. The
aqueous phases can be reused for a second catalytic run, with,
however, a significant decrease of activity (Table 1, entries 4—
6). Remarkably, the reaction yields of the first runs and recycled
phases are found to be tremendously dependent on the volume of
water: as shown in entries 4 and 5, for a given Pd load (0.5 mol%)
and ligand-to-Pd ratio (L/Pd = 10), the yield increases from
65% to 93% when the volume of water is increased by a factor
4. The increase of the volume of aqueous phase also ensures a
better conservation of activity in a second use, with about 55%
of remaining activity (Table 1, entries 4 and 5). A significant
leakage of the amphiphilic ligand and Pd-complex in the organic
phase accounts for the loss of efficiency during recycling. The
amount of ligand lost in the organic phase depends on the
volume of water: about 80% after the first catalytic run at
low water/reactants ratio R, (Table 1, entry 5) and 25% for
experiments performed with a larger volume of water (R, >
20, Table 1, entry 4). These results indicate that in this aqueous
biphasic thermoregulated catalytic process, the catalyst recycling
could be optimized by adjusting the water-to-organics volume
ratio. However, the partition of the ligand and its Pd-complex

is clearly a severe limitation with the particular ligand used in
this study. For this Pd-catalyzed coupling reaction, the use of
a more hydrophilic ligand, with a larger POE group, should
be highly profitable in order to favour the partition of the Pd-
complex towards the aqueous phase during the separation at
room temperature and hence multiple catalyst re-uses.

Conclusion

In conclusion, we described an environmentally friendly neat
water-based catalytic system for C-C coupling reactions that
allows the product/catalyst separation by a simple variation
of temperature without the need of organic solvent. The am-
phiphilic alkylpolyoxyethylene aminodipyridyl ligand engenders
a thermo-responsive, air-stable, Pd-catalyst for Heck reaction.
Multiple uses of the aqueous phase reveal, however, that the
remaining catalytic activity is affected by the increase of salt
concentration and by the ligand partition. Using the modular
synthetic approach reported here, the design of more hydrophilic
dipyridyl ligands with larger POE polar groups that will facilitate
the transfer in the aqueous phase during the separation step
and impart a less pronounced sensitivity to the ionic strength is
currently under investigation.

Experimental
General

High purity monodisperse octacthyleneglycol n-decyl ether
(C,,Eg) was obtained from Nikko and used as received. All other
products were purchased from current commercial sources.
Solvents were distilled by conventional methods. Reactions were
monitored by TLC on plates coated with 0.25 mm silica gel
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60 F,s,, using UV (254 nm), sulfuric acid (15%) or ninhydrin
(0.2%) in ethanol as revealing agents. Silica gel Merck Gerduran
S160 (40-63 um) was used for column chromatography. The 'H
and "C NMR spectra were recorded on a Bruker AC 300. The
chemical shifts & are reported in ppm and coupling constant in
Hz, referenced to internal solvent CDCl; (7.27 and 77.00 ppm).
Mass spectra were obtained in the electrospray positive mode
(ESI+) on a MS-Engine HP5989B, samples were diluted in
methanol. Elemental analyses were obtained from the Service
de Microanalyse ICSN-CNRS (Gif-sur-Yvette, France).

Synthesis of the amphiphilic ligand L

Toluene -4 -sulfonic acid, 23-decyloxy-3,6,9,12,15,18,21-
heptaoxa-tricosyl ester 1. A solution of tosyl chloride (4.5 g,
23.6 mmol) in a mixture of CH,Cl, (70 mL) and pyridine (2 mL)
was added dropwise to CyEg (10 g, 19.6 mmol) in 10 mL of
pyridine at 0 °C. The reaction mixture was stirred at 4 °C for
24 h and then poured in 75 mL of ice-cooled water, acidified to
pH 2 with conc. HCI and extracted with CH,C1, (3 x 50 mL).
The combined organic layers were washed with brine, dried over
anhydrous MgSO,. The crude tosylate 1 (13.5 g, quantitative
yield) was obtained as a colourless oil after removal of the
solvent. (Found: C, 58.81; H, 9.13. C;;Hg, 0y, 5S (H,0), s requires
C, 58.8; H, 9.1%); R; 0.66 (AcOEt/MeOH 9/1); 6, (300 MHz,
CDCL) 7.80 (2 H, d, J,; 8.2 Hz, Ar-H), 7.35 2 H, d, J,;
8.2 Hz, Ar-H), 4.16 2 H, t, J,; 4.8 Hz, CH,0Ts), 3.64 (30
H, m, OCH,CH,0), 3.44 2 H, t, J,; 6.8 Hz, OCH,CH,CH,),
245 (3 H, s, CH;Ph), 1.57 (2 H, m, OCH,CH,CH,), 1.26 (14
H, m, CH,), 0.88 3 H, t, J,; 5.8 Hz, CH,CH:); 6. (75 MHz,
CDClLy) 144.74 (Cipos)s 132.96 (Cipoc), 129.78, 127.95 (Curom)s
71.51, 70.70, 70.53, 70.00, 69.20, 68.63 (OCH,), 31.85, 29.59,
29.57,29.53, 26.45, 29.28, 26.05, 22.63 (CH,), 21.06 (CH;-Ar),
14.08 (CH,); m/z (ESI) 687.5 (MNa*,100%), 704.2 (MK*, 56).

1-Bromo-23-decyloxy-3,6,9,12,15,18,21-heptaoxa-tricosane 2.
Lithium bromide (0.2 g, 2.3 mmol) was added to a solution
of crude tosylate 1 (1.0 g, 1.5 mmol) in 12 mL of dry DMF
(previously distilled over CaH,). The reaction mixture was
heated at 110 °C for 3 h and stirred at room temperature
overnight. After removal of the excess of LiBr by filtration,
the filtrate was co-evaporated with toluene and the residue
was purified by column chromatography on silica gel using
AcOEt/MeOH 4/1 as eluent to give 2 (0.99 g, 98%) as a
colourless oil (Found: C, 54.78; H, 9.34. C,H;;O4Br requires
C, 54.4; H, 9.3%); R; 0.81 (AcOEt/MeOH 4/1); 6y (300 MHz,
CDCl;) 3.82 (2 H, t, J,5 6.4 Hz, OCH,CH,Br), 3.58 (m, 28 H,
OCH,CH,0),3.48(2H,t,J,;6.4Hz, OCH,CH,Br),3.45(2H,
t, J,3 6.8 Hz, OCH,CH,CH,), 1.56 (2 H, m, OCH,CH,CH,),
1.27(14H,m, CH,),0.89 (3H, t,J,; 6.6 Hz, CH); 8 (75 MHz,
CDCl,) 71.61, 71.24, 70.68, 70.60, 70.07 (OCH,), 31.94, 29.65,
29.61,29.53, 26.36, 26.12, 22.72 (CH,), 14.17 (CH;); m/z (ESI)
595.4 and 597.4 (MNa*, 100%), 611.4 and 613.4 (MK*, 13).

(23-decyloxy-3,6,9,12,15,18,21-heptaoxa-tricosyl)-dipyrid-2-
ylamine L. A solution of 2,2’-dipyridylamine (0.45 g 2.6 mmol)
in dry DMF (10 mL) was added under N, to a suspension of
sodium hydride (60% in mineral oil, previously washed with
hexane, 0.3 g, 5,2 mmol) in dry DMF (10 mL). After stirring
for 30 min, a solution of bromide 2 (I g, 1.7 mmol) in dry

DMF (10 mL) was progressively added over 0.5 hour. After
stirring for 16 hours at 60 °C, the reaction mixture was quenched
with MeOH at 0 °C. The solvent was evaporated under reduced
pressure and the residue solubilized in diethyl ether and filtered.
The filtrate was concentrated and the mixture purified by column
chromatography on silica gel using AcOEt/MeOH 10/1 as
eluent to give L (1 g, 90%) as a yellow oil (Found: C, 65.06;
H, 9.36; N, 6.33, C3sHg N3Oy requires C, 65.1; H, 9.3; N, 6.3%);
R; 0.60 (AcOEt/MeOH 4/1); 6y (300 MHz, CDCl;) 8.32 (2 H,
dd, J,5 5.0 Hz, J,, 1.5 Hz, Py-H,), 7.52 (2 H, dt, J,; 8.2 Hz,
J3;7.3Hz, J,, 1.5 Hz, Py-H,), 7.17 (2 H, br d, J,; 8.2 Hz, Py-
H;), 6.86 (2 H, ddd, J,; 7.3 Hz, J,; 5.0 Hz, J,, 0.8 Hz, Py-Hj),
440 (2 H,t,J,; 6.3 Hz, NCH,CH,0), 3.79 2 H, t, J,5 6.3 Hz,
NCH,CH,0), 3.58 (m, 28 H, OCH,CH,0), 3.44 2 H, t, J,;
6.3 Hz, OCH,CH,CH,), 1.58 (2 H, m, OCH,CH,CH,), 1.27 (14
H,m, CH,),0.88 (3H,t,J,; 6.3 Hz, CHj;); 6. (75 MHz, CDCl;)
157.42 (Py-Ci,.), 148.12 (Py-C,), 137.24, 117.08, 114.99 (Py),
71.59, 70.66, 70.60, 70.00, 70.42, 70.09, 69.37 (OCH,), 48.06
(NCH,), 31.93, 29.67, 29.64, 29.61, 29.53, 29.36, 26.13, 22.71
(CH,), 14.16 (CH;); m/z (ESI) 664.5 (MH", 8%), 686.5 (MNa*,
100), 702.5 (MK*, 9).

Formation of palladium complexes with ligand L

Formation of complex C, (LPdCL,)in CDCl;. 9 mgNa,PdCl,
(0.031 mmol) was added to a solution of ligand L (18 mg,
0.027 mmol) in 1.5 mL of CDCI; and the mixture was allowed
to stir for 10 min. The 'H and *C NMR spectra were recorded
after removal of the excess of salt by filtration. The ESI mass
spectrum was acquired after dilution in MeOH. &, (300 MHz,
CDCl;) 891 (2H,dd, J,56.0Hz,J,, 1.5Hz, Py-H,), 7.93 2 H,
dt, J,5 7.7 Hz, J,, 1.5 Hz, Py-H,), 7.46 (2 H, br d, J,; 8.4 Hz,
Py-H;), 7.18 (2 H, br t, J,; 6.6 Hz, Py-Hy), 4.45 (2 H, br t,
NCH,CH,0), 398 (2H,t,J,; 5.6 Hz, NCH,CH,0), 3.79 2 H,
m, OCH,CH,0), 3.71-3.55 (m, 26 H, OCH,CH,0), 3.44 2 H,
t, J,; 6.8 Hz, OCH,CH,CH,), 1.55 (2 H, m, OCH,CH,CH,),
1.25 (14 H, m, CH,), 0.87 (3 H, t, J,; 6.6 Hz, CH;); O
(75 MHz, CDCl;) 152.75 (Py-Ci,,), 152.46 (Py-C,), 140.77
(Py-C,), 120.95(Py—C), 116.25 (Py—Cs5), 71.58 (OCH,R), 70.65,
70.59, 70.49, 70.07 (OCH,CH,0), 68.64 (OCH,CH,N), 51.58
(NCH,), 31.92, 29.66, 29.63, 29.60, 29.52, 29.35, 26.12, 22.70
(CH,), 14.16 (CH;); m/z (ESI) 489.5 (C,,E;Na*, 30%), 805.4
(LPdCI, 30), 863.8 (LPdCl,Na*, 100), 880.6 (LPdC1,K*, 22).

The "H NMR spectrum of a 1/2 Pd/L mixture in CDCl,
prepared as described above shows the presence of the 1: 1 Pd-
complex PALCI, (C,) and free ligand L in an equimolar ratio.

Formation of complex C, (LPdCl,) in water. Addition of
250 uL 0.125 M solution of Na,PdCl, (0.03 mmol) in D,O
to a solution of ligand L (18.6 mg, 0.028 mmol) in 1.35 mL
D,O0 leads to the instantaneous and quantitative formation of
a yellow precipitate. The '"H and *C NMR spectra of the solid
separated by centrifugation, recorded in CDCl;, are identical to
the spectra of complex PALCI, (C,) formed in CDCI; described
above.

Formation of complex C, (PdL,**) in water. 112 uL of a
0.125 M solution of Na,PdCl, in D,O (0.014 mmol) was added
to a solution of ligand L (18.6 mg, 0.028 mmol) in 1.35 mL
D,0. The mixture was allowed to stir for 5 min and the '"H and
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3C NMR spectra were recorded. The ESI mass spectrum was
recorded after dilution in MeOH. The NMR spectra show the
characteristic signals for a Pd complex C, together with traces
of free ligand (less than 15%). &y (300 MHz, D,0O) Pd complex
C, (Major) 8.06 (2 H, td, J,; 8 Hz, J,, 1.7 Hz, Py-H,), 7.71
(2 H, dd, J,; 6 Hz, J,, 1.4 Hz, Py-H,), 7.64 (2 H, br d, J,;
8.3 Hz, Py-H;), 7.18 (2 H, br t, J,; 6.7 Hz, Py—Hjy), 4.46 (2
H, br t, NCH,CH,0), 3.95 (2 H, br t, NCH,CH,0), 3.66 (2
H, m, OCH,CH,0), 3.49-3.34 (26 H, m, OCH,CH,0), 3.27 (2
H, t br, OCH,CH,CH,), 1.39 (2 H, m, OCH,CH,CH,), 1.11
(14 H, m, CH,), 0.71 3 H, t, J,; 6.7 Hz, CH};); 6. (75 MHz,
D,0) 153.30 (Py—Ciy,), 149.94 (Py-C,), 143.28 (Py-C,), 122.95
(Py-Cy), 118.32 (Py-C;), 71.00, 70.09, 69.91, 69.79, 69.69, 69.60,
69.56, 69.51, 69.42, 68.87 (OCH,CH,0), 67.29 (OCH,CH,N),
50.12 (NCH,), 31.92, 29.77, 29.70, 29.58, 29.41, 26.03, 22.59
(CH,), 13.85 (CH;); m/z (ESI) 716.8 (PdL,**, 100%).

General procedures for Heck reactions

Typical procedure for the coupling of iodobenzene with ethyl
acrylate (Table 1, entry 1). 108 uL of a freshly prepared
0.063 M aqueous solution of Na,PdCl, (0.0068 mmol) was
added to a solution of ligand L (45 mg, 0.068 mmol) in H,O
(9.5 mL) and the mixture stirred at room temperature for few
minutes. Na,CO; (0.8 g, 7.5 mmol), iodobenzene (0.77 mL,
6.9 mmol) and ethyl acrylate (0.77 mL, 7.1 mmol) were then
successively added and the reaction mixture was heated in an
oil bath at 120 °C for 20 hours with magnetic stirring. After
cooling to room temperature, the product precipitates as well as
carbonate in excess. The resulting viscous mixture was filtered
and the aqueous filtrate retained for a second catalytic run.
trans-cinnamic acid 3 was isolated by crystallization after solu-
bilization of the solid residue in water followed by acidification to
pH 2 with conc. HCl. White solid (0.9 g, 89%); mp 125 °C (lit.,*
124-125 °C); oy (300 MHz, CDCl;) 11.00 (1H, br s, CO,H),
7.81 (1H, d, J,; 16 Hz, PhCH=), 7.57 2 H, m, H,), 7.44 (3 H,
m, H,,), 648 (1H, d, J,; 16 Hz, =CHCO,H).

Recycling. Na,CO; (0.8 g, 7.5 mmol), iodobenzene
(0.77 mL, 6.9 mmol) and ethyl acrylate (0.77 mL, 7.1 mmol)
were added to the aqueous phase separated from the previous
catalytic run. The coupling reaction performed as described
above (20 h, 120 °C) yielded 0.94 g (93%) of trans-cinnamic
acid 3.

