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Workshop in green chemistry production of essential
medicines in developing countries

0. O. Kunle,* Joseph M. Fortunak* and Robin D. Rogers*

Report on the Workshop in Green Chemistry Production of Essential
Medicines in Developing Countries, held in Abuja, Nigeria from
18th—20th March, 2008. Left to right: Dr Tahir Amin, Dr Echeazu Ogu,
Prof. Stephen Byrn, Arc. Gabriel Yajubu Aduku, Prof. Joseph Fortunak,
Prof. Robin D. Rogers, Sister Zita Ekochea.
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Hydrogenation catalysts from used nickel metal hydride
batteries

Mark R St J. Foreman,* Christian Ekberg and
Arvid Odegaard Jensen

A synthesis of a safe and effective hydrogenation catalyst has been

- . : . . Ni (Impure)
developed with used nickel metal hydride electrical cells as the starting
material.
827
Iron chloride supported on pyridine-modified mesoporous 0

o . . R R
silica: an efficient and reusable catalyst for the allylic @ f’fb’
oxidation of olefins with molecular oxygen Retl Mot P>
=H. Methyl. Pheny 0
(0] 0,

Jianyong Mao, Xingbang Hu, Haoran Li,* Yong Sun,
Congmin Wang and Zhirong Chen

The novel heterogeneous catalyst with iron chloride immobilized on
pyridine-modified mesoporous silica displayed excellent catalytic
activity, selectivity and reusability for the allylic oxidation of olefins with
molecular oxygen.

CHONGIOKC)
P eime aotiies Porous S

High efficient and reusable catalyst for

the allylic oxidation of olefins

832

Rhodium-catalyzed asymmetric transfer hydrogenation of
alkyl and aryl ketones in aqueous media

Katrin Ahlford, Jesper Lind, Lena Maéler and
Hans Adolfsson*

Alkyl and aryl ketones are efficiently reduced under transfer
hydrogenation conditions in water using a novel lipophilic rhodium
catalyst based on ligand 2.
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836
Accumulation of ionic liquids in Escherichia coli cells

Robert J. Cornmell, Catherine L. Winder, Gordon J. T.
Tiddy, Royston Goodacre and Gill Stephens*

FT-IR spectroscopy can be used to detect accumulation of ioninic
liquids in Escherichia coli cells.
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Platform technology for dienone and phenol-formaldehyde
architectures

Q

Marilena A. Giarrusso, Luke T. Higham, Ulf P. Kreher,
oo s e Ram S. Mohan, Anthony E. Rosamilia, Janet L. Scott* and

O building blocks

= 0 Christopher R. Strauss*

100% atom
economy

A simple, green chemistry strategy, utilising a building block approach
toward the development of an array of potentially useful families of
g compounds, including phenol-formaldehyde products and novel

macrocycles is described.

853

Microwave facile preparation of highly active and dispersed
SBA-12 supported metal nanoparticles
Juan Manuel Campelo, Tomas David Conesa,

Maria Jose Gracia, Maria Jose Jurado, Rafael Luque,*
Jose Maria Marinas and Antonio Angel Romero

A simple and swift microwave protocol for the preparation of metal
nanoparticles supported on a mesoporous structure has been developed.
The supported materials were highly active and differently selective in
the catalytic oxidations of styrene and benzyl alcohol.

Green synthesis of silver and palladium nanoparticles at
room temperature using coffee and tea extract

Mallikarjuna N. Nadagouda and Rajender S. Varma*

An extremely simple green approach that generates bulk quantities of
nanocrystals of noble metals such as silver (Ag) and palladium (Pd)
using coffee and tea extract at room temperature is described.

100 1) w—
863
* HRP-mediated inverse emulsion polymerisation of
NH, HRP, H;02, 24-pentadione acrylamide in supercritical carbon dioxide
/\|r PFPE-COO'NH," 0 Silvia Villarroya,* Kristofer J. Thurecht and
i water / cCO, HoN Steven M. Howdle*

This article describes the horseradish peroxidase (HRP)-mediated
inverse emulsion polymerisation of water-soluble acrylamide in
supercritical carbon dioxide (scCO,).
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Silica-assisted Suzuki—-Miyaura reactions of heteroaryl
bromides in aqueous media

Shengyin Shi and Yuhong Zhang*

A new environmentally benign and recyclable catalytic system has been
developed for the Suzuki-Miyaura cross-coupling of heteroaryl
bromides and arylboronic acids in aqueous media.