Typical procedure for the coupling of iodobenzene with styrene
(Table 1, entry 4). 123 pL of a freshly prepared 0.049 M
aqueous solution of Na,PdCl, (0.006 mmol) was added to a
solution of ligand L (40 mg, 0.06 mmol) in H,O (9.5 mL)
and the mixture stirred at room temperature for few minutes.
Na,CO; (0.2 g, 1.9 mmol), iodobenzene (0.14 mL, 1.2 mmol) and
styrene (0.3 mL, 2.4 mmol) were then successively added and the
reaction mixture was heated in an oil bath at 110 °C for 40 hours
with magnetic stirring. After cooling to room temperature, the
organic and aqueous phases were separated by centrifugation.
The organic layer was concentrated under reduced pressure and
pure trans-stilbene 4 (0.20 g, 93%) was isolated by flash column
chromatography on silica gel with AcOEt as eluent; mp 134 °C
(lit.,** 135-136 °C); R; 0.89 (AcOEt); o4 (300 MHz, CDCl;)
7.57(4H,m, H,), 741 (6 H, m, H,,,), 7.16 (2 H, s, CH=). The

ligand lost in the organic phase was isolated and quantified after
elution with methanol.

Recycling. The aqueous phase was reused, as separated, for
a second catalytic run after addition of iodobenzene (0.14 mL,
1.2 mmol) and styrene (0.3 mL, 2.4 mmol) using the procedure
described above yielding to 0.09 g, (42%) of trans-stilbene 4.
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Carbon particles are synthesized under hydrothermal conditions using different biomass
(glucose, xylose, maltose, sucrose, amylopectin, starch) and biomass derivates
(5-hydroxymethyl-furfural-1-aldehyde (HMF) and furfural) as carbon sources. Carbons obtained
from mono- and polysaccharides, hexose and pentose sugars, and from the biomass derivatives,
HMF and furfural, are compared from the particle morphology, chemical composition and
structural point of view. A clear structural and morphological difference can be observed in
carbons from pentoses and hexoses, but in the latter case, irrespective of the nature of the hexose
sugar, all carbon materials showed astonishing similarities, opening the way for the use of

renewable biomass in the synthesis of such carbon materials.

Introduction

Research on materials usually gives the priority to increase the
performance-to-cost ratio, disregarding the sustainability of the
methods, techniques and processes involved in the conception
and synthesis of the material itself. In the field of carbon-
based materials, activated charcoals are usually made under
high-energy conditions. Recently developed routes to obtain a
periodic porous carbon network'* were successful but again did
not take into account any criteria of sustainability. In this case, it
involves: indirect impregnation techniques (mesoporous silica is
generally used as the template), hydrogen fluoride etching,'* and
finally high carbonization temperatures.! Even direct templating
of resins (phenol/formaldehyde)* are still far from following
sustainable principles such as energy and atom economy, low
toxicological impact of materials and processes and use of
renewable resources.

The problem of carbon synthesis under sustainable conditions
was recently revisited and implemented by several research
teams,™® where hydrothermal treatment of biomass in water
under relatively mild conditions provided bulk, mesoporous,
or nanostructured carbon materials. This technique has been
known for a long time,” but the need for exploring cheap
and sustainable ways to obtain chemicals' and carbons from
raw materials other than crude oil or natural gas (for soot
generation) led to a re-exploration of this field. In addition, the
implementation of a low-cost pathway to recycle byproducts of
farmed biomass would additionally represent a way to sequester
significant amounts of CO,,® creating a materials benefit at the
same time.

MPI campus, Am Muehlenberg, 1 D-14476, Golm ( Potsdam), Germany.
E-mail: pape@mpikg.mpg.de, niki.baccile@mpikg.mpg.de; Fax: +49 331
567 9502, Tel: +49 331 567 9508

1 Electronic supplementary information (ESI) available: Fig. S1. GC
experiments of residual liquors from C-glucose, C-HMF, C-xylose and
C-furfural. See DOI: 10.1039/b807009a

The use of hydrothermal synthesis between 180 °C and 220 °C
allowed one to obtain carbon-based powders, nanofibers,'"* or
sponge-like mesoporous carbons that were potentially useful
as soil conditioners, ion exchange resins or sorption coals.’
The synthesis proved to be feasible when glucose® is used or
even when side products from raw biomass materials like oak
leafs and orange peals are taken.” In the first case, the surface
chemistry could also be modified by means of hydrophilic or
hydrophobic coupling agents.’* Along similar lines, the group of
Clark showed that a slightly different approach using expanded
starch treated with sulfuric acid instead of pure hydrothermal
conditions could provide functional materials with disordered
mesoporosity which proved to be satisfactory as catalysts in
the esterification of succinic acid.''* In spite of the undoubted
usefulness of the recent re-discovery of the hydrothermal process
to obtain carbonaceous material, some basic work is still lacking
as far as process of formation and final structure are concerned.

Some groups tried to investigate, directly or indirectly,
the reaction mechanisms which transform glucose first into
5-hydroxymethyl-furfural-1-aldehyde (HMF), the dehydrated
intermediate, '’ and then from here to the carbonaceous
structure,”®® but a clear reaction path is still missing and
the chemistry of furans and furan-derivated compounds is far
too large to easily forecast any possible result.” Even less is
known about the final material structure mainly because of
its intrinsic complexity and lack of a technique allowing dis-
crimination among all carbon sites with satisfactory resolution.
In general, FT-IR, and in some cases FT-Raman, is the main,
easily accessible technique used to discriminate between various
functional groups (C=0, C=C, aliphatic carbons).”'®!* XPS was
also used to identify the main carbon sites but resolution here
is worse than in vibrational-based spectroscopies. *C solid-state
NMR has also been already attempted®'® but its use was as
a complement to other techniques. Even if exploitation of solid
state NMR data on these materials was in its very beginnings, the
authors have found that hydrothermal carbon materials give very
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nicely resolved *C spectra which have deserved recent deeper
investigations.?! So far, several studies’®**% have proved that
different types of biomass could be used to obtain carbon under
hydrothermal conditions but in no case has a clear comparison
analyzing the local structure been made.

In this study we will attribute the chemical and structural
fingerprint of hydrothermal carbons obtained from hexose
and pentose sugars as well as from their corresponding main
dehydration intermediates, HMF and furfural reactions.*** The
aim of this work is to lead a comparative structural study
of hydrothermally synthesized carbon materials obtained from
different saccharides classified according to their number of
carbons (pentoses vs. hexoses) and growing complexity (mono-
vs. di- vs. polysaccharides).

We will show that all materials obtained from hexoses-based
mono- (glucose, HMF), di- (maltose, sucrose) and polysaccha-
rides (amylopectin, starch) have the same chemical nature in
terms of atom percentage and functional groups, as verified
by “C solid-state cross polarization (CP) NMR analysis and
scanning electron microscopy (SEM) images. On the other hand,
pentose-based (xylose, furfural) carbonaceous materials clearly
showed interesting morphological and chemical differences with
respect to hexose-based ones.

This work also clearly underlines that no substantial dif-
ference exists between monosaccharide- and polysaccharide-
derived carbons, suggesting that the complexity of sugar-
contraining biomass (not including cellulose) hardly has any
influence on the material-forming mechanisms. This is impor-
tant as it indicates that basic studies performed on simple
test molecules, like glucose, have broader validity and that
irrespective of the complexity of the saccharide source, the final
materials have very similar local functionalities and connection
patterns.

Experimental
Materials

For all samples, about 13.5 ml of a deionized water solu-
tion containing 1.5 g in mass of carbohydrate biomass was
used. D(+)-Glucose, D(+)-xylose, D(+)-maltose monohydrate,
sucrose, amylopectin from potato starch, starch from potatos
or carbohydrate-dehydrated derivatives, HMF and furfural,
were used as received (Sigma Aldrich). In order to prevent
any contamination from multiple experiments, the mixture was
sealed into an open-end glass vial (~25 ml) inside a typical PTFE-
lined autoclave system (~45 ml) and hydrothermally reacted
in a pre-heated oven at 180 °C for 24 h. After reaction, the
autoclave is cooled down in a water bath at room temperature.
The obtained black solid powder is then separated from the
remaining aqueous solution by centrifugation (7000 rpm for
20 min) and put into an oven at 80 °C under vacuum overnight
for drying. Sample notation for carbon material introduces
an italic-styled capital “C” before each carbonized material;
e.g., if glucose is the starting product, then C-glucose is its
corresponding carbon sample obtained from hydrothermal
treatment. In some cases, the terms C-hexose or C-pentose
are used referring to all carbons from hexose and pentose
sugars.

Characterization

Gas chromatography (GC) coupled to mass spectroscopy (MS)
was used to separate and identify the main molecular species
by mean of the NIST database included in the instrument
software package (Enhanced Chemstation, MSD Chemstation
D.03.00.611, © Agilent Technologies 1989-2006). The instru-
ment used is an Agilent Technologies (GC= 6890N; MS= 5975)
apparatus.

Solid-state NMR. 'H and "*C solid-state magic angle spin-
ning (MAS) NMR experiments have been acquired on a Bruker
Avance 300 MHz (7 T) spectrometer using the 4 mm zirconia
rotors as sample holders spinning at MAS rate vy,s= 14 kHz.
The chemical shift reference was tetramethylsilane (TMS; § =
0 ppm). Proton-to-carbon CP MAS was used to enhance carbon
sensitivity: the recycle delay for all CP experiments is 3 s
and TPPM decoupling is applied during signal acquisition.
Cross-polarization transfers were performed under adiabatic
tangential ramps®*?’ to enhance the signal with respect to other
known methods? and the CP time 7= 3 ms was found to be a
good compromise in order to have a good overview of all carbon
species. The number of transients is 1840 (C-glucose, C-xylose)
and 1200 for all other carbon samples. The peak attribution was
done following ref. 29-32 and 33.

Elemental chemical analysis was performed on a (C, N, O, S,
H) Elementar Vario Micro Cube. SEM images were acquired
on a LEO 1550/LEO GmbH Oberkochen provided with a
Everhard Thornley secondary electron and In-lens detectors.
N, adsorption and desorption isotherms were performed at
77 K with a Quadrachrome Adsorption Instrument and the
BET method was used for specific surface area determination.

Results and discussion
Monosaccharide-derived carbons

Particle dispersions of carbonaceous materials were prepared
from saccharides at 180 °C in water in a closed autoclave.

Fig. 1 and Fig. 2 show, respectively, SEM pictures and “C
solid state CP-MAS NMR spectra of C-glucose and C-xylose
(highlighted in gray for convenience) carbon materials. Despite
the similar chemical nature of the employed sugars, the first
being a hexose and the second a pentose, the final materials have
remarkably different shapes. The decomposition of xylose leads
to separated carbon spheres with a diameter between 100 and
500 nm (Table 1) while glucose-based carbon is characterized
by a mixture of spheres whose size varies between 500 nm and
1 um, randomly dispersed inside an interconnected matrix of
smaller particles (<200 nm).

BC NMR spectra present some common peaks at 208 ppm
(though a difference in 4 ppm at higher fields is observed
for C-xylose), 175 ppm, 150 ppm and 40 ppm. On the other
side, significant differences occur in the regions between 130
and 110 ppm, at 75 ppm and between 40 and 20 ppm.
These observations show that similarities can be related to a
comparable amount of carbonyl groups (aldehydes, ketones and
carboxylic acids at chemical shifts between 210 and 170 ppm)
as well as to the presence of oxygen-substituted protonated and
non-protonated C=C bonds resonating at 150 ppm.

This journal is © The Royal Society of Chemistry 2008

Green Chem., 2008, 10, 1204-1212 | 1205


http://dx.doi.org/10.1039/B807009A

Downloaded by City College of New Y ork on 09 November 2010
Published on 07 October 2008 on http://pubs.rsc.org | doi:10.1039/B807009A

View Online

Fig. 1 SEM images of samples C-glucose, C-HMF, C-xylose and C-furfural.

By contrast, the peak at 129 ppm, which is generally
attributed to aromatic carbons, as it is typical for graphitic
structures or long-range conjugated double bonds, indicates the
higher aromatic character of C-xylose carbon with respect to
C-glucose. The peak at 75 ppm is indicative of the presence of
hydroxylated methylene groups, which constitute an important
part of C-glucose, while almost no hint of such groups is
observed in C-xylose. Finally, at low chemical shifts, C-xylose

seems to be dominated by aliphatic groups resonating in the 40—
50 ppm region while C-glucose shows an additional contribution
of methylene between 20 and 40 ppm.

Overall, it seems that carbon material obtained from xy-
lose has a higher aromatic character than C-glucose, and its
higher carbon content (68.5%) supports this view (Table 2).
Nonetheless, the oxygen level remains quite high even in
C-xylose (27.3%) meaning that the conjugated C=C network
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Table 1 Morphological and dimensional aspect of carbon powders, as
observed from SEM images
Sample Morphology Size/nm
Hexoses
C-Glucose Interconnected particles <200
Spheres 500-1000
C-HMF Interconnected particles <200
Interconnected particles 200-500
C-Maltose Agglomerated particles 200-500
Spheres 2000
C-Sucrose Interconncted spheres 700-2000
C-Amylopectin Interconncted spheres 1000-2000
C-Starch Interconncted spheres 300-1000
Pentoses
C-Furfural Dispersed spheres 500-3000
C-Xylose Dispersed spheres 100-1000
Table 2 Elemental analysis of carbon materials
Elemental analysis
Sample Cwt% H wt% O wt%"
Hexoses
C-Glucose 64.47 4.69 30.85
C-HMF 65.63 4.15 30.22
C-Maltose 64.70 4.54 30.76
C-Sucrose 64.15 4.77 31.09
C-Amylopectin 65.76 4.56 29.69
C-Starch 64.47 4.57 30.97
Pentoses
C-Xylose 68.58 4.11 27.31
C-Furfural 68.60 3.90 27.50

“ Calculated value.

is always accompanied by larger quantities of functional groups
(CHO, CC=CO, COOH), furan rings and ethers.

To reveal further details of this difference, we also tried
to carbonize the known intermediates of dehydration, HMF

3C solid-state CP-MAS NMR spectra (fp= 3 ms) of C-starch, C-amylopectin, C-sucrose and C-maltose, C-HMF, C-glucose, C-xylose and

and furfural under the same carbonization conditions. SEM
images and *C NMR spectra of carbons obtained from HMF
and furfural are also presented in Fig. 1 and Fig. 2. The C-
HMF microstructure is composed of small particles (<200 nm)
which forms an interconnected network, and the similarities to
C-glucose are obvious. Interestingly, furfural produces larger
polydispersed spherical carbon particles whose size ranges be-
tween 500 nm and 3 um (Table 1). The analysis of local chemical
environments around carbon atoms probed by *C NMR also
reveals some astonishing similarities between C-glucose and
C-HMF and between C-xylose and C-furfural, respectively. The
characteristic aromatic peak at 129 ppm is clearly prominent
only in the pentose-derived carbon samples. Elemental analysis
(Table 2) reveals, first of all, a high oxygen content, which
undoubtely makes these materials different from coal; secondly,
carbon content in C-HMF (65.6%) is lower than in C-furfural
(68.6%), and those values are coherent with values detected
for C-glucose and C-xylose, discussed above. Mechanistic
implications will be discussed later. Isothermal nitrogen adsorp-
tion/desorption experiments (results not shown) indicate them
asnon-porous materials (BET specific surface areas < 10 m? g ™).