0.5 mol % Pd(OAc),

Ar-Br  + @B(OH)Z Ar 4
R\=— NaOH or Na,COg, 80 °C 7R
silica gel, H,O-PEG

Ar = Heteroaryl, naphthalenyl, alkenyl

873
The Knoevenagel condensation at room temperature
Ronald Trotzki, Markus M. Hoffmann and

CN

Bernd Ondruschka*
R 1 2 R 3

The Knoevenagel condensation can proceed at room temperature to
at times quantitative yields either solvent-free as a mixture of reactants CHO xCHO
or in a solution of ethanol.

R? R3 R! R3

R? R?

type 1 type 2
879
Absorption of CO; by ionic liquid/polyethylene glycol 060 co,[ N, [ co,| N, [co,[ N,

mixture and the thermodynamic parameters

Xiaoyong Li, Mingiang Hou, Zhaofu Zhang, Buxing Han,*
Guanying Yang, Xiaoling Wang and Lizhuang Zou*

The ionic liquid [Choline][Pro] synthesized from renewable materials

and [Choline][Pro]/polyethylene glycol 200 mixture can be used to 0.15+
absorb CO, effectively, and desorption of CO, can be easily achieved
under vacuum or bubbling nitrogen through the solution. 0.004 i . ' . i ! d
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Time/min
885
Non-occurrence of a Zincke-like process upon treatment of - ~OH
1-(2,4-dinitrophenyl)-3-methylimidazolium chloride with a NHy —> Me~ N\?_ N \\‘
chiral primary amine Me” 5 Cl Me M
Julio Cezar Pastre, Carlos Roque D. Correia and N_ZN- )\/
-~ ’ Me™ "~z ~DNP——— OH
Yves Génisson* © \a— n-BUOH, n-Bu® HN
. S . 4 reflux, 20h NO, NO,
Huang’s preparation of chiral imidazolium salts by means of a
Zincke-like process was re-investigated. DNP = 2,4-dinitrophenyl ‘ > +
6 7
NO, 30% NO, 51%
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New forensic technology detects invisible fingerprints

Could hennahelp catch criminals?

Scientists from Australia and Israel
have discovered a new, safe way of
detecting invisible fingerprints.

Fingerprints on porous surfaces
such as paper are usually detected
by a chemical called ninhydrin.
Ninhydrin reacts with amino acids
secreted by the fingers and turns
invisible fingerprints dark purple.
Butninhydrin is an irritant and
so scientists are looking for safer
alternatives.

Now, Simon Lewis at Curtin
University of Technology, Perth,
Australia and colleagues have
found that a component of henna
can work in a similar way to
ninhydrin but without causing
irritation. Henna is a traditional
skin and hair dye, made from
the leaves of the plant Lawsonia
inermis. It has been used for more
than a thousand years withoutill
effect.

Lawsone is the compound
thought to be responsible for the
staining properties of henna. It
is anaphthoquinone, a group of
compounds already known to react
with amino acids. Lewis’ team

found that amino acids in invisible
fingerprints turn abrown-purple
colour when exposed to lawsone
and are strongly luminescent under
aforensic light source.

“The discovery will no doubt
generate lots of activity in the global
forensic identification community,’
says Della Wilkinson, a forensic
expert from the Royal Canadian
Mounted Police. ‘Lawsone
has interesting spectroscopic

Amino acids in
fingerprint residues
react with lawsone

to give strongly
luminescent fingerprints

Reference

R Jelly et al, Chem. Commun.,
2008, 3513 (DOI: 10.1039/
b808424f)

characteristics that could prove
to be very useful when examining
surfaces that fluoresce under
excitation wavelengths used for
existing detection reagents.’

“This research opens the
possibility of a whole suite of new
analogues that may lead to further
improvements in fingerprint
detection,’ says Lewis. His team
are currently testing other closely
related compounds. Freya Mearns

Flow chemistry for the masses

Easy-to-use assembly blocks simplify microfluidic technology

Laying down a path to cheaper solar power

Electrodeposition yields semiconductor films at room temperature

and pressure

Instant insight: Fuel cells get cooler

Dan Brett and colleagues discuss how advances in materials and
engineering open up new opportunities for solid oxide fuel cells

Interview: Navy’s sensing mission

Frances Ligler tells Kathleen Too about portable, automated
biosensors for fast, on-site detection of toxins and explosives

Lab ona Chip

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

©The Royal Society of Chemistry 2008
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Application highlights

Japanese researchers have
developed a new method for
growing cylinders of living cells.