Polysaccharide-derived carbons

SEM micrographs of carbon materials from disaccharides
(maltose, sucrose) and polysaccharides (amylopectin, starch) are
depicted in Fig. 3. C-maltose and C-sucrose are composed of
interconnected particles, in coexistance with domains (larger
in C-maltose) where aggregation occurs. Differences in mor-
phology and size are summarized in Table 1: C-maltose is
composed of a larger number of small (200-500 nm) particles in
coexistance with larger spheres (2 um). By contrast, C-sucrose is
composed of spherical particles whose size vary between 700 nm
and 2 um. Strong similarities are found for C-maltose and
C-glucose materials, both caracterized by isolated large spherical

This journal is © The Royal Society of Chemistry 2008
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Fig.3 SEM images of samples C-sucrose, C-maltose, C-starch and C-amylopectin.

particles within a large matrix of interconnected small particles
with ill-defined shape. Polysaccharides including amylopectin
and starch, whose SEM images (Fig. 1) show interconnected
spherical particles ranging from 700 nm to 2 pm, provide very
similar dispersion patterns despite their low solubility in water
at room emperature.

When one compares SEM structures of final carbons to
original saccharides (examples from pure glucose, xylose,

amylopectin and starch powders are provided in Fig. 4), the
destructuring process which took place during carbonization
and transformed the original desordered bulky materials into
micrometer-sized particles and/or spheres is self-evident. The
chemical composition also largely changed during the hy-
drothermal process: saccharides turn into dark brown or black
powders with a carbon content increasing from the original
40 wt% to 64-70 wt% (Table 2); meanwhile, the oxygen presence
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Fig.4 SEM images of pure glucose, xylose, amylopectin and starch solid powders.

is reduced from 53 wt%, as found in, e.g., glucose, to 27-30 wt%
for carbon powders.

BC solid-state NMR (Fig. 2) spectra from C-maltose, C-
sucrose, C-amylopectin and C-starch show exactly the same
characteristics already observed for C-glucose and C-HMF. The
materials can be considered as chemically equivalent, in good
agreement with the elemental analysis shown in Table 2,

where the carbon content for all hexose-based carbons is
64% £ 1%.

Mechanistic considerations

As we pointed out earlier in the discussion, it is generally
assumed that dehydration of pentoses and hexoses leads to

This journal is © The Royal Society of Chemistry 2008
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the formation of furfural and HMF as a first and main
dehydration product. Our experiments strongly suggest that
these furans are also the reacting species for carbon material.
In fact, the morphologies and chemical structures of carbons
obtained from saccharides are directly related to those of
carbons obtained from pure furans according to the following
parallelism: C-hexoses ~ C-HMF and C-pentoses ~ C-furfural.
Additionally, intermediate molecules derived from saccharide
dehydration (levulinic acid, dihydroxycetone, formic acid, acetic
acid, formaldehyde, pyruvaldehyde, etc. . .)*® coexist with furans
and they can probably be responsible for particle size, powder
texture and aggregation discrepancies. The striking similarities
of NMR fingerprint spectra between all hexose-based carbons
and C-HMF, or between C-xylose and C-furfural clearly prove
that chemical complexity, the usual problem of raw biomass as
an educt for materials chemistry, is indeed essentially resolved
throughout hydrothermal carbonization by driving all saccha-
rides only through two main reaction pathways: from sugar to
furan-based (furfural or HMF) intermediate and from the furan
to carbon. This is supported by GC-MS analysis (Fig. S17) of
the side products in the remaining product waters, where in all
cases the nature and amount of the unreacted by-products is very
similar for the hexoses, e.g. C-glucose and C-HMF, and pentoses,
C-xylose and C-furfural. These side-product molecules mainly
come either from the dehydration of carbohydrates or from
the re-hydration of the furans, plus the hydrolytic splitting of
those intermediates. Table 3 shows the normalized integrated
intensity of HMF, furfural and 4-oxo-pentanoic acid detected
by GC in the final liquors of the indicated final materials as
well as for pure furfural and HMF solutions at three different
concentrations, used as reference for quantification. Errors are
estimated to 10% of the indicated values and account for possible
discrepancies in manual simulation of each GC peak. When
only monosaccharides and furans values are compared, one
observes that: (1) the carbonization process from glucose seems
slightly more efficient if compared to the xylose one, since HMF
concentration in solution for C-glucose after reaction is less

than half with respect to remaining furfural concentration from
C-xylose; additionally, the amount of final carbon powder from
glucose is about 1.5 times higher than carbon obtained from xy-
lose. This is probably not a big surprise as it is known from
furan chemistry that furfural, the dehydration product of xylose,
is a low reactive compound due to the joint stabilizing effects
of furan aromatic ring and carbonyl function® with respect to
polycondensation. On the other hand, even if general knowledge
about the reactivity of HMF itself is smaller, its molecular
similarity to furfuryl alcohol, a widely studied and highly
reactive modified furan,” may justify its higher reactivity. (2) The
reaction seems to be less efficient when starting from pure furans
rather than from carbohydrates, especially when pure furfural
is employed (concentration in solution after reaction is around
5 wt%). As pointed out earlier, reactivity of furfural is low and
extremely condition dependent. In general, addition of proper
co-monomers, like furfuryl alcohol, increase its reactivity.?
Consequently, the heterogeneous medium composed of furans
and dehydrated forms of saccharides (when sugars are used
instead of pure HMF and furfural) may be highly favourable to
the overall efficiency of the carbon-formation process. Reaction
between HMF and de-hydrated glucose was recently used to
obtain liquid alkanes.* (3) The higher the HMF content, the
lower the 4-oxo-pentanoic acid content (also known as levulinic
acid, it is a common side product of hexose dehydration, and it
is expected to increase with decreasing hexose concentration®),
indicating the competition of monomolecular decomposition
reactions and the (at least) bimolecular carbonization reaction
which is obviously promoted at higher concentrations.
Chemical reactions in the presence of a di- or polysaccharide
do follow the same path, that is, dehydration of hexose units and
formation of HMF, which then turns into hydrothermal carbon.
As shown in Table 3, HMF residues do not exceed the 0.4 wt%,
and the actual values for C-maltose (0.14 wt%) and C-sucrose
(0.19 wt%) are almost as low as those registered for glucose
(0.12 wt%). In the case of C-amylopectin and C-starch, residual
HMEF increases, respectively, to 0.26 wt% and 0.37 wt%. The

Table 3 Relative integrated peak areas from GC-MS experiments and wt% concentration for residual HMF and furfural compounds*

Sample (solution) *Oxopentanoic acid HMF HMF wt% Furfural Furfural wt%
Hexoses
Pure HMF solution 0.20 0.50
0.50 1.00
1.00 2.00
C-Glucose 0.12 0.01 0.12
C-HMF 0.05 0.43 0.91
C-Maltose 0.11 0.02 0.14
C-Sucrose 1.00 0.05 0.19
C-Amylopectin 0.66 0.09 0.26
C-Starch 0.54 0.15 0.37
Pentoses
Pure furfural solution 0.31 0.50
0.52 1.00
1.00 2.00
C-Furfural 242 5.08
C-Xylose 0.21 0.29

“ Experiments were performed on remaining liquor solutions of indicated samples after 24 h of hydrothermal treatment synthesis of indicated carbon
materials. By contrast, pure HMF and furfural solution were freshly prepared for comparison purposes. Residual solution wt% values for HMF and
furfural are calculated after a linear fit of recorded values for pure solutions. Errors, coming from the integration procedure, are estimated to be £10%
of indicated concentration values.
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Fig. 5 Reaction pathways encountered in the formation of hydrothermal carbons from hexose and pentose sources, leading to the differently

structured and shaped materials.

slightly higher values are attributed to a delayed dehydration
kinetics due to the required hydrolysis of the macromolecular
structure towards the monosaccharides.

An additional aspect which constitutes a difference between
hexoses and pentoses is the colloidal structure of the carbon
powders: nicely dispersed, separated spherical particles are
always found for C-xylose and C-furfural. Explanation for
this may probably come from the limited water solubility of
furfural (< 8.5 m/v%), which tends to emulsify in solution,
and carbonization may only take place inside droplets. The
intense peak at 129 ppm observed for these materials, typical for
aromatic C=C sites, is most presumably indicative for a higher
degree of self reaction between furfural molecules within the
droplets via the unprotected, highly reactive, 5-position.?

By contrast, *C solid-state NMR spectra and elemental
analysis data for C-hexoses and C-HMF are remarkably similar,
thus indicating that the system most presumably has to pass the
same reaction pathway via the hydroxymethylfurfural stage and
before carbonization can take place. In addition, interconnected
spherical particle networks are generally observed, especially for
low-weight sugars-derived carbons. These results may appear
in contrast with previous experiments, where relatively well
separated particles from mono- and polysaccharides (glucose,
starch or rice) under similar conditions were obtained.??3%
Nevertheless, those experiments were undertaken in the presence
of external pressure,” metal salts (Fe(1r), Co(11), Cu(1), etc.)
or metal nanoparticles (Fe,O;), which can act as external
nucleators and stabilizers.”” Since our experiments used pure
sugar solutions, emulsion polymerization occurs in the absence
of a stabilizer; hence, the dispersed spherical particles formed
from pentoses should depend only on the hydrophobic character
of furfural.

An important question may arise. Is hydrothermal carbon
just a polymerization product of HMF and furfural? At the
moment, a clear-cut answer cannot be provided but an insight
into polyfuranes generally reveals the existance of cross-linked
polymers which may appear as black and glassy materials®
according to the polymerization mechanism and type of added
co-monomers. Unfortunately, the number of examples provided
inref. 20 and references therein show that the chemistry of furans
is very large and many possible reaction ways can simultaneously
occur especially in an heterogenous system like the one where

hydrothermal carbon is obtained. Hydrothermal carbon is by
contrast a rather low-dense, dark brown powder which is not
soluble in common solvents. So, even if during hydrothermal
carbonization furfural and HMF are most likely the main
reactive species, we cannot depict either the exact reaction
mechanisms or the clear final structure yet. This last point will
be dealt with in a further communication by means of highly
advanced solid-state NMR techniques.?!

Finally, the fact that no substantial difference exists between
all hydrothermal hexose carbons also shows that glucose can be
safely used as a model molecule for the understanding of the
formation of these materials. Fig. 5 makes a summary of the
main results of this communication, indicating that all hexoses
(including their dehydration product, HMF) lead to the same
type of material, called carbon-o for convenience, while pentoses
lead to a different type of carbon, called arbitrarily carbon-p.

Conclusions

In this work, we compared hydrothermal carbons synthesized
from diverse biomass (glucose, xylose, maltose, sucrose, amy-
lopectin, starch) and biomass derivatives (HMF and furfural)
under hydrothermal conditions at 180 °C with respect to their
chemical and morphological structures. SEM, “C solid-state
NMR and elemental analysis on final powders combined with
GC-MS experiments on residual liquor solutions were the main
tools which allowed us demonstrate that all sugars in their hexose
form, no matter their complexity, degradate into hydroxymethyl
furfural, which finally condenses to a carbon-like material
having morphological similarities and the same chemical and
structural composition. By contrast, xylose dehydrate into
furfural, which in turn reacts to provide very similar carbon
materials as obtained from pure furfural. BC solid-state NMR
shows that the local structure of these two families of carbons,
from hexoses and pentoses, are relatively different.

Contrary to simple expectations, starting from more complex
biomass instead of clean sugars does not harm the outcome
of the hydrothermal carbonization reaction, and remarkable
similarities between the products of homologous series do
occur, both with respect to morphology and local structural
connectivity. This is a positive outcome concerning the green
chemistry aspects of this process, as even complex waste biomass
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can be used without too much influence on the final carbonized
structure: biological diversity is simply reduced by the elemental
steps of the carbonization reaction.
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The effects of prenatal exposure of mice to the ionic liquid (IL) 1-butyl-3-methylimidazolium
chloride ([C,mim]Cl) were studied because of the potential for human exposure as a result of
water or soil contamination from industrial effluent or accidental spills. After exposure to the IL,
fetal weight was significantly decreased at the two highest dosages (P < 0.01). Malformations were
also somewhat more numerous at the highest dosage, suggesting that [C,mim]Cl may be
teratogenic, although the apparent increase was not statistically significant. Maternal toxicity was
also present, as shown by a dose-dependent increase in maternal morbidity and mortality during
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the course of treatment. Therefore from these results, [C,mim]Cl appears to be developmentally
toxic at maternally toxic dosages, although the mechanism is unknown.

Introduction

Tonic liquids (ILs) are salts composed solely of ions that
melt below 100 °C and possess unique properties, such as a
wide liquidus range and low or negligible vapor pressure.'*
Additionally, the properties of ILs can be customized for
specific applications by altering either of the ions,® and thus a
tremendous number of new ILs have become known, with many
more possible combinations yet to be made.* Unique property
sets, nearly unlimited choices, and tuneability have led to a broad
range of applications in synthesis, coatings, high refractive index
materials, metal plating, fuel cells, catalysis, chromatography
columns, biomass processing, and drug delivery.™® This has
also led to difficulties in assessing the safety and toxicity of
ILs recommended for major industrial processes. With so many
different classes of ILs with widely variant biological properties,
it has not been possible to study a ‘representative’ IL. This lack of
specific information has allowed both advocates and opponents
of the field to make gross overgeneralizations regarding the
safety or lack thereof of ILs. This underscores the need to
continue testing as many different classes of ILs as possible
while focusing on those most likely to see bulk industrial use.
One such cation class that has received much attention
and has been considered for commercialization includes the
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1-alkyl-3-methylimidazolium [C,mim]* ions. One of the most
popular and well-known members of this class is 1-butyl-3-
methylimidazolium chloride (J[C,mim]Cl), a hygroscopic, water
soluble salt® (Fig. 1), which when dissolved in water yields
fully hydrated ions." [C,mim]Cl is also commonly used as an
intermediate to other ILs."!

\N/®\N/\/\ cr

Fig.1 Chemical structure of 1-butyl-3-methylimidazolium chloride.

The [C,mim]* cations are a source of concern for both
environmental and aquatic toxicologists as they are not readily
biodegradable, are water soluble, and have the potential for
transport through groundwater.’>** Therefore, the majority of
toxicity studies of imidazolium-based ILs have focused on
aquatic life, utilizing a variety of model systems, such as
algae,>'' marine bacteria,'>'%#2! zebrafish,®>* and snails.**
But other model systems, including Fisher 344 rats,"* human
(HeLa,®* CaCo-2,” HT-29,” and MCF7%) and rat (ICP-81
and C, glioma®) cell lines, and bacteria®-* have been used to
better assess the overall toxicity of these ILs.

Results from toxicity studies have concluded that the cation is
primarily responsible for the toxicity of the resulting ILs,*
although this may be a result of the reliance on the current simple
inorganic anions. The reported toxicity resulted, at least in part,
from the ability to intercalate with the lipid bilayer membrane,
thus increasing membrane permeability.®® Alkyl chain length
has been reported to be the major variable that increases
toxicity, with toxicity increasing as chain length increases.!2¢:3
Generally, the ILs studied based on ammonium, pyridinium,
imidazolium, or pyrrolidonium cations were found to be less
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toxic than traditional solvents, such as ether and benzene, but the
ILs were more toxic than acetonitrile, acetone, and methanol.'®?
Based on current toxicity results, it is not unreasonable
to hypothesize that exposure to some ILs during organism
development may be a cause for concern. A previous study?
found that exposure to [C,mim]Cl at various concentrations
adversely affected reproductive parameters in zebrafish, causing
a significant reduction in the number of total fry, first-brood
fry, and average number of fry. However, no one has yet studied
the effects of ILs on development in a mammalian species. Here
we report on our investigation which focused on the effects of
exposure to [C,mim]Cl on the development of CD-1 mice.

Experimental
Chemicals

The salt, 1-butyl-3-methylimidazolium chloride, was prepared
following standard procedures,* in which equal molar amounts
of 1-methylimidazole and chlorobutane were reacted to form
the IL which yielded a white crystalline solid. The absence of
starting materials was confirmed utilizing 'H and *C NMR.

Samples for testing on mice were prepared as aqueous
solutions of this water soluble salt. Residual water, determined
by Karl-Fisher (2.34 wt% H,0), was noted before diluting
34.144 g of [C,mim]Cl with 100 mL deionized water to achieve
a concentration of 341.44 mg mL™" of the test compound.