Many tissues in the human body,
such as muscle or nerve fibres, are
cylinders, so growing cylindrical
clumps of cells is a necessity
for tissue engineering and cell
transplantation.

Shinji Sugiura at the National
Institute of Advanced Industrial
Science and Technology, Tsukuba,
and colleagues made micrometre-
scale tubular gels by controlling
the flow of two miscible fluids in
amicrochannel. The interaction
between the two fluids led to the
formation of droplets and gels.
Sugiura showed that the gels can act
as scaffolds for growing cylindrical
tissues.

‘In previous studies, immiscible
two-phase flow in a microchannel
has been successfully applied for the
preparation of spherical materials,

says Sugiura. ‘We thought similar
technology with miscible fluids
could be applied to cylindrical and
tubular tissues.’

Professor Teruo Fujii, an expert
in microfluidics at the University of
Tokyo, Japan, describes the work
as ‘interesting’ but cautions: “They

Gel acts as scaffold for growing cylinders of living tissue

Tubular cells

Cells use the gel
microtubes as scaffolds
for growth. Green
fluorescence indicates
viable cells

don’t show any quantitative data
on the activity or function of the
cultivated cells. It is a bit difficult
to draw a concrete conclusion from
the photos of the cells shown in the
figures.

Sugiura acknowledges this: ‘We
have to investigate the cellular
functions of the cylindrical tissue
formed in detail. We hope it will
have higher cellular activity than
cells cultured conventionally in
monolayers.’

‘Another future challenge is
fabricating tubular tissues. Unlike
cylindrical tissues, tubular tissues,
such as blood vessels or organ ducts,
are hollow. We think the gel will
be useful for making these types of
tissue too,” Sugiura adds.

Colin Batchelor

Reference
S Sugiura et al, Lab Chip, 2008, 8, 1255 (DOI:
10.1039/h803850c)

A new assay to measure the biological
activity of a lethal neurotoxin could
help scientists develop therapeutic
inhibitors of the poison, say US
chemists.

Botulinum neurotoxin A is the
active ingredient in Botox, the
cosmetic injection used to smooth
out wrinkles. But if ingested or
inhaled, the toxin’s muscle-relaxing
effect can be lethal, causing the
muscle paralysis illness botulism.
This has prompted fears that
it could be used as a biological
weapon. Current treatments are
ineffective against the toxin once
it has entered the cells, and only
mechanical respirators can keep a
patient alive once toxin stops them
breathing. Such systems would
be overwhelmed in the event of
abioterrorism attack, says Kim
Janda and colleagues at the Scripps
Research Institute in La Jolla, hence
the need for better treatments.

Inorder to assess the
effectiveness of potential inhibitors

T58 Chem. Technol.,2008,5, T57-T64

of the toxin, reliable methods to
measure their activity are needed.
Current tests are not accurate
enough for finer analysis, such as
determining the mechanism of
inhibition, says Janda. To improve
sensitivity and reproducibility,
Janda has developed a new
assay based on LC-MS - liquid
chromatography followed by mass
spectrometry.

The new assay uses a peptide

Scientists search for inhibitors of potential bioweapon

New test for deadly toxin

A lethal poison:
inhalation of less thana
microgram of botulinum
neurotoxin A cankill a
human being

Reference

K Capkova et al, Chem.
Commun., 2008, 3525 (DOI:
10.1039/b808305¢)

mimic of the substrate the
neurotoxin targets in the body. The
toxin slices the peptide into two
pieces. The shorter section can be
isolated from the reaction mixture
by high performance LC and then
quantified against an internal
standard using a mass spectrometer.
The team used this assay to confirm
the potency of an inhibitor they had
developed to block the toxin.

‘Our aim is to identify a stable,
potent and specific inhibitor which
could eventually be used in clinical
practice,” says Janda. ‘The biggest
challenge lies in the impossibility to
conduct standard clinical trials.