Animals and husbandry

Male and female CD-1 mice, obtained from Charles River
Breeding Laboratories International (Wilmington, MA, USA),
were housed in an AAALAC (Association for Assessment
and Accreditation of Laboratory Animal Care International)-
approved animal facility in rooms maintained at 22 + 2 °C,
with 40-60% humidity and a 12 h photoperiod. Animals were
bred naturally, two females with one male. Observation of a
copulation plug designated gestation day 0 (GD 0). Mated
females were individually housed in shoebox type cages with
hardwood bedding and were given Teklad LM-485 rodent diet
(Harlan Teklad, Madison, WI, USA) and tap water ad libitum.
All procedures performed on these animals were in accordance
with established guidelines and were reviewed and approved by
The University of Alabama’s Institutional Animal Care and Use
Committee.

Treatments

Prior to the definitive study, a preliminary range-finding study
was conducted at [C,mim]Cl dosages of 0, 250, 500, or
1000 mg kg™ d™', with five females in each dosage group. All
mice in the 500 and 1000 mg kg™ d' treatment groups became
moribund and were subsequently euthanized by CO, overdose
approximately 8 h after the initial dose. The mice in this group
displayed ataxia, hypoactivity, and labored breathing. Two out
of five mice in the 250 mg kg™ d™' treatment group appeared
sluggish after the initial dose, but recovered within 24 h and
survived multiple doses. For the definitive study, mated females
were randomly assigned to one of four treatments administered
by gavage from GD 6-16: (1) vehicle control, (2) 113 mgkg™' d!

[Cysmim]Cl, (3) 169 mg kg™ d™' [C,mim]Cl, or (4) 225 mg kg™ d™
[C,mim]Cl. The dosage volume was 0.01 mL g body weight.
Clinical signs were recorded daily, and females were weighed on
GD 0 as well as prior to each dosing.

Data collection

On GD 17, mated females were euthanized by CO, overdose,
their uteri were exposed, and the numbers of resorptions and
dead or live fetuses were recorded. Live fetuses were removed
from the uterus, weighed individually, and examined for gross
malformations. Maternal body weight, minus the gravid uterine
weight, was then obtained. Fetuses were initially fixed in 70%
ethanol and then cleared and stained by the double-staining
technique described by Webb and Byrd.*® All fetuses were
subsequently examined for skeletal abnormalities.

Data analysis

The litter was used as the experimental unit for statistical
analysis. This study was performed in three replicates. The data
from each study replicate were calculated independently, tested
for homogeneity of variance by the Levene statistic using SPSS
(SPSS, Inc., Chicago, IL), and then pooled and analyzed to
give the results reported. All tabular data are presented as the
mean + standard error of the mean (SEM). Data were analyzed
by one-way analysis of variance (ANOVA) followed by a least
significant difference (LSD) post-hoc test to determine specific
significant differences (P < 0.05) or by a Pearson chi-square test
(P <0.05).

Results and discussion

In this study, mated female CD-1 mice were gavaged from
GD 6-16 with one of four treatments: (1) vehicle control, (2)
113 mg kg d7' [Cymim]Cl, (3) 169 mg kg d' [C,mim]Cl, or
(4) 225 mg kg d' [C,mim]Cl. Clinical signs were recorded
daily, dams were euthanized on GD 17, and the fetuses were
removed and examined for gross morphological and skeletal
defects. Litter parameters (including the average number of
implantations, average fetal weight, efc.) and maternal data
are presented in Table 1 and discussed below. A number of
unusual gross morphological defects were found in fetuses from
[Cymim]Cl-treated dams, and these data are presented in Table 2.

Maternal data

There was an apparent treatment effect on maternal weight
gain in the highest [C,mim]Cl dosage group (225 mg
kg d™), although the difference from the control value was
not statistically significant (Table 1). There was also evidence of
dosage-dependent maternal morbidity/mortality (Fig. 2). The
percentage of animals either dying or becoming moribund and
necessitating euthanization prior to the completion of treatment
was significantly greater in the 225 mg kg™ d™! treatment group
as compared to controls or either of the other dosage groups.
However, some dams were affected even at the lowest [C,mim]Cl
dosage.
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Table 1 Maternal weight gain and litter parameters of CD-1 mice exposed to [C,mim]Cl in utero

Treatment and dose/mg kg™ d™'

Vehicle Control [Cymim]CI (113) [C,mim]CI (169) [C,mim]CI (225)
Fetuses/litters examined 489/36 288/23 319/26 314/23
Maternal weight gain/g £+ SEM 10.67 £0.39 10.29 £ 0.44 10.38 £ 0.42 9.28£0.64
Implantations/mean £ SEM 13.97+£0.36 12.78 £0.55 13.40£0.36 13.91£0.44
Resorbed or dead fetuses (No. + SEM) 2.77+£0.84 2.24+£0.88 6.20£2.82 324+0.98
Litters with resorbed or dead fetuses (No./%) 10/27.8 6/26.1 8/30.8 9/39.1
Fetal weight/g + SEM 0.99+0.02 1.00 £ 0.03 0.91£0.03¢ 0.84 +0.03¢
Malformed fetuses® (% £ SEM) 0.91+0.44 1.09 £ 0.60 1.56+0.76 2474093
Malformed fetuses (% affected litters)® 11.1 13.0 154 26.1

“ Significantly different from control and [C,mim]Cl 113 mg kg™ d™' values (P < 0.01). ® Fetuses displaying any gross malformation.  Grand mean of

litter mean percentages.

Table 2 Gross malformations in CD-1 mouse fetuses from dams orally
dosed with [C;mim]Cl

Treatment and dose/mg kg™ d!

Vehicle [C,mim]Cl [C,mim]Cl [C,mim]Cl

Malformation Control (113) (169) (225)
Fetuses examined (No.) 489 288 319 314
Bent tail 2 3 4 3
Talipes 0 0 1 0
Hemimelia 0 0 0 2
Ablepharia 2 0 1 1
Exencephaly 0 0 1 1
Craniorachischisis 0 0 0 1
Cleft palate 0 0 2 0
Total 4 3 9 8
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Fig. 2 Effects of [C,mim]Cl on the incidence of morbidity/mortality
prior to treatment completion. 225 mg kg™' d! results are significantly
different from the control, 113 mg kg™ d™', and 169 mg kg™' d™' values
(P <0.01).

Fetal data

The numbers of implantations and the percentages of resorbed
or dead fetuses did not differ significantly among treatment
groups, nor did the percentage of litters that had resorbed or
dead fetuses (Table 1). However, fetal weight was significantly
affected by treatment with [C,mim]Cl in a dosage-dependent
manner (Table 1). Fetuses from both the 169 mg kg™ d™' and the
225mg kg™ d! treatment groups, weighed significantly less than
fetuses from the control or 113 mg kg™ d™' treatment groups.
Several gross malformations were observed in the treated
groups: ablepharia, bent tail, hemimelia, exencephaly, cleft

palate, craniorachischisis and talipes. The mean litter percentage
of fetuses and the per litter incidence of any specific malforma-
tion was not significantly greater in the offspring of the treated
dams. However, both the fetal and litter incidences of total
malformations increased in an apparently dosage-dependent
manner, and the percentage of grossly malformed fetuses in
the highest treatment group was more than double that of the
controls (Table 2).

Fetal skeletons were examined for malformations, and the
incidence of supernumerary ribs did not differ significantly
among treatment groups (Table 3). There was a significant
reduction in the incidence of rudimentary ribs in the highest
dosage group (225 mg kg™' d™') compared to values from control
fetuses or from fetuses of dams treated with 113 mg kg™ d'
[C,mim]Cl. There was a significant reduction in rudimentary
ribs in fetuses from the 169 mg kg' d' group as well,
but the reduction was only in comparison with the 113 mg
kg™ d™! treatment group, and not in comparison to the controls
(Table 3).

The present study did not find significant differences in
implantations, number of viable fetuses, or resorbed/dead
fetuses among treatment groups. It did, however, reveal an
adverse effect on fetal weight and an apparent teratogenic
effect, with only the offspring of treated mice exhibiting certain
uncommon morphological defects, such as craniorachischisis
and hemimelia.

Although the numbers of malformed fetuses observed in the
treated groups were relatively modest, it must be kept in mind
that the multiple dosing regimen employed is relatively inefficient
at producing malformed offspring, even if the test compound is
capable of doing so. It should also be noted that the positive fetal
findings all occurred at maternal dosages associated with at least
some maternal morbidity or mortality. In the range of dosages
tested, the apparent NOAEL (no observed adverse effect level)
for fetal effects was 113 mg kg™ d™', while the LOAEL (lowest
observed adverse effect level) was 169 mg kg™ d'. However,
these values may have been lower if visceral defects had been
evaluated. Comparison of the toxicity of [C,mim]CI relative to
other common solvents is difficult, primarily because of the
different routes of administration or different species used in
previous studies. Generally, however, solvents such as benzene,
toluene, acetonitrile, xylene, and commercial polychlorinated
biphenyl mixtures tended to produce effects similar to those
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Table 3 Skeletal malformations of CD-1 mice exposed to [C,mim]Cl in utero

Treatment and dose/mg kg™ d™

Vehicle Control [Cymim]CI (113) [C,mim]CI (169) [C,mim]Cl (225)
Fetuses/litters examined 489/36 288/23 319/26 314/23
Supernumerary ribs (% = SEM) 24.53+4.16 16.49 +4.42 16.97 £4.17 18.10 £ 5.28
Rudimentary ribs (% £ SEM) 18.85+2.70 21.47+4.50 1272 £2.16¢ 7.92£2.35
Supernumerary ribs (% litters affected) 28 14 16 14
Rudimentary ribs (% litters affected) 28 18 19 12¢

“ Significantly different from [C,mim]Cl 113 mg kg™ d™' value (P < 0.05). ® Significantly different from control and [C,mim]Cl 113 mg kg™' d™' values
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(P < 0.05). < Significantly different from control value (P < 0.05).

observed in this study, including reduced fetal weight and fetal
anomalies, particularly at high maternal exposures.****

The mechanism for the developmental toxicity of [C,mim]Cl
remains unknown, although it is known that imidazolium-based
ILs can act as cationic surfactants, which have the potential
to disrupt the lipid bilayer and increase membrane perme-
ability. This might negatively affect embryonic development
and viability. Enzyme inhibition is another possible means of
toxicity, as several imidazolium- and pyridinium-based ILs,
including [C,mim]Cl, have been shown to inhibit enzymes, such
as acetylcholinesterase, in vitro. ILs have also been shown to
inhibit the P450 enzyme CYP3A4 to a degree comparable
to the effects of organic cosolvents such as acetonitrile.*
Further investigation to elucidate the mechanisms of develop-
mental toxicity of ILs is needed, as the current data are only
observational.

Conclusions

ILs may offer a viable (and in some cases preferential) alternative
to traditional organic solvents, as a result of their unique
property sets, unparalleled customizability, and potential to be
used and recycled, while eliminating the emission of VOCs.
However, while air exposure is not likely, the possibility of
water or soil contamination via accidental spills or effluent
release exists. Furthermore, there have been suggestions that ILs
could be used as tissue preservatives in place of formaldehyde*
or as pharmaceuticals and disinfectants,* thus considerably
increasing the likelihood of human exposure. The present study
indicates that even simple representatives, such as [C,mim]Cl,
commonly used as a ‘standard’ IL solvent or precursor, may
possibly have adverse effects on development, at least at high
maternal exposures. It is encumbent on all users or potential
users of any IL at industrial scale to thoroughly understand
the toxicity, fate, and transport of these chemicals, despite the
continued overuse of the term ‘green solvents’.
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Inspired by biomimetic oxybromination, a binary catalyst system composed of sodium
phosphotungstate and n-Bu,NBr (TBAB) was developed for facile synthesis of styrene carbonate
in a single operation from styrene and CO, using 30% H,O, as an oxidant. Notably, the presence
of a base like NaHCO; markedly improved the formation of styrene carbonate. Interestingly, an
oxidized product, i.e. phenacyl benzoate, could be obtained exclusively in good yield directly from
styrene in the absence of CO, under the appropriate reaction conditions.

Introduction

Nowadays, chemical transformation of CO, into useful organic
chemicals has attracted ever-increasing attention from the point
of view of environment protection and resource utilization.! One
of the most promising methodologies of CO, chemical fixation
is the synthesis of five-membered cyclic carbonates via the cy-
cloaddition of epoxide to CO,. The cyclic carbonates have been
widely used for various purposes, such as polar aprotic solvents,
intermediates for organic and polymeric synthesis, chemical
intermediates for pharmaceutical/fine chemicals in biomedical
applications, and ingredients for electrolytic elements of lithium
secondary batteries.> Therefore, numerous catalysts have been
devised to synthesize cyclic carbonates utilizing CO, as a
building block.>* However, such a cycloaddition generally
requires the initial synthesis of an epoxide, which involves toxic
or costly reagents and requires a tedious workup for separation.
Therefore, a promising approach would be the direct synthesis
of cyclic carbonates from olefins instead of epoxides, a so-called
one-pot “oxidative carboxylation” of olefin utilizing CO, as a
building block (Scheme 1). It has been known for over four
decades,' but only a few efficient methods have been exploited
up to now. There are three typical methodologies to produce
cyclic carbonates directly from olefins and CO,.

(0]

cat. OJ<

,— + CO, ———> O
R 2 oxidant R)\/

Scheme 1 Direct synthesis of cyclic carbonate (1a) from alkenes and
CO..

Aresta et al. reported an approach involving CO, insertion
into the metal-oxygen bond in the presence of a noble metal
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1 Electronic supplementary information (ESI) available: Copies of the
NMR spectra for products and the typical GC-MS chart for the reaction
mixture. See DOI: 10.1039/b807108j

oxide using dioxygen as the oxidant;” the method of Arai and
co-workers combined two sequential reactions, epoxidation of
olefins and cycloaddition of CO, to epoxides, into a one-pot
process without the need for separation of the epoxides;**~ and
it is the more effective one to date developed by Eghbali and
Li,* that olefins can be directly converted into cyclic carbonates
through a “bromohydrin” species formed in-situ using N-
bromosuccinimide (NBS) or Br/H,0O, as the bromination
reagent in the presence of 1,8-diazabicyclo[5.4.0Jundec-7-ene
(DBU). Although quite good progress has been made in this
respect, ongoing issues such as low yield and selectivity toward
the desired products, long reaction time, complicated separation
processes, and the requirement of a hazardous or expensive
“halohydrination reagent”, or an organic base, need to be
addressed.

Based on mechanistic considerations,” bromohydrin would
be assumed to be a crucial intermediate from an olefin,
thereby leading to the formation of styrene carbonate. The
biohalogenation performed by haloperoxidase enzyme draws
our attention.! Those biomimetic catalyst systems have been
used in the oxybromination of alkenes or aromatics, bromide-
assisted epoxidation of alkenes and the oxidation of alcohol.'?
Inspired by the biomimetic process, we reasoned that traditional
oxybromination methods using molecular bromine or other ex-
pensive organic oxybromination reagents could be replaced by a
more cost-effective and environmentally benign one comprising
a bromide salt and aqueous H,0,,*'* which would likely work
in a mode similar to the bio-process. In this work, the direct
synthesis of cyclic carbonate would be operated from styrene
through the “bromohydrin” intermediate generated in-situ in the
presence of TBAB and H,O, catalyzed by phosphotungstate,
followed by its subsequent reaction with CO, in the presence
of a “deprotonation reagent” as outlined in Scheme 2. We
would like to demonstrate herein a facile synthesis of styrene
carbonate in a single operation directly from styrene and CO,
in an environmentally benign manner with an inorganic base as
the “deprotonation reagent”, and a recyclable catalyst system
comprising sodium phosphotungstate and TBAB, and mild
reaction conditions (at 50 °C, 350 psig and in aqueous medium).
Interestingly, a useful compound, phenacyl benzoate, could also
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Scheme 2 Direct synthesis of styrene carbonate (1a) from styrene (1)
and CO, through “oxybromination” in-situ generated.

be preferentially obtained directly from styrene by subtly varying
the quantities of CO, and H,0,.

Results and discussion
Direct formation of styrene carbonate

As envisioned, a binary catalyst comprising Na,H;P(W,0,)¢/
TBAB was initially tested for the direct synthesis of styrene
carbonate (1a) from styrene and CO, using 30% H,O, as an
oxidant. The results are summarized in Table 1. The reaction
proceeded smoothly under the reaction conditions and afforded
1a and phenacyl benzoate (1b) (entry 1, Table 1), concomitantly
in 5% of benzaldehyde and (1,2-dibromoethyl)benzene, being
detected by GC-MS."* No styrene carbonate was detected
without TBAB (entry 2). Moreover, sodium bromide was not
a good bromide source for the formation of either prod-
uct 1a or 1b (entry 3). Accordingly, TBAB able to provide
bromide species would be indispensable for such a biphasic
reaction, where TBAB could serve as a phase transferable

Table 1 Direct conversion of styrene into styrene carbonate (1la)
catalyzed by Na,H;P(W,0,)*

NaHsP(W,07)s/ TBAB/H,0,

)\/40 + Ph/u\/ \[(

T O NaHCOj, 50 °C, 350psig, 12 h
Yield® (0 u)

Entry Cat.® (mol%) Conv. (%) la 1b
1 2 98 65 28
24 2 0 0 0
3¢ 2 6 5 0
4 0 0 0 0
5 0 40 16 13
6 1 94 66 18
7¢ 1 80 56 10
8 2 72 50 14
9 2 70 48 16

100 9 81 56 13

“Unless stated otherwise, all reactions were performed using styrene
(0.25 mL, 2.2 mmol), TBAB (0.25 g, 0.78 mmol), Na,H;P(W,0;),
(0.125 g, 0.0425 mmol), H,0, (1.5 mL, 6 equiv.), H,O (0.5 mL) and
NaHCO; (0.025 g, 0.3 mmol), at 50 °C and 350 psig, for 12 h. ® Based
on styrene. ¢ Determined by GC using biphenyl as an internal standard.
4 Without TBAB. ¢NaBr (0.78 mmol) was used as a bromide agent.
fWithout H,0,. ¢ 1,5-Diazabicyclo[4.3.0]non-5-ene (DBN) was used in
place of NaHCO;, 6 h, H,0, (4 equiv., 1.0 mL). * Cat. (NH,);PW,,0,
(0.0425 mmol).  Cat. Cs,sHysPW,0,4 (0.0425 mmol). / Cat. Na, WO,
(0.2 mmol).

bromide-reagent. Without a catalyst and oxidant, the reaction
did not occur at all (entry 4). It is worthwhile noticing that the
presence of 1 mol% Na,Hs;P(W,0;,), significantly boosted the
reaction (entries 5 vs. 6, 7). In this regard, ammonium and cesium
salts of phosphotungstate and sodium tungstate were also shown
to be active for this process (entries 8, 9, 10). Note that their
somewhat low performance could be presumably owing to sparse
transferability between the organic and aqueous phases in this
biphasic system.

Dependence of the added base on the reaction

The key intermediate i.e. 2-bromo-1-phenylethanol (1¢) would
be generated in this protocol for the direct synthesis of cyclic
carbonate as elaborated in Scheme 2. Indeed, 1¢ was isolated
in 16% yield in the absence of any base under the identical
conditions (entry 1, Table 2). In this context, a hydroxyl anion as
adeprotonating reagent could be assumed to be produced during
the bromohydroxylation step of styrene under the given reaction
conditions.'¥!"* Whereas, the presence of a base able to render
the 2-bromo-1-phenylethanol (1¢) to be deprotonated, resulted
in a considerable increase in 1a yield (entry 1 vs. 2, Table 2).
Accordingly, we reasoned that a base could have a remarkable
effect on cyclic carbonate (1a) formation. As listed in Table 2,
either organic or inorganic bases gave rise to a positive effect on
the reaction (entries 2-9). Given the goal of the present work,
we chose NaHCO; as a model base for further investigating
the selective formation of 1a and 1b via the CO,/H,0,-tunable
reaction in terms of availability, environmentally friendly and
simple workup, as well as economical consideration.

CO,/H,0,-tunable selective formation of 1b and 1a

Given the CO, pressure dependency of pH in the H,O/CO,
biphasic system'” and our hypothesis as shown in Scheme 2, we
next investigated the effects of CO, pressure and H,O, amount
on the reaction. As depicted in Table 3, it turned out to be
that a lower CO, pressure within a range of 350-2000 psig
would benefit the reaction, resulting in enhanced reactivity and
improved selectivity towards cyclic carbonate 1a. In other words,
a low pressure is also sufficient to conduct the reaction, thereby

Table 2 Effect of the added base”

Yield (%)
Entry Base Conv. (%) la 1b
1¢ None 35 10 4
2 NaHCO; 66 43 7
3 Na,CO; 74 56 9
4 Cs,CO; 80 65 9
5 NaOH 76 52 10
6 Et;N 75 47 11
7 DBU 88 59 9
8 DBN 80 56 10
9 DMAP? 81 57 12

“Reaction conditions: styrene (0.25 mL, 2.2 mmol), TBAB (0.25 g,
0.78 mmol), Na,H;P(W,0,) (0.0625 g, 0.0213 mmol), base (0.3 mmol),
H,0, (1.0 mL, 4 equiv.), H,O (0.5 mL), at 50 °C, 6 h, 350 psig.
® Determined by GC using biphenyl as an internal standard. ¢ 2-Bromo-
1-phenylethanol (1c¢) was also isolated in 16% yield. “DMAP: 4-
(dimethylamino)pyridine.
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Table 3 CO,/H,0,-tunable selective formation of 1b and 1a“

Yield (%)®
Entry Pco,(psig) H,0, (equiv.) Conv. (%) la 1b
1 2000 6 43 22 10
2 1500 6 59 40 13
3 1000 6 90 61 22
4 500 6 92 63 23
5 350 6 98 65 27
6 350 2 83 62 10
7 350 3 88 67 13
8 350 4 99 68 21
9¢ 0 6 78 0 35
104 0 12 99 0 65

“Unless noted otherwise, all reactions were performed using styrene
(0.25 mL, 2.2 mmol), TBAB (0.25 g, 0.78 mmol), Na,H;P(W,0;),
(0.125 g,0.0425 mmol), NaHCO; (0.025 g, 0.3 mmol) and H,O (0.5mL),
at 50 °C for 12 h. * Determined by GC using biphenyl as an internal
standard. < Without NaHCO;. 1c¢ was also isolated in a yield of 17%.
4 Without NaHCO;, isolated yield.

furnishing a predominant formation of cyclic carbonate 1a,
along with minor quantities of 1b (entries 1-5). On the other
hand, the excess of H,O, is likely to have an adverse effect
on the production of la, but is presumably to be favorable
for the formation of 1b (entries 5-8), being probably ascribed
to the facile oxidation of styrene into benzoic acid"® leading
to generation of 1b as elaborated in Scheme 3. Gratifyingly,
1b as an exclusive product was isolated in 65% yield without
the formation of 1a after a rough optimization of the reaction
conditions such as with 12 equiv. H,0, in the absence of CO, and
NaHCO; (entry 9, 10). It is evident that the selective formation
of 1b and preferential production of 1a could be achieved by
subtly varying the quantities of CO, and H,O,.

X
Ph

H*Base
Base

AU J

H202 \ /

?/

BrO Br,
1 K

Scheme 3 Possible pathways to styrene carbonate (1a) and phenacyl
benzoate (1b) directly from styrene (1).

Ph

[C]

=

Ph
1b

The phenacyl benzoate is an important intermediate and
reagent’™“ in organic synthesis. Current methods™* are

generally based on a-bromoacetophenone as a starting material.
To the best of our knowledge, the work presented herein
is the first example of the synthesis of phenacyl benzoate
from styrene in a single operation, and offers a practical and
environmentally benign approach to the synthesis of benzoate
derivatives in terms of simple workup, low toxic reagent used,
and readily available materials as well as good yield of the desired
product.

Formation of various cyclic carbonates from alkenes and CO,

To test the utility of this protocol, various para-substituted
styrene derivatives were explored for the synthesis of cyclic
carbonates as summarized in Table 4. This methodology is easily
found to be applicable to several styrene derivatives, producing
the corresponding cyclic carbonates. Note that the substrates
with an electron-donating substituent at a para position gave
higher reactivity and selectivity towards formation of product a
than that bearing an electron-withdrawing counterpart (entries
2, 3 vs. 4). It is worth mentioning that 1H-indene (5) was also
effective for uniquely producing 5a; whereas, cyclohexene (6)
gave 2-bromocyclohexanol® as a main product in 48% yield, but
the desired product 6a was isolated in just 7% yield (entries 5, 6).

A series of catalytic recycles® using 4-methoxystyrene (3) as
a model substrate were also tested under the identical reaction
conditions as indicated in Table 4. In each cycle, the products
could be easily isolated via extraction with diethyl ether, and the
aqueous phase containing the catalyst was reused for subsequent
reaction. As a result, the catalyst could be reused for at least
three times with retention of catalytic activity. Consequently,
the efficacious reusability of the catalyst makes the process
more economically and potentially viable for commercial
application.

Table 4 Formation of various cyclic carbonates from alkenes and CO,
catalyzed by Na,H;P(W,0;)*

o
A i
. Na,HsP(W,0,)s/TBAB/H,0, o\, )‘\/o Ar
a €02 NaHCO3, 50 °C, 350psig, 12 h /\/O A W
Ar a b (0]
Yield (%)
Entry  Substrate Conv. (%)* a b
1 Styrene (1) 79 57 14
2 4-Methylstyrene (2) 97 81 11
3 4-Methoxystyrene (3) 100 83 0
4 4-Chlorostyrene (4) 46 34 5
5 1H-Indene (5) 98 82 0
00
ot
64 Cyclohexene (6) 89 7 0
o
>=o
o)

“ Reaction conditions: substrate (2.2 mmol), TBAB (0.25 g, 0.78 mmol),
Na,Hs;P(W,0;)s (0.0625 g, 0.022 mmol), H,O, (1.0 mL, 4 equiv.),
H,0 (0.5 mL), at 50 °C, 12 h, 350 psig. ®* Determined by GC using
biphenyl as an internal standard. ¢ Isolated yield. ¢ Reaction time: 24 h,
2-bromocyclohexanol was formed in 48% yield.
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Possible reaction mechanism

A plausible catalytic cycle for the present CO,/H,0,-tunable
reaction is depicted in Scheme 3. The initial bromohydroxylation
of styrene leading to 1c is accomplished in the presence of TBAB
and H,O, catalyzed by polyoxometalate. Subsequent deproto-
nation of l¢ promoted by a base, followed by a cycloaddition
reaction with CO, leads to formation of the product 1a. On the
other hand, benzoic acid'® is assumed to be formed in-situ under
the reaction conditions, and further converts to the species like
carboxylate anion 1d prompted by either a base or hydroxyl
anion generated in-situ. As envisioned, 1d would likely react
with 1c in the absence of CO, to afford another product, i.e.
phenacyl benzoate (1b). In particular, this tentative mechanism
could account for the finding of this work that the selective
formation of 1b and 1a could be realized by tuning the amounts
of CO, and H,0,, as aforementioned and listed in Table 1-3.
The in-depth mechanistic insight on this process is in progress.

Conclusion

In summary, we developed a facile synthesis of styrene carbonate
(1a) in a single operation from styrene and CO, catalyzed by
sodium phosphotungstate/ TBAB with the aid of an inorganic
base as a “CO,-activator” or “deprotonation reagent”. Interest-
ingly, the selective formation of 1b and preferential production
of 1a could be controlled by subtly tuning the quantities of CO,
and H,0,. This methodology is easily found to be applicable to
several styrene derivatives, producing the corresponding cyclic
carbonates. It is worth mentioning that the catalyst system can
be recovered and reused with excellent activity. On the other
hand, this finding represents a simpler and more cost-effective
pathway for the environmentally benign chemical fixation of
CO, to produce cyclic carbonates and also offers a practical
methodology for the synthesis of benzoate derivatives. The scope
and application of this method are under investigation in our
laboratory.

Experimental
Caution

Experiments using the compressed gas CO, are potentially
hazardous and must only be carried out by using the appropriate
equipment and under rigorous safety precautions.

General

Styrene was obtained from Tianjin Guangfu Chemical Com-
pany and distilled prior to use. Carbon dioxide with a purity of
99.99% was commercially available. All of the other reagents and
catalysts used in this work were of analytical grade and were used
as received without further purification. "HNMR and *C NMR
spectra were recorded on a Varian Mercury Plus 400 MHz or
Bruker 300 MHz, and at 100.4 or 75 MHz respectively in CDCl;.
Chemical shifts () are given in ppm relative to TMS. The solvent
signals were used as references and the chemical shifts converted
to the TMS scale (CDCl;: 6c 77.0 ppm; residual CHCI; in
CDCl;: 6y 7.26 ppm). Column chromatography was performed
by using silica gel 200-300 mesh and eluting as reported in

the following description. GC-MS analyses were carried out
on a Finnigan HP G1800A. GC analyses were performed on a
Shimadzu GC-2014, equipped with a capillary column (RTX-5,
30m x0.25 um) using a flame ionization detector. Melting points
were measured on an X4 apparatus and were uncorrected.

General procedure for the synthesis of carbonates a

The reaction was carried out in a 50 mL stainless-steel autoclave
reactor with an inner glass and a magnetic stirrer. A mixture
of Na,H;P(W,0,), (0.125 g, 0.0425 mmol), n-Bu,NBr (0.25 g,
0.78 mmol), and NaHCO; (0.025 g, 0.3 mmol) dissolved in
0.5 mL H,0 was placed in the reactor. H,O, (1.0 mL, 4 equiv.)
and substrate (2.2 mmol) were then added. The CO, was
introduced into the autoclave with an initial pressure of ca.
300 psig at room temperature. The pressure was adjusted to
350 psig at 50 °C. The mixture was stirred for 12 h. After the
reaction was completed, the reactor was quickly cooled to 0 °C
in ice water. The excess of CO, was depressurized slowly. The
resultant mixture was then extracted by diethyl ether (5 mL x 3),
and dried over MgSO,. The solvent was removed, and the
residue was subjected to column chromatography with ethyl
acetate—petroleum (1 : 20) as the eluent to obtain the desired
product a.

Styrene carbonate (1a). White solid; mp 53-54 °C (lit.*
56 °C); 'H NMR (400 MHz, CDCl,): § 4.33 (t, 1H, J = 8.0
Hz), 4.79 (t, 1H, J = 8.4 Hz), 5.67 (t, 1H, J = 8.0 Hz), 7.34-
7.43 (m, 5H); *C{'H} NMR (75 MHz, CDCl,): é 71.2, 78.0,
125.9, 129.2, 129.7, 135.9, 154.9; IR (KBr): 1779, 1162, 1046,
756, 688 cm™;GC-MS (EI, 70 eV): m/z 164 (M*), 119, 105, 90,
78, 65, 51, 39, 29.

4-Methylstyrene carbonate (2a). White solid; mp 40-41 °C
(lit.? 43-44 °C); '"H NMR (300 MHz, CDCl;): 8 2.35 (s, 3H),
4.26-4.32 (m, 1H), 4.74 (t, 1H, J = 7.8 Hz), 5.61 (t, 1H, J =
7.8 Hz), 7.19-7.25 (m, 4H); “*C{'H} NMR (75 MHz, CDCl,):
621.2,71.2,78.1, 126.1, 129.8, 132.9, 139.8, 155.0; IR (KBr):
1785, 1172, 1049, 896, 808 cm™;GC-MS (EI, 70 eV): m/z 178
(M), 163, 134, 119, 104, 91, 78, 65, 51, 39.