“This is a useful and robust
approach,’ says Linda Lawton, who
studies naturally occurring toxins
at the Robert Gordon University,
Aberdeen, UK. ‘It is great to see that
they have not only developed the
assay but clearly shown its value in
their successful characterisation of
a potent new inhibitor.’

James Mitchell Crow

©The Royal Society of Chemistry 2008
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A new way of making semiconductor
films could lead to cheaper solar
cells, claim scientists in Germany.

Frank Endres and colleagues at
Clausthal University of Technology
electrochemically deposited
silicon-germanium films onto a gold
electrode using an air- and water-
stable ionic liquid as the solvent.
This is the first time that high purity
silicon-germanium films have been
made in a controlled way at room
temperature and pressure.

The method has anumber
of advantages over alternative
deposition methods, which use
ultra high vacuum and high
temperatures. ‘Electrodeposition
ismuch cheaper and faster,” says
Endres. ‘Furthermore, if the
electrodeposition bath is large
enough, all sizes and shapes of
substrate material can be coated.’

The electronic properties of
silicon-germanium can be tuned
to match its intended application
by varying the germanium content

of the material, which can be
anywhere in the spectrum from
pure silicon to pure germanium.
Endres showed that pure silicon,
silicon-germanium alloys and pure

Electrodeposition yields semiconductor films at room temperature and pressure

Laying down apath to cheaper solar power

A film of silicon-
germanium (green) is
electrodeposited from
the ionic liquid solvent

germanium can be deposited from
the ionic liquid solution.

‘Our results show for the first time
thatitis possible to electrodeposit
semiconductors from ionic liquid
solutions with a quality that is
competitive with physical methods,
such as molecular beam epitaxy,
comments Endres. “This opens the
door to many applications, from
nanowires for lithium ion batteries to
solar cells.

Ingo Krossing, who studies the
applications of ionic liquids in
electrochemistry at the University
of Freiburg, Germany, agrees with
Endres. “This is aremarkable step
forward to achieving the goal
of synthesising solar cells using
electrochemistry rather than
expensive and high energy melt
procedures,” he says.

James Hodge

Reference

R Al-Salman, S Z El Abedin and F Endres,
Phys. Chem. Chem. Phys., 2008, DOI: 10.1039/
b806996b

Two new build-your-own
microfluidic systems promise to
simplify the technology so the
whole research community can
use it, say scientists in the US.
Microfluidic systems offer
chemists and biologists a host of
advantages over conventional-
scale experiments, including
minimising the amount of
expensive reagents required, and
the ability to integrate multiple
experiments into a single system.
However, their complex set-up
limits their use. Now, two groups
in the US have developed sets of
microfluidic components that can
be simply connected together into
avariety of reactor designs.
Mark Burns and Minsoung
Rhee at the University of
Michigan developed a selection
of microfluidic assembly
blocks, made by moulding
polydimethylsiloxane, a cheap
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silicon rubber. Burns showed that
the blocks can be combined into a
variety of systems - from mixers
and separators to bioreactors - by
connecting them together on a glass
slide.

‘T have one collaborator in the
chemistry department using the
blocks, but I'd like to set up a web

Easy-to-use assembly blocks simplify microfluidic technology

Flow chemistry for the masses

The microfluidic blocks
connect together like
Lego bricks
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page selling bags of them,” says
Burns. And the system should be
affordable, he adds: ‘Each block
should cost significantly under a US
dollar.’

Meanwhile, Po Ki Yuen at US
firm Corning has developed a series
of microfluidic modules that clip
together just like Lego bricks. The
key development is a miniature luer
fitting, which gives a leak-free seal
between the components up to a
pressure of at least 3.5 bar.

‘My ultimate goal is to develop a
complete ‘plug-n-play’ system that
can be controlled by a computer,
says Yuen. ‘The system has not
been commercialised; a business
decision has not yet been made
to do so. My focus at this point in
time is to work with university
professors to see if the system can
be abenefit for their microfluidics
classes.’

James Mitchell Crow
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Scientists are a step nearer to
understanding volcanic processes
that occurred as far back as 8000
years ago.

Akio Makishima and colleagues
at Okayama University at Misasa,
Japan, have developed a method
for measuring attogram (10718
gram) amounts of radioactive
elements in basalt rocks.