4-Methoxystyrene carbonate (3a). White solid; mp 43-44°C
(lit.2 71-72 °C); '"H NMR (400 MHz, CDCl,): 6 3.83 (s, 3H),
4.35 (t, 1H, J = 8.0 Hz), 4.76 (t, 1H, J = 8.0 Hz), 5.63 (t, 1H,
J = 8.0 Hz), 6.95 (d, 2H, J = 8.4 Hz), 7.31 (d, 2H, J = 8.4
Hz); "C{'H} NMR (75 MHz, CDCl;): § 55.4, 71.1, 78.1, 114.6,
127.5, 127.8, 154.8, 160.8; IR (KBr): 1777, 1617, 1245, 1180,
1034, 823, 722 cm™; GC-MS (EI, 70 eV): m/z 194 (M*), 163,
149, 135, 121, 108, 91, 77, 65, 51.

4-Chlorostyrene carbonate (4a). White solid; mp 69-70 °C
(1lit.>* 68-69 °C); 'H NMR (400 MHz, CDCl;): 6 4.31 (t, 1H,
J = 8.0 Hz), 4.81 (t, 1H, J = 8.0 Hz), 5.66 (t, 1H,), 7.28 (d, 2H,
J =8.4Hz),7.43 (d, 2H, J = 8.4 Hz); “"C{'H} NMR (75 MHz,
CDCl;): 670.9,76.6,127.2,129.5, 134.4, 135.8, 154.5; IR (KBr):
1792, 1158, 1049, 823, 772 cm™; GC-MS (EI, 70 eV): m/z 198
(M%), 163, 139, 124, 112, 112, 89, 75, 63, 51.

1H-Indene carbonate (5a). White solid; mp 78-79 °C (lit.**
73-74 °C); '"H NMR (400 MHz, CDCL,): & 3.40 (m, 2H), 5.44—
5.47 (m, 1H), 6.01 (d, 1H, J = 6.8 Hz), 7.32-7.53 (m, 4H);
BC{'H} NMR (75 MHz, CDCL): é 38.1, 79.7, 83.6, 125.6,
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126.5, 128.3, 131.1, 136.5, 140.1, 154.7; IR (KBr): 1770, 1165,
1049, 1012, 764, 691 cm™; GC-MS (EI, 70 eV): m/z 176 (M*),
132, 115, 104, 89, 78, 63, 51, 39.

Cyclohexene carbonate (6a). White solid; mp 31-35 °C (lit.*
40-41 °C); "H NMR (300 MHz, CDCL): § 1.40-1.46 (m, 2H),
1.55-1.62 (m, 2H), 1.86-1.89 (m, 4H), 4.64-4.7(m, 2H); “*C{'H}
NMR (75 MHz, CDCL): § 19.1, 26.8, 75.7, 155.3; IR (KBr):
1788, 1210, 1014 cm™'; GC-MS (EL 70 eV): m/z 143 (M*), 97,
83,79, 69, 55, 39.

General procedure for the synthesis of phenacyl benzoate
derivatives b

The reaction was carried out in a 50 mL stainless-steel autoclave
reactor with an inner glass and a magnetic stirrer. The reactor
was charged with Na,H;P(W,0;), (0.125 g, 0.0425 mmol),
n-Bu,NBr (0.25 g), H,O, (3.0 mL, 12 equiv.) and substrate
(2.2 mmol). The reaction mixture was heated at 50 °C until the
substrate was completely consumed. After cooling to ca. 0 °C
with an ice-water bath, the reaction mixture was extracted with
diethyl ether (5 mL X 3), then dried over MgSO,. The solvent
was removed, and the residue was chromatographed on silica
gel using a 1 : 20 ethyl acetate—petroleum mixture as the eluent,
which yielded the products b.

Phenacyl benzoate (1b). White solid; mp 118-119 °C (lit.*
118-120 °C); "H NMR (400 MHz, CDCl,): 6 5.59 (s, 2H), 7.46—
7.64 (m, 6H), 7.97 (d, 2H, J = 7.6 Hz ) 8.15 (d, 2H, J = 7.2 Hz);
BC{'H} NMR (75 MHz, CDClL): 6§ 192.1, 166.0, 134.4, 133.9,
133.3, 130.0, 128.9, 128.4, 127.8, 66.4; IR (KBr): 1722, 1692,
1585, 1453, 1410, 1368, 1275, 1218, 1119, 948, 756, 688 cm™;
GC-MS (EI, 70 eV): m/z 240 (M*), 118, 105, 77, 51, 27, 15.

4-Methylbenzoic acid-(4-methyl-phenacyl ester) (2b). White
solid; mp 141-142 °C (lit.” 145 °C); '"H NMR (300 MHz,
CDCl,): 6 2.43 (s, 6H), 5.54 (s, 2H), 7.25-7.31 (m, 4H), 7.87
(d, 2H, J = 8.1 Hz), 8.04 (d, 2H, J = 8.1 Hz); *C{'H} NMR
(75 MHz, CDCl;): 6 191.9, 166.1, 144.8, 144.1, 131.9, 130.0,
129.6, 129.2, 128.0, 126.7, 66.3, 21.8, 21.7; IR (KBr): 1719,
1690, 1595, 1442, 1406, 1362, 1274, 1223, 1172, 1107, 954, 801,
743 cm™; GC-MS (EI, 70 eV): m/z 132, 119, 91, 65, 39.

4-Chlorobenzoic acid-(4-chloro-phenacyl ester) (4b). White
solid; mp 119-120 °C; 'H NMR (300 MHz, CDCl;): § 5.54
(s, 2H), 7.26-7.50 (m, 4H), 7.90 (d, 2H, J = 8.4 Hz), 8.07 (d,
2H, J = 8.4 Hz); "C{'H} NMR (75 MHz, CDCl,): § 190.8,
165.2, 140.6, 140.0, 132.5, 131.4, 131.0, 129.3, 129.2, 129.1,
128.9, 128.8, 127.7, 66.4; IR (KBr): 1725, 1701, 1590, 1486,
1425, 1396, 1368, 1283, 1226, 1127, 1090, 1009, 820, 758 cm™;
GC-MS (EI, 70 eV): m/z 152, 139, 111, 75, 50.
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A convenient, green and efficient procedure for the synthesis of aryl and vinyl dithiocarbamates
has been developed by a simple one-pot three component condensation of an amine, carbon
disulfide, and an aryl iodide or a styrenyl bromide catalyzed by copper nanoparticles in water.
Significantly, the (E)- and (£)-styrenyl bromides provide the corresponding (E)- and (Z)-styrenyl
dithiocarbamates in high diastereoselectivities. The catalyst is recycled.

1. Introduction

Reactions in water have attracted considerable interest in
recent times because of their environmental acceptability, abun-
dance and low cost.! In addition, water often exhibits unique
reactivity and selectivity that cannot be attained in conventional
organic solvents.” Thus, development of an efficient procedure
for an organic reaction using water as the reaction medium has
received high priority in the design of a chemical process.

Organic dithiocarbamates are of much importance as versatile
synthetic intermediates,® and linkers in solid phase organic
synthesis.* Moreover, their occurrence in a variety of biologically
active compounds,’® their pivotal roles in agriculture,® and
their medicinal and biological properties,” prompted interest in
the development of convenient synthetic procedures for these
compounds. Conventional methods involve reactions of amines
with thiophosgene and its derivatives, which are not desirable
for environmental concerns.® Several one-pot procedures by
reaction of amines with carbon disulfide and alkyl halides or
o.,B-unsaturated compounds have also been reported.” However,
although these methods were satisfactory for the synthesis of
alkyl dithiocarbamates, they were not effective for aryl or vinyl
derivatives. The procedures for the synthesis of aryl and vinyl
dithiocarbamates are rather limited and the available methods
involved reaction of the sodium salt of dithiocarbamic acid
with hypervalent iodine compounds' and the Wittig reaction of
aldehydes with phosphonium ylides" among others.'? Recently,
a new protocol based on the Ullmann-type coupling of sodium
dithiocarbamates with aryliodides and vinyl bromides catalyzed
by Cul in the presence of a ligand, N, N-dimethylglycine in DMF,
has been reported.*

In recent times, interest in nanoparticle-catalysis has increased
considerably because of its high efficiency under environmentally

Department of Organic Chemistry, Indian Association for the Cultivation
of Science, Jadavpur, Kolkata, 700 032, India. E-mail: ocbcr@jiacs.res.in
1 Electronic supplementary information (ESI) available: '"H and “C
NMR spectra of all products in Table 1. CCDC reference number
684382. For ESI and crystallographic data in CIF or other electronic
format see DOI: 10.1039/5809200a

benign reaction conditions in the context of green chemistry.™
As a part of our continued activites' to explore catalysis
by metal nanoparticles in water we report here a one-pot
three-component condensation of an amine, carbon disulfide
and an aryl iodide or styrenyl bromide catalyzed by copper
nanoparticles in water under ligand- and base-free conditions
leading to the synthesis of aryl or styrenyl dithiocarbamates
(Scheme 1).

/™, Cu nanoparticles S N/\I
N/ HL0, reflux R” \n/ ~/

6-10h S

RX+ CSy; + HN

R = Ph, styrenyletc.; X =1, Br

Scheme 1

2. Results and discussion

The experimental procedure is very simple. A mixture of aryl
iodide or styrenyl bromide, carbon disulfide, amine was heated
under reflux in water in the presence of copper nanoparticles for
a required period of time (TLC). Standard work-up provided
the product. The aqueous part containing Cu nanoparticles,
remaining after work up, was recycled upto four times without
appreciable loss of efficiency for a representative reaction of 2-(4-
methylphenyl)vinyl bromide and pyrrolidine (entry 11, Table 1)
(Fig. 1).

The best results in terms of yields were obtained using
water as reaction medium compared to conventional organic
solvents such as DMF, toluene and THF. The amount of Cu
nanoparticles was optimized to 3.0 mol%. Use of base such
as K,CO; and K;PO, in water fails to show any effect on
reaction. Thus, contrary to several conventional procedures no
base is used for this Cu-nanoparticles catalyzed reaction. Copper
nanoparticles were prepared from copper sulfate by reduction
with hydrazine hydrate in ethylene glycol.' The identity and size
(2-6 nm) of Cu nanoparticles were established by transmission
electron microscope (TEM) (Fig. 2), energy dispersive X-ray
spectroscopy (EDS) (Fig. 3), and UV spectroscopy (Fig. 4).

1224 | Green Chem., 2008, 10, 1224-1230

This journal is © The Royal Society of Chemistry 2008


http://dx.doi.org/10.1039/B809200A

Downloaded by City College of New Y ork on 09 November 2010
Published on 07 October 2008 on http://pubs.rsc.org | doi:10.1039/B809200A

View Online

Table 1 Copper nanoparticles catalyzed coupling of aryl and vinyl halides with dithiocarbamate anion

v CS, + ™, Cu nanoparticles s N/\‘
RX 2* AN/ H,0, reflux R” \n/ ~/
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. CS, + ™, Cu nanoparticles s N/\‘
RX 2+ IN TR,0, reflux R ~/
S
Entry R X Amine Time/h Product Yield (%) Ref.
16 @(\ Br HNE, 10 ©\/\ ( 76
Br BrS\n/N\/
S
17 X Br HN 8.2 O 86° 13
x-S N
- O™y
S
18 A Br HNMe, 8 | 89° 13
©/\,S\H,N\
S
19 X Br 8.5 84°
o™ e s O
O™y
S
20 O/\/ Br HNEt, 8.4 — 92°
x-S N
MeO O/V )
MeO S
8

21 A Br
o O
Cl

“Tsolated yields of pure products (‘H and "C). ® The substrates in entries 17-20 gave a trace amount (1-3%) of the corresponding Z-isomers as

determined by '"H NMR.

100+

Isolated Yield %
F-y
(=]

0 1 2 3 4 5
No. of Cycle

Fig. 1 Recyclability chart.

Several substituted aryl iodides and styrenyl bromides un-
derwent coupling with the dithiocarbamate anion, generated
in situ by the reaction of carbon disulfide and amine to provide
the corresponding dithiocarbamate derivatives. The results are
summarized in Table 1.

A variety of substituents in the aromatic ring, such as CI,
OCHj;, OCF;, COCHj; are compatible in this reaction. The open-
chain as well as cyclic amines participated uniformly. Signifi-
cantly, the reactions of vinyl bromides are highly stereoselective.
The (Z)-vinyl bromides (Table 1, entries 9-16) provided the
corresponding (Z)-vinyl dithiocarbamates (no E-isomer was
detected/isolated), while the (E)-bromides (Table 1, entries

Unit on NANO Sc & Tech, IACS)

Fig.2 TEM image of Cu nanoparticles.

17-21) furnished the (E)-dithiocarbamates predominantly with
a trace amount (1-3%) of (Z)-isomers. The (E)- and (Z)-isomers
were characterized by their 'H and “C NMR spectroscopy. Our
analysis was also confirmed by the X-ray structure'” of one of
the styrenyl dithiocarbamates (Table 1, entry 21) as shown in
Fig. 5.
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Fig. 3 EDS of Cu nanoparticles on a Cu grid.
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Fig.4 UV spectrum of Cu nanoparticles.

Fig.5 ORTEP diagram of the dithiocarbamate (Table 1, entry 21).

We believe that the reaction proceeds in a catalytic cycle
where the aryl/styrenyl halide undergoes oxidative addition to
Cu to form ArCul which combines with dithiocarbamate anion,
generated in situ by the reaction of amine and carbon disulfide, to
give an intermediate 1, which leads to the product by subsequent
reductive elimination. The liberated Cu(0) initiates a further
reaction and propagates the cycle (Scheme 2). We believe that
Cu nanoparticles facilitate oxidative coupling with aryl iodide
because of their inherent character to transfer electrons® more
easily than metallic Cu (Table 2). Presumably, use of water also
makes this reaction more facile because of its amphoteric nature
and thus not requiring any base.?

Table 2 Comparison of results of reactions catalyzed by metallic Cu
powder with Cu nanoparticles

Yield (%)  Yield (%) Cu

Entry Reaction metallic Cu nanoparticles

1 | 12 91

+ C82 + HNEtZ

QQ

20 87
+ CSZ +HN®
3 35 92
cs2 + HN
4 — 23 95
CSZ + HNMCZ
5 Br 21 89

©/+_252 + HNMe,

Ar-Cu-l

\ JL Cu Arl

Scheme 2

The reactions were very clean and high yielding and no side
products were isolated. A comparison of results of reactions
by Cu nanoparticles with those by metallic Cu (Table 2) dis-
tinctly demonstrates the superior efficiency of Cu nanoparticles
compared to metallic Cu. Our procedure also offers significant
improvements to that catalyzed by Cul*® with regard to catalyst
loading (3.0 vs. 15 mol%), reaction medium (H,O vs. DMF)
and reaction time (6-10 h vs. 22 h). The present procedure
provides a one-pot operation and avoids the use of sodio-salt
of dithiocarbamic acid used in the Cul one. The preparation
and purification of the sodio-salt is very tedious and is also
commercially very expensive. In addition, our reaction did
not require a ligand or a base, whereas the Cul-catalyzed
one® did not proceed without ligand. The stereoselectivities
achieved for vinyl dithiocarbamates by this Cu nanoparticle
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catalyzed reaction are also better than those for the Cul-
catalyzed ones. In fact, highly diastereoselective synthesis of
vinyl dithiocarbamates was not addressed in earlier reports.®*

3. Experimental section
Preparation of Cu nanoparticles

A solution of N,H,-H,O (0.75 mL, 80% aqueous solution,
12 mmol) and NaOH (0.016 g, 0.4 mmol) in ethylene glycol
(80 mL) was added to another solution of CuSO,-5H,O
(2.00 g, 8 mmol) in ethylene glycol (80 mL) with stirring at
room temperature (30 °C). The mixture was then subjected
to irradiation in a conventional microwave oven (BPL, India,
1080 Watt, working cycle of 19 s on and 6 s off) for 3.5 min.
The solution turned black and was allowed to come to room
temperature. Cu nanoparticles were centrifuged, washed with
ethanol five times and dried under vacuum. The particles were
characterized by TEM (4-6 nm), EDX and UV spectra (Fig. 2,
3 and 4). Cu nanoparticles can be preserved under an argon
atmosphere for 3 weeks.

General experimental procedure for the synthesis of dithiocar-
bamates. Representative experimental procedure for condensation
of amine, CS, and aryl/styrenyl halide (entry 9, Table 1). To
a well stirred mixture of cis-(2-bromovinyl)benzene (185 mg,
1 mmol) and carbon disulfide (190 mg, 2. 5 mmol) in water
(2 mL) was added pyrrolidine (84 mg, 1.2 mmol) drop by
drop at 0-5 °C. After stirring for 5 min Cu nanoparticles
(2 mg, 3.0 mol%) were added and the reaction mixture was
heated under reflux for 6 h (TLC). The reaction mixture
was extracted with ethyl acetate (3 x 7 mL) and the extract
was washed with brine and dried (Na,SO,). Evaporation of
organic solvent left the crude product which was purified by
column chromatography over silica gel (hexane—ether 85 : 15)
to provide the corresponding dithiocarbamate, pyrrolidine-1-
carbodithionic acid styryl ester as a white solid, mp 120 °C, IR
(KBr): 2964, 2925, 2898, 1463, 1440, 1330, 1155, 1004, 958, 840,
783, 694 cm™; 'H NMR (300 MHz, CDCl;) 6 1.85-1.94 (m,
2H), 1.95-2.04 (m, 2H), 3.65 (t, J = 6.65, 2H), 3.89 (t, J = 6.75,
2H), 6.70 (d, J = 11.06, 1H), 7.17 (t, J = 7.05, 1H), 7.28 (t, J =
7.33, 2H), 7.36 (d, J = 7.41, 2H), 7.45 (d, J = 11.12, 1H); *C
NMR (75 MHz, CDCl;) 6 24.2, 26.0, 50.9, 55.4, 123.8, 127.5,
128.1, 128.4 (2C), 128.8 (2C), 136.5, 189.0; HRMS Calcd for
C;H;sNS, [M + H]":250.0646; found: 250.0719. The aqueous
part after organic extract containing Cu(0) nanoparticles was
reused for subsequent reactions (no loss of efficiency up to
four times).

This procedure was followed for all the reactions listed in
Table 1. Although this procedure was described with a 1 mmol
scale, 10 mmol scale reactions also provided uniform results.
Several products are known compounds and were easily iden-
tified by comparison of their spectroscopic data and mp’s with
those reported (see refs in Table 1). The unknown compounds
(entries 6-8, 11-17, 19-21, Table 1) were properly characterized
by their spectroscopic (IR, '"H NMR, “C NMR, HRMS) data
which are provided below in order of their entries in Table 1.

Pyrrolidine-1-carbodithioic acid 4-methoxy-phenyl ester
(Table 1, entry 6). Brown viscous oil; IR (neat) 2952, 2922,

2852, 1712, 1589, 1492, 1427, 1245, 1157, 1026, 1001, 954,
823 cm™'; "H NMR (300 MHz, CDCl;) 6 1.99 (q, J = 7.20 Hz,
2H),2.11(q,J = 6.81 Hz, 2H), 3.79 (t, J = 6.97 Hz, 2H), 3.84 (s,
3H), 3.93(t,J =7.06 Hz, 2H), 6.96 (d, J = 8.66 Hz, 2H), 7.39 (d,
J =28.65Hz, 2H); *CNMR (75 MHz, CDCl;) 6§ 24.4,26.4, 51.0,
55.3, 55.4, 114.8 (2C), 122.0, 138.5 (2C), 161.2, 194.3; HRMS
Calcd for C,,H;sNOS, [M + Na]*: 276.0493; Found: 276.0488.

Pyrrolidine-1-carbodithioic acid 4-acetyl-phenyl ester (Table 1,
entry 7). White solid (mp 79 °C; IR (KBr) 2923, 2869, 2862,
1683, 1433, 1259, 1159, 1002, 954 cm™; 'H NMR (300 MHz,
CDCl;) 6 1.99-2.03 (m, 2H), 2.12-2.16 (m, 2H), 2.62 (s, 3H),
3.80 (broad, 2H), 3.92 (broad, 2H), 7.59 (d, J = 8.25 Hz, 2H),
7.99 (d, J = 8.26 Hz, 2H); *C NMR (75 MHz, CDCl,) § 24.5,
26.4,26.8,51.3,55.4,128.8 (2C), 136.7, 137.0 (2C), 137.8, 197.5,
HRMS Calcd for C;HsNOS, [M + Na]*: 288.0493; Found:
288.0497.

Dimethyl-dithiocarbamic acid 4-trifluoromethoxy-phenyl ester
(Table 1, entry 8). Pale yellow solid (mp 65 °C); IR (KBr) 2927,
2846, 1487, 1373, 1255, 1215, 1170, 981, 920, 842, 513 cm™; 'H
NMR (300 MHz, CDCl;) 6 3.52 (s, 3H), 3.58 (s, 3H), 7.30 (d,
J=8.29Hz,2H), 7.53(d, J =8.65Hz, 2H); *C NMR (75 MHz,
CDCl;) 642.0,45.8,118.7,121.1 (2C), 130.2, 138.7 (2C), 150.5,
196.6; HRMS Calcd. for C,,H,,F;NOS, [M + HJ*: 282.0234;
Found: 282.0226.

Pyrrolidine-1-carbodithioic acid 2-p-tolyl vinyl ester (Table 1,
entry 11). White solid (mp 112 °C); IR (KBr) 2966, 2945, 2916,
2868, 1467, 1440, 1330, 1161, 1006, 958, 854, 821, 790, 520 cm™;
'"H NMR (300 MHz, CDCl;) 6 1.89 (q, J = 6.68 Hz, 2H), 1.97
(q, J =6.66 Hz, 2H), 2.25 (s, 3H), 3.63 (t, / = 6.41 Hz, 2H), 3.87
(t, J = 6.56 Hz, 2H), 6.66 (d, J = 11.04 Hz, 1H), 7.07 (d, J =
7.89 Hz, 2H), 7.25 (d, J = 7.94 Hz, 2H), 7.37 (d, J = 11.08 Hz,
1H); *C NMR (75 MHz, CDCl,) 6 21.3, 24.1, 25.9, 50.8, 55.3,
122.6, 128.1, 128.7 (2C), 129.1 (2C), 133.6, 137.4, 189.0; HRMS
Calcd for C,;H;NS, [M + HJ": 264.0881; Found: 264.0872.

Morpholine-4-carbodithioic acid 2-p-tolyl vinyl ester (Table 1,
entry 12). Yellow solid; (mp 118 °C); IR (KBr) 2954, 2920,
2850, 1473,1425,1261, 1222, 1110, 1028, 985, 852, 823, 524 cm™;
'"H NMR (300 MHz, CDCl;) 6 2.36 (s, 3H), 3.74-3.77 (m, 4H),
4.19 (broad, 4H), 6.83 (d, J = 10.97 Hz, 1H), 7.18 (d, J =
7.86 Hz, 2H), 7.33 (d, J = 7.97 Hz, 2H), 7.41 (d, J = 10.97 Hz,
1H); *C NMR (75 MHz, CDCl;) 6 21.3, 51.0 (2C), 66.2 (2C),
122.1, 128.7 (2C), 129.1 (2C), 129.2, 133.3, 137.6, 193.9; HRMS
Calcd for C,H;;NOS, [M + HJ*: 280.0830; Found: 280.0825.

Diethyl-dithiocarbamic acid 2-p-tolyl-vinyl ester (Table 1, entry
13). Colorless viscous oil; IR (neat) 2977, 2931, 1488, 1417,
1353,1269, 1205, 1143, 1008,981, 823 cm™; "HNMR (300 MHz,
CDCl;) 6 1.27-1.35 (m, 6H), 2.36 (s, 3H), 3.79 (q, J = 6.94 Hz,
2H), 4.04 (q, J = 6.87 Hz, 2H), 6.78 (d, J = 11.07 Hz, 1H), 7.18
(d, J =792 Hz, 2H), 7.36 (d, J = 7.98 Hz, 2H), 7.44 (d, J =
11.08 Hz, 1H); *C NMR (75 MHz, CDCl;) 6 11.5, 12.7, 21.2,
46.8, 49.9, 123.0, 128.2, 128.7 (2C), 129.0 (2C), 133.5, 137.3,
191.9; HRMS Calcd for C,,H (NS, [M + H]J*: 266.1037; Found:
266.1030.

Piperidine-1-carbodithioic acid 2-(4-chloro-phenyl)-vinyl ester
(Table 1, entry 14). Colorless viscous liquid; IR (neat) 2937,
2923, 2854, 1488, 1475, 1427, 1242, 1226, 1089, 1010, 974, 850,
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829; 'H NMR (300 MHz, CDCl;) 6 1.70 (broad, 6H), 3.93
(broad, 2H), 4.29 (broad, 2H), 6.73 (d, J = 11.10 Hz, 1H), 7.23-
7.35 (m, 4H), 7.50 (d, J = 11.10 Hz, 1H), *C NMR (75 MHz,
CDCl;) 6 24.8, 25.9 (2C), 52.1, 53.9, 125.4, 127.5, 128.9 (20),
130.4 (2C), 133.5, 135.3, 191.8; HRMS Calcd for C,,H(CINS,
[M + HJ*: 298.0491; Found: 298.0483.

Diethyl-dithiocarbamic acid 2-(4-chloro-phenyl)-vinyl ester
(Table 1, entry 15). Colorless viscous oil; IR (neat) 2977,
2931, 2869, 1488, 1417, 1203, 1091, 1010, 829 cm™; '"H NMR
(300 MHz, CDCl;) 6 1.18-1.33 (m, 6H), 3.73 (q, J = 6.94 Hz,
2H), 3.99(q,J =6.94 Hz, 2H), 6.67 (d, J = 11.11 Hz, 1H), 7.18-
7.31 (m, 4H), 7.42 (d, J = 11.10 Hz, 1H); *C NMR (75 MHz,
CDCl;) 6 11.9, 13.2, 47.3, 50.4, 125.4, 127.4, 128.9 (2C), 130.4
(20), 133.5, 135.3, 191.7; HRMS Caled for C;H(CINS, [M +
H]J*: 286.0491; Found: 286.0602.

Diethyl-dithiocarbamic acid 2-(bromo-phenyl)vinyl ester
(Table 1, entry 16). Viscous yellow liquid; IR (neat) 2976,
2929, 2869, 2852, 1488, 1417, 1354, 1269, 1203, 1143, 1024,
764 cm™; "H NMR (300 MHz, CDCl;) 6 1.29 (t, J = 7.05 Hz,
6H), 3.74 (q, J = 7.05 Hz, 2H), 4.04 (q, J = 7.05 Hz, 2H),
6.93 (d, J = 10.89 Hz, 1H), 7.13 (t, J = 7.58 Hz, 1H), 7.26—
7.34 (m, 1H), 7.53-7.59 (m, 3H); *C NMR (75 MHz, CDCl;)
6 11.6,12.9,47.0, 50.0, 124.1, 126.9, 127.1, 127.8, 129.1, 129.9,
132.8, 136.6, 191.6; HRMS Caled for C;;H(BrNS, [M + HJ*:
329.9986; Found: 329.9813.

Pyrrolidine-1-carbodithioic acid 2-p-tolyl-vinyl ester (Table 1,
entry 19). White solid (mp 113 °C); IR (KBr) 2968, 2948, 2913,
2860, 1462, 1438, 1335, 1168, 1012, 938, 848 cm™; '"H NMR
(300 MHz, CDCl;) 6 1.99 (t, J = 6.67 Hz, 2H), 2.10 (t, J =
6.75Hz, 2H), 2.33 (s, 3H), 3.67 (t, J/ = 6.82 Hz, 2H), 3.95 (t, J =
6.79 Hz, 2H), 6.73 (d, J = 16.05 Hz, 1H), 7.13 (d, J = 7.97 Hz,
2H), 7.34 (d, J = 7.98 v, 2H), 7.47 (d, J = 16.03 Hz, 1H); *C
NMR (75 MHz, CDCl;) 6 21.3, 24.4, 26.2, 50.8, 54.8, 121.4,
126.6 (2C), 129.4 (2C), 132.2, 133.6, 138.1, 190.5; HRMS Calcd
for C,,H;;NS, [M + H]": 264.0881; Found: 264.0873.

Diethyl-dithiocarbamic acid 2-(4-methoxyphenyl)-vinyl ester
(Table 1, entry 20). Brownish viscous liquid; IR (neat) 2976,
2931, 2833, 1606, 1510, 1488, 1417, 1269, 1251, 1031, 833,
785 cm™; '"H NMR (300 MHz, CDCl;) 6 1.25-1.32 (m, 6H),
3.72 (q, J = 6.79 Hz, 2H), 3.78 (s, 3H), 4.01 (q, J = 6.73 Hz,
2H), 6.68 (d, J = 15.95 Hz, 1H), 6.85 (d, J = 8.65 Hz, 2H), 7.25
(d, J = 15.88 Hz, 1H), 7.38 (d, J = 8.62 Hz, 2H); *C NMR
(75 MHz, CDCl;) 6 11.5, 12.5, 46.9, 49.2, 55.2, 114.0 (20),
119.7, 127.9 (2C), 129.1, 132.3, 159.5, 193.5; HRMS Calcd for
C,H,,)NOS, [M + H]J": 282.0986; Found: 282.0980.

Piperidine-1-carbodithioic acid 2-(4-chloro-phenyl)-vinyl ester
(Table 1, entry 21). White solid (mp 122 °C); IR (KBr) 2941,
2925, 2854, 1471, 1488, 1429, 1242, 1232, 1118, 1010, 979, 835,
781 cm™; "H NMR (300 MHz, CDCl,) 6 1.73 (broad, 6H), 3.88
(broad, 2H), 4.29 (broad, 2H), 6.69 (d, J = 15.99 Hz, 1H), 7.30
(d, J = 8.45 Hz, 2H), 7.38 (d, J = 8.43 Hz, 2H), 7.50 (d, J =
16.0 Hz, IH); *"CNMR (75 MHz, CDCl;) § 24.5,25.6 (2C), 51.8,
52.8, 123.8, 127.8 (2C), 128.9 (2C), 130.9, 133.8, 134.9, 192.8;
HRMS Calcd for C,H(CINS, [M + HJ*": 298.0491; Found:
298.0488.

4. Conclusion

The present procedure using copper nanoparticles provides a
very efficient and convenient methodology for the synthesis of
aryl and styrenyl dithiocarbamates by a one-pot three compo-
nent condensation of aryl/styrenyl halide, carbon disulfide and
amine in water. The advantages offered by this procedure are
operational simplicity, general applicability to acyclic and cyclic
amines, ligand- and base-free reaction, high yields of products,
excellent diastereoselectivity for styrenyl dithiocarbamates, and
green protocol providing recyclability of catalyst up to four times
without loss of efficiency, and use of water as reaction medium.
To the best of our knowledge, condensation of amine, carbon
disulfide and aryl/styrenyl halide catalyzed by Cu nanoparticles
in water for the synthesis of aryl and styrenyl dithiocarbamates
is novel and not reported earlier. Moreover, this methodolgy
further demonstrates the potential of Cu nanoparticles and
water in organic reactions.
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Indium has received much attention as a widely used rare metal, which has led to its consumption
and cost increasing dramatically. Development of economical and ecological procedures for

indium recycling is highly desired in all fields consuming indium. Here, we propose that indium

species can be immobilized on solid acids by ion exchange, which increases their activity and

enables the generation of the first recyclable heterogeneous indium catalysts for addition reactions
of 1,3-dicarbonyl compounds to unactivated alkynes. This reaction was first reported in 2003, as a
typical green protocol using abundant carbon sources for useful fine chemicals. The
In**-exchanged ultrastable Y zeolite (In**-USY) and montmorillonite (In**-mont) showed various
unique catalyses. For example, the alkenylation reaction proceeded successfully without any

additives except for the catalysts.