Basalt, one of the most common
rock types on Earth, is formed
when lava from volcanic eruptions
cools. It contains small amounts of
radium-226, aradionuclide that is

radioactive decay of uranium-238
via thorium-230. By measuring
the quantities and ratios of these
radionuclides in volcanic rocks,
scientists can piece together the
timescale of volcanic eruptions.
The team analysed basalts by

plasma mass spectrometry.
Makashima added a known
amount of radium-228 to the
samples to allow him to determine
unknown amounts of radium-226.
Butradium-228 decays to form
thorium-228 and because these

formed over billions of years by the

multicollector inductively coupled

radionuclides have the same mass,
the mass spectrometer cannot
distinguish between them. This
causes errors in the dating process.
Thorium-228 can be removed
from the radium fraction by
column chromatography but
Makishima found this inefficient.

Radium in volcanic rocks
reveals the timescale of
the original eruption
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Radionuclides used to piece together timescale of volcanic explosions

Understanding ancient eruptions

‘If adelay occurred in analysing
the sample, we had to do column
chemistry again because more
thorium-228 formed. To overcome
this problem, in situ correction

of thorium-228 was required,” he
says.

Makishima found that thorium-
228, but not radium-228, forms a
positively charged oxide ion in the
mass spectrometer. By measuring
the intensity of the thorium oxide
peak, Makishima calculated the
amount of thorium-228 in the
radium samples and used it to
correct the radium measurements.

Marcel Regelous, an expert in
the analysis of volcanic rocks at
the Royal Holloway University,
London, UK, says, ‘Analysis of such
small quantities of radium has
applications in dating geological
processes, in particular for
investigating timescales involved
in the crystallisation of volcanic
rocks. This requires analysis
of individual mineral fractions
separated from the crushed rock
sample, which often contain very
little radium.’

Ziva Whitelock

Scientists have made the first
renewable fuel cell that can store
more energy than petrol.

Electric vehicles are potentially
more environmentally friendly
than petrol vehicles because they
do not emit greenhouse gases, but
the cells they use for power can’t
store as much energy as fossil fuels.
Now, Stuart Licht and colleagues
at the University of Massachusetts,
Boston, US, have developed a
vanadium boride-air fuel cell with
amuch larger energy capacity than
current vehicle batteries. “The cell
has ten times the energy capacity
oflithium ion batteries and three
times the energy density of zinc-air
batteries,” says Licht, ‘although all

Inits electric car ‘Volt’, launching
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these devices work in the same way.’

Plug-in power: the future
for transport?
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Renewable fuel cell opens the door to electric vehicles

Driving power for electric cars

in 2010, General Motors (GM) uses a
lithium ion battery which can power
the car for 40 miles before it needs to
be recharged. To extend this range,
GM added a standard combustion
engine to recharge the battery when
itruns low.

‘Our renewable fuel cell opens the
door to electric vehicles with viable
driving ranges, without a separate
combustion engine and frequent
battery recharges,” says Licht. The
vanadium boride-air fuel cell needs
only air and fresh fuel to complete
the recharge process. Using this
system, a motorist would drive into
afuel station, receive fresh fuel and
drive away.

Peter Bruce, an expert in new
materials for energy storage
devices at St Andrews University,

UK, comments: ‘Finding ways to
store more energy than is possible
at present is a key challenge

and imaginative solutions are
necessary. Replacing the zinc in
azinc-air primary battery with a
vanadium boride anode is certainly
interesting. However, it does raise a
number of challenges for practical
devices, such as recharging the
batteries, and more scientific
questions to be answered.’

Licht acknowledges that there
isalot of work to do before the
fuel cell can be commercialised.
“This is a first study demonstrating
the very high capacity of the cell.
Engineering details, systems
optimisation and scale-up need to
be developed, he says.

Janet Crombie
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Frances Ligler

Frances Ligler is a senior
scientist at the US Naval
Research Laboratory’s Center
for Bio/Molecular Science

and Engineering. She has been
the recipient of numerous
medals and awards including
the Women in Science and
Engineering Outstanding
Achievement in Science Award.
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Navy’s sensing mission

Frances Ligler tells Kathleen Too about portable, automated biosensors for fast,
on-site detection of pathogens, toxins, pollutants, drugs and explosives

How did you come to work for the US Naval Research
Laboratory?

Joel Schnur, the current director of the Center

for Bio/Molecular Science and Engineering, was
starting an interdisciplinary department studying
the self-assembly of biomolecules. I thought this
was an interesting vision and I wanted to work

at the molecular level; I could see that this was
where breakthroughs were happening. So I joined
Joel and, after a year, started the programmes in
biosensors, trying to make functional molecules on
surfaces and using optical readout systems.

Tell us about the biodetection systems you designed.
How long does it take to develop the technology, from
having the idea to commercialising the device?

The ‘Raptor’ is a fibre optic biosensor that has four
optical fibres with four different functions in a 12
pound box. The system is fully automated; all the
user has to do is putin the sample and press run,
and the resultis given in ten minutes. Alternatively,
it can be attached to an air sampler and left out in
the field to send results at pre-programmed time
intervals.

The ‘Biohawk’ has a sensor that is a third of the
size of the ‘Raptor’. It has eight fibres with eight
different functions. The air sampler is integrated
into abackpack, so collection of bacteria or toxins
from the air, for example, can be done by someone
wandering through the field operating the device
from the backpack.

Both systems detect mostly biological warfare
agents; they have been used in tests for anthrax ata
post office. They have also been used for detecting
bacteria and toxins in foods, and detecting E. Coli
and other indicators of sewage contamination on
beaches and in the Great Lakes.

We started working on these ideas in 1986; the
very first fibre optics were available in 1997 and the
first automated systems were available in 2000.
But they didn’t really become reliable systems until
around 2003. That is a pretty typical path.

You put your biology expertise to excellent use by using
on-chip and microarray technologies to detect multiple
targets. How easy to use and stable are these devices?
If you immobilise proteins very carefully, their
function is not jeopardised. If you dehydrate

them in the presence of a protective agent, that
prevents denaturation, so you can keep them at
room temperature for two years and continue
to reuse them. They are pretty robust. There
are other, even more robust molecules you can
use as recognition molecules, such as the small
molecules in low molecular weight antimicrobial
reagents. Work being done by Ellen Goldman,
George Anderson and others looks at small
single-chain antibodies that are so robust,

you can heat them to 90 degrees Celsius and
they continue to work. You can put them in
organic solvents to remove unbound

material, and rehydrate them, and they will
still work. Molecules like that will further
extend the stability and reliability of the
systems for long-term use by non-technical
users.

What is the ideal sensor for a non-expert to use?
The equivalent of a pregnancy test. The problem
is that you can’t usually get the sensitivity you
want for multiple applications, and the amount
of sample that you can actually test is limited.
But these devices are ideal in that they are low
cost, and you can see the results with your own
eyes. So, the easier we can make a device to use in
terms of limiting the complexities of the fluidics
[the use of a fluid to perform analog or digital
operations] and the read-out, the closer we get to
something being broadly applicable.

What does the future hold for biosensor research?
1 think biosensors will be a lot more user-
friendly, and plastic optics will have an important
part to play in making the optics cheaper and
smaller. Right now, the optics are the most
expensive part of the system, so if you can make
those cheaper by integrating the optics and the
fluidics, so much the better. I think plastic optics
will be easier to integrate than trying to make the
fluidics in silicon.

We are going to learn about disease markers
such as cancer and other infection biomarkers.
1 think that will be a real breakthrough for
casualty care or care of patients with infectious
diseases or heart attacks, for example. I think
that is going to be a pretty big market.

Chem. Technol., 2008, 5, T57-T64 T61
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Fuel cells are electrochemical
energy conversion devices that
convert the chemical energy in fuel
directly into electricity and heat
without combustion. Simplistically,
afuel cell can be viewed as a
cross between a battery, which
converts chemical energy directly
into electrical energy, and a heat
engine, a continuously fuelled, air
breathing device. There is a range
of different fuel cell technologies,
each with its own materials set and
operation temperature, ranging
from room temperature to over
1000 degrees Celsius. However,
they all share the characteristics of
high efficiency, no moving parts,
quiet operation and low or zero
emissions.

There is no consensus as to the
optimal operating temperature
of fuel cells; the preferred
temperature of operation depends
to alarge extent on the application.
However, there is significant
effort to raise the operating
temperature of polymer electrolyte
fuel cells (PEFCs) and reduce the
operating temperature of solid
oxide fuel cells (SOFCs). PEFCs
currently operate at around 80
degrees Celsius and are used in
automotives, mobile phones and
laptops. SOFCs operate at more
than 800 degrees Celsius and use
a ceramic oxide ion-conducting
electrolyte to generate energy on a
large scale.

Advances in the chemistry
and processing of materials are
allowing the operating temperature
of SOFCs to be lowered into the so-
called ‘intermediate temperature’
(IT) region of 500 to 750 degrees
Celsius. The IT-SOFC opens up
anew range of applications and
opportunities for SOFCs in areas
formally dominated by PEFCs,
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while maintaining the ability to
operate on hydrocarbon fuels and
produce high quality heat.

Operation in the IT range
expands the choice of materials
and stack designs that can be used
compared to conventional high
temperature (HT) SOFCs. Lower
temperature operation affords
more rapid start-up, improved
durability, reduced system cost and
more robust construction through
the use of compressive seals and
metallic construction materials
(as opposed to the all-ceramic HT-
SOFCs).

There are two main routes by
which SOFCs can be used at lower
temperatures while still attaining
comparable performance to the
higher temperature technology.
The first involves reducing the
thickness of the electrolyte to the
order of afew 10s of micrometres,
so ions can travel more easily

Fuel cells getcooler

Brett, Atkinson, Brandon and Skinner of the Imperial College Fuel Cell Network,
London, UK, look at how advances in materials and engineering are presenting
new opportunities for solid oxide fuel cells

IT-SOFC
500-750°C

Intermediate
temperature solid
oxide fuel cells hold the
middle ground in the
temperature scale of
fuel cell operation
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through the fuel cell. Alternatively,
the same result can be achieved by
improving the electrolyte’s ionic
conductivity at lower temperatures
and the electrodes’ electrochemical
performance.

The range of new applications
for the IT-SOFC includes soldiers’
personal power supplies, traction
power for vehicles, remote
telecommunications, power for
isolated communities and back-up
power units for trucks. However,
itis the small-scale combined heat
and power market where the I'T-
SOFC is particularly well suited.
Operating on natural gas and with
a heat-to-power ratio close to
one, IT-SOFCs with an electrical
power rating of about one kilowatt
are expected to be popular as
combined heat and power sources
for use in the home. Indeed, IT-
SOFCs have the potential to be the
simplest fuel cell system and are
astrong contender to be the first
fuel cell technology to reach mass
market.

As with all fuel cells, the cost
of IT-SOFCs must be reduced for
them to compete in the market with
current technologies. Using less,
and cheaper, material is necessary;
moving to lower temperature
operation represents a significant
step in this direction. Scientists still
need to develop IT-SOFCs with
commercially meaningful levels
of durability. Fundamental studies
are improving our understanding
of processes such as electrode
sintering, anode-fuel interaction,
electrocatalyst poisoning and
the mechanical properties of
electrolytes and support structures.

Read more in ‘Intermediate
temperature solid oxide fuel cells’ in
issue 8 of Chemical Society Reviews.

Chem. Technol.,2008,5, T57-T64 T63
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RSC authors, readers and
publishing teams throughout
the world are celebrating news
of continued success for RSC
journals, following the release
ofthe 2007 Impact Factors,
calculated by ISI®.

Titles from across the collection
have again recorded impressive
rises, while the latest immediacy
indices confirm the relevance and
topicality of research published
by the RSC. According to Robert
Parker, managing director of
RSC Publishing, “The number of
citations to research published in
RSC journals rose by an average
0f36% in 2007 endorsement
indeed to the efforts of our authors,
referees and editorial teams.’

Flagship journal, ChemComm
sees a13% increase in impact
factor to an all time high of 5.141,
while Chem Soc Rev is ranked first
forimmediacy (3.406) in general
chemistry review journals and
third for impact factor (13.082).

Molecular BioSystems, now
inits fourth year of publication,
achieves a staggering increase of
68% to an impact factor of 4.121.
Soft Matter,launched at the
same time, retains its position as
number one in the field for both
impact and immediacy, at 4.703
and 0.784, respectively. Also in the
materials field, Journal of Materials
Chemistry has an impact factor of
4.339, representing an impressive
59% rise over three years.

Number one is acommon
theme across the RSC journal
portfolio. The Analyst is first for
immediacy in analytical chemistry
at1.032,and enjoys arise in

Evengreaterimpact!

Labona Chip

impact factor of more than 10%
for the second year running to
3.553.JAAS (Journal of Analytical
Atomic Spectrometry) maintains
its position as the number one
journalin the field (impact factor
3.269) and, with an immediacy
index 0f 0.614, CrystEngComm
moves to the number one position
for crystal engineering. Dalton
Transactions maintains its
position as the general inorganic
chemistry journal with the highest
immediacy index (0.758) and
shows the biggest increase in
impact factor (6.6% to 3.212) of any
inorganic chemistry journal.
Green Chemistry extends its
lead as the number one green
chemistry journal with a15% rise
inimpact factor to 4.836. Journal
of Environmental Monitoring
also sees a substantial increase
with a 20% rise in impact factor
to 1.833, while Photochemical &
Photobiological Sciences maintains
its position as the number one
journal for photochemical and
photobiological research (2.208).
Natural Product Reports s
first for immediacy in the field
of organic chemistry (1.672) and
Organic & Biomolecular Chemistry

st Dalton ournal &l
The P\“a“y_ _ Transactions ‘%,“"‘.,:.'?mﬂm:s

1l i Molecular
BioSystems

sees a10% increase in impact factor
t03.167. Lab on a Chip remains one
ofthe leadingjournals in micro-
and nano-research with an impact
factor of 5.068 and PCCP (Physical
Chemistry Chemical Physics) clocks
in with an impact factor of 3.343,
representing an impressive 61%
rise over three years.

RSC Publishing is committed to
providing a world-class publishing
service to its authors and from
these results it is clear to see that
journals from RSC Publishing
are recognised by researchers
throughout the world as akey
resource to publish and read the
very best research.

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

Footnote:

The annual ISI® impact factors provide an indica-
tion of the average number of citations per paper.
The impact factor for 2007 is calculated from the
total number of citations given in 2007 to citeable
articles published in 2005 and 2006, divided

by the number of citeable articles published in
2005 and 2006. The immediacy index measures
how topical and urgent the papers published in a
journal are. The 2007 immediacy index is the total
number of

citations given in 2007 to citeable articles
published in 2007 divided by the number of
citeable articles published in 2007. Data based on
2007 impact factors, calculated by ISI®, released
June 2008.

And finally...

With the conference season in
full swing, RSC Publishing staff
are spread around the globe at
anumber of major conferences
over the coming weeks.

Areyou attending the ACS
National Meeting & Exposition in
Philadelphia? Make sure you visit
the RSC Publishing stand where
staff will be on hand to answer
any questions you may have. You
can pick up a copy of Issue 1 of
Energy & Environmental Science,
our newest journal, as it makes its
print debut, and find out the latest
journals news. Book authors John
Emsley (Molecules of Murder) and
Stephen Beckett (The Science of
Chocolate) will be signing copies
of their books.

In September, the focus is
Turin, Italy, for the 2nd Annual
EuCheMS meeting. The wide-
ranging themes provide scope
for showcasing RSC products —
including the recently announced
Metallomics and Integrative
Biology, both launching January
2009.

Ifyou’re travelling to these or
other conferences, look out for
RSC Publishing staff - they will be
happy to meet you.
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Workshop in green chemistry production of
essential medicines in developing countries

DOI: 10.1039/b806001k

Prof. O. O. Kunle, Prof. J. Fortunak and Prof. Robin D. Rogers report on the Workshop in
green chemistry production of essential medicines in developing countries, held in Abuja,

Nigeria from 18th-20th March, 2008.

Earlier this year, academics, industrialists,
entrepreneurs, government and non-
government organization representatives
met in Abuja, Nigeria to discuss how to
meet the needs of local chemical produc-
tion in a paradigm of green chemistry.
The workshop was a collaborative product
of Howard University (Washington, DC,
USA) and the National Institute for
Pharmaceutical Research & Develop-
ment (NIPRD; Abuja, Nigeria) with
funding from the US National Science
Foundation, the American Chemical
Society’s Green Chemistry International
Developing Nation’s Program, and the
government of Nigeria.

The workshop was held to catalyze and
encourage the production of high-value
products from natural African biomass
and the sustainable, regional production
of high quality essential medicines. It was
noted that the sustainability of long term
efforts to promote economic development
and reliable supply at affordable prices
necessitates local production capacity
within Africa. Manufacturing without
the negative environmental consequences,
that have been noted in India and China,
is especially