Introduction

Indium is a widely used rare metal in semiconductors,' liquid
crystal displays,? solar cells,® and light-emitting diodes,* which
has resulted in a six-fold increase in the amount of indium
consumption over the past five years. This rapidly rising demand
for indium has led to a dramatic increase in cost and it is
estimated that there is only a several decades’ supply of indium
left at current consumption rates.” Therefore, the development
of economical and ecological procedures for indium recycling is
highly desired in all fields which consume indium.*

Since 2000, a sharp and continuing increase in the number of
publications reporting indium catalysts in organic synthesis has
also been observed. In 2003, Nakamura and co-workers reported
the first example for addition reactions of 1,3-dicarbonyl com-
pounds to unactivated alkynes, which can be promoted by Lewis
acidic homogeneous indium catalysts.” This reaction is regarded
as a typical green protocol for the synthesis of useful precursors
of functional materials. The utilization of abundant carbon
sources, such as unactivated alkenes® and alkynes, to synthesize
fine chemicals is one of the goals of green chemistry because it
reduces and/or eliminates the installation of activating groups
on unreactive carbon sources. In the above reaction system,
the heterogenization of the indium catalysts for easy recovery
and recycling is necessary to realize industrially acceptable
processes. Immobilization of metals on typical oxide supports,

“Research Center for Solar Energy Chemistry, Osaka University, 1-3
Machikaneyama, Toyonaka, Osaka, 560-8531, Japan

*Department of Materials Engineering Science, Graduate School of
Engineering Science, Osaka University, 1-3 Machikaneyama, Toyonaka,
Osaka, 560-8531, Japan

1 Electronic supplementary information (ESI) available: XRD, XANES,
EXAFS, and FT-IR spectra of In*-USY and In**-mont. See DOI:
10.1039/b810490¢

such as SiO, and Al,O;, by metal-oxygen covalent bonding or
on electron-donating ligands anchored on a support surface
can be considered as heterogenization techniques, but such
procedures often cause extensive damage to the Lewis acidic
sites of the metal centers resulting in a decrease of their intrinsic
catalytic functions. To solve this problem, we have focused on
the utilization of solid acids, such as montmorillonites and
zeolites, as ion-exchangeable supports of Lewis acidic metals.’
Here, we present indium species immobilized on solid acids
by an ion exchange method as a typical procedure to realize
both heterogenization and activation of indium. This is the first
report on recyclable heterogeneous indium catalysts for addition
reactions of 1,3-dicarbonyl compounds to unactivated alkynes
(eqn (1)). The alkenylation reaction proceeded successfully
without any additives other than the catalysts. In addition,
the activities of the catalysts could be controlled by varying
acid strengths and pore sizes of the supports, which enabled
substrate-selective addition reactions.

o 9 +__ In3*-USY or In**-mont R1O ? R2
RO R Ré= p M
R® R R4

Results and discussion

In*-exchanged ultrastable Y zeolite (In**-USY) was easily
prepared by treatment of H-USY (N. E. Chemcat, Si/Al =
10) with an aqueous solution of InCl;. X-ray diffraction studies
verified the retention of the USY structure, and the In K-edge X-
ray absorption near edge structure (XANES) spectrum showed
the formation of a trivalent In species. The absence of chloride
anion was revealed by X-ray photoelectron spectroscopy (XPS).
In the Fourier transform of the k*-weighted In K-edge extended
X-ray absorption fine structure (EXAFS), the lack of peaks
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Table 1 Addition of 1 to 2 using various In catalysts®

o 0O catalyst ?
)H/U\OEt * /HA\ neat. OFt
"CsHy4
1 2 3

Entry  Catalyst Conversion of 1 (%)  Yield of 3 (%)

1 In*-USY >99 99

2 In**-USY (Reuse 1)  >99 >99

3 In**-USY (Reuse 2) >99 >99

4 In*-USY (Reuse 3) >99 99

5 In*-USY (Reuse 4) 99 99

6 In**-mont 80 68

7 In**-beta 50 37

8 In**-silicaalumina 24 6

9 In**-ZSM-5 Trace Trace
10 In*-mordenite Trace Trace
11 In/SiO, Trace Trace
12 In/TiO, Trace Trace
13 In/AlLO; Trace Trace
14 In/MgO Trace Trace
15° In,0, Trace Trace
16° InCl; 44 25
17 H-USY Trace Trace

%1 (1.0 mmol), 2 (5.0 mmol), catalyst (0.10 g), 140 °C, 5 h. Conversion
and yield were determined by GC with an internal standard. The used
catalyst was calcined at 800 °C before the recycle experiment. ® In (2.4 X
10 mmol).

around 3.6 A showed that there were no In-In bonds in the In*-
USY. Conclusively, a monomeric In** species was introduced
into the USY by ion-exchange. In**-montmorillonite (In*-
mont) was also prepared in a similar fashion and the presence
of monomeric In** species in In**-mont was confirmed.

Results of the addition reaction of 2-methyl acetoacetic
acid ethyl ester (1) to 1-heptyne (2) using various supported
and unsupported In catalysts without solvent are summarized
in Table 1. Remarkably, In**-USY showed excellent catalytic
activity, affording the alkenylation product (3) in quantitative
yield (entry 1). After the reaction, the catalyst was easily
separated from the reaction mixture by simple filtration, and
could be reused four times with retention of its high catalytic
activity and selectivity (entries 2-5)." In*-mont also showed
good performance (entry 6). Indium species with other acidic
supports, such as ZSM-5 and mordenite, were hardly functional
as catalysts (entries 9 and 10) and the reaction scarcely proceeded
in the case of neutral and basic oxide-supported In species
(entries 11-14). Indium oxide was also inactive (entry 15). The
catalyst precursor InCl; showed a much lower performance
(entry 16), suggesting that the activity of the indium species
increased by the ion-exchange with USY and mont. Although
excess 2 was used to obtain high yield of 3, the product
selectivities based on 2 (= yield of 3/conversion of 2 x 100)
was 88% and >99% for fresh and reuse In**-USY, respectively.'!
These values are higher than that of the homogeneous In(OTf),
(85%) under identical reaction conditions.

The addition reactions of various 1,3-dicarbonyl compounds
to 2 with In**-USY or In**-mont are illustrated in Table 2.
1,3-Diketones were found to be good substrates for the In**-
USY-catalyzed reaction, and the corresponding 2-alkenylation
products were formed in good to excellent yields (entries 1,

Table 2 Addition of 1,3-dicarbonyl compounds to alkynes with In**-
USY and In*-mont*

Yield (%)
(Reaction time/h)
Dicarbonyl
Entry  compound Temperature/°C  In**-USY  In**-mont
1° (o e} 100 93(42) 72(42)
Ph)j\/“\
2° o 0 100 29(40)° 73(40)°
PhMPh
3¢ M 100 99(24) 99(24)*
4 o O 140 86(8) 17(8)
50 o o 100 99(6) 66(12)
MOMe
6 o o 100 99(6) 65(12)
MOEt
7 o o 140 75(1) 48(5)
OEt
8! o o 140 99(5) 68(5)
OEt
gd-e 0 0 160 10(14) 89(14)°
EtO OEt
104 o o 160 11(14) 78(14)

MeO)H/LOMe

“1,3-Dicarbonyl compound (1.0 mmol), 2 (5.0 mmol), catalyst (0.10 g),
toluene (2 mL). Yield was determined by GC with an internal standard.
®1,3-Dicarbonyl compound (2.0 mmol), 2 (4.0 mmol). ¢ Isolated yield.
4 Neat. ¢ Reaction with 1-octyne.

3, and 4) except for dibenzoyl acetone which showed better
reactivity with In**-mont (entry 2). Interestingly, these reactions
of 1,3-diketones proceeded without any additives, whereas the
In(OTf); catalyst system needs triethylamine and BuLi for
improvement of product selectivity.™ B-Ketoesters also reacted
with 1-heptyne using In**-USY or In*-mont catalyst to afford
the corresponding products in excellent yields (entries 5-8).
The reactions of 1,3-diesters with relatively high pK, values
proceeded successfully with In**-mont, but In**-USY showed
low catalytic performances (entries 9 and 10). Other alkynes,
such as phenylacetylene and phenyl propynyl thioether, also
showed excellent reactivities (Scheme 1).

After the treatment of In**-USY with acetyl acetone, the
IR spectrum revealed the formation of an In-enolate species.
The presence of a Lewis acidic site was also confirmed by IR
analysis of pyridine adsorbed In’**-USY. The reaction of ethyl
cyclopentanone-2-carboxylate to 1-deuterio-2-phenylethyne af-
forded the corresponding addition product with 76% deuterium
incorporation at the trans-position together with 21% deuterium
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(4 mmol

(2 mmol)

(OJNe]
éik 91%,7h
In3*-mont (2.4 mol%)
neat., 140-150 °C
Br
O O
y

S
S.,
q mmol) ©/ g

Scheme 1

N

Br

(4 mmol) 99%, 14 h

\

93%, 3 h
(EIZ=112)

Addition reactions of acetyl acetone to various alkynes.

at the cis-position (Scheme 2)."”? From these results, the proposed
reaction mechanism is as follows. An indium enolate is first
generated by the reaction of the In** species with a 1,3-
dicarbonyl compound. This is assisted by a macro-counter anion
of the solid surface through proton abstraction.” This unusual
nucleophilicity of the solid surface affords efficient addition reac-
tions without basic additives. Next, an alkyne also coordinates
to the In** species, followed by the formation of the addition
product through a transition state of cis-carbometalation.™
From Table 2, In*-USY surpassed the performance of the
In*-mont catalysts except in the cases of large 1,3-dicarbonyl
compounds (entry 2) and 1,3-diesters (entries 9 and 10). The
In**-USY with meso pores (7.4 x 7.4 A) has potential utility as
a size-selective catalyst, and the montmorillonite having a two-
dimensional expandable interlayer'® can allow reactions even on
large substrates. The reaction scarcely occurred with In-ZSM-
5 as a result of its restricted pore size (5.1 x 5.5 A, Table 1,
entry 8). In addition, the higher performances of In*-mont
than In**-USY for the reaction of 1,3-diesters might originate
from the acid strengths of the solid supports (H*-mont: AH =
111 kJmol™; H*-USY: 122 kI mol™).¥ Owing to the weak acidity
of the mont, the anionic interlayer of the In**-mont has higher
nucleophilicity than that of the In**-USY, which allows the
formation of an In-enolate intermediate by proton abstraction
from 1,3-diesters with higher pK, values than diketones and
ketoesters. It can be expected that highly acidic mordenite (AH =
160 kJ mol™)®¥ cannot abstract protons from 1,3-dicarbonyls
due to its low nucleophilicity (Table 1, entry 9). Utilization of the
solid acids as supports for In** species enables not only recycling
of the In catalyst but also controls the catalysis of the alkenylation
reaction.

0 0
E_E OOEt + Ph—D In**-USY (2.4 mol%) OEﬁ —21%D
H ) neat, 100 °C, 12 h —
(2 equiv.) 14% conv. PHH™Y ,
13%yield ~ 76%D

Scheme 2 Addition of ethyl cyclopentanone-2-carboxylate to 1-
deuterio-2-phenylethyne.

Conclusions

Heterogeneous indium catalysts for addition reactions of 1,3-
dicarbonyl compounds to unactivated alkynes were developed
with the use of solid acids. The indium catalyst can be reused

with retention of its high activity and selectivity. The substrate
selectivity strongly depends on the structure and acid strength
of the supports. This catalyst system will be applicable to other
rare metal recycling methods and contribute highly to green and
sustainable chemical processes.

Experimental
General

'H- and "C-NMR spectra were obtained on JEOL GSX-270 or
JNM-AL400 spectrometer at 270 or 400 MHz in CDCl; with
TMS as an internal standard. Infrared spectra were obtained
with a JASCO FTIR-410. Analytical GLC and GLC-mass were
performed using a Shimadzu GC-8A PF with flame ionization
detector equipped with KOCL 3000T, Silicon SE-30, and OV-
17 columns, and a Shimadzu GCMS QP5050A equipped with
ULBON HR-1 columns. Powder X-ray diffraction patterns were
recorded using Philips X"Pert-MPD with Cu Ko radiation. XPS
were measured on Shimadzu ESCA-KM using MgK o radiation.
In K-edge X-ray absorption spectra were recorded at the beam
line 01B1 station attached to the Si(111) monochromator at
SPring-8 for JASRI, Harima, Japan. Fluorescence yield was
collected at room temperature. Data analyses were performed
with the “REX2000 ver. 2.3” program (RIGAKU).

Unless otherwise noted, materials were purchased from Wako
Pure Chemicals, Tokyo Kasei Co., Nacalai tesque, and Aldrich
Inc. and were used after appropriate purification. Na*-mont-
morillonite (Na-mont), Nay(OH),Sis(Al;3sMgoe5Fe0.19)On,
was purchased from Kunimine Industry Co. Ltd., Japan as
Kunipia F. H-USY (N. E. Chemcat. Si/Al = 10), H-ZSM-5
(JRC-Z5-25H), and H-Mordenite (JRC-Z-HM20) were used.
The identities of products were confirmed by comparison with
reported mass and NMR data.

Preparation of the In**-USY

The H-USY (2.0 g) was added to 140 mL of a 2.3 x 10* M
aqueous solution of InCl;. Then the heterogeneous mixture
was stirred at 90 °C for 24 h under air. The solid product was
separated by centrifugation, washed thoroughly with deionized
water and dried at 110 °C, affording In-USY (In content:
2.8 wt%). Various indium supported solid base catalysts, such
as In**-mont (In: 5.5 wt%), In**-beta, In**-silicaalumina, In*-
ZSM-5, In**-mordenite, In/SiO,, In/TiO,, In/Al,O;, In/MgO,
In/hydrotalcite, and In/hydroxyapatite were synthesized by the
same procedure.

A typical example for the In**-USY-catalyzed addition of
1,3-dicarbonyl compounds to alkynes

Into a pyrex pressure tube (15 mL) were placed the In**-USY
(0.10 g, In: 2.4 x 10 mmol), 2-methyl acetoacetic acid ethyl
ester (1.0 mmol), and 1-heptyne (5.0 mmol). The resulting
mixture was vigorously stirred at 140 °C under Ar. After 5 h,
the catalyst was separated by filtration and the GC analysis of
the filtrate showed up to 99% yield of ethyl 2-acetyl-2-methyl-
3-methyleneoctanoate. The filtrate was purified by column
chromatography using silica (hexane/ethyl acetate = 9/1) to
afford a pure product (0.21 g, 92% isolated yield). The used
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catalyst was calcined at 800 °C for 10 h in the air and then could
be reused at least 4 times without appreciable loss of its activity
and selectivity.

Reaction with deuterated phenylacetylene

Into a pyrex pressure tube (15 mL) were placed the In**-USY
(5.0 x 107 g, In: 1.2 x 10?2 mmol), ethyl cyclopentanone-
2-carboxylate (1.0 mmol), and 1-deuterio-2-phenylethyne
(2.0 mmol). The resulting mixture was vigorously stirred at
100 °C under Ar. After 12 h, the catalyst was separated by
filtration and 'H NMR analysis revealed 14% yield of the
addition product. The ratio of deuterium at cis/trans-position
was also determined by '"H NMR.
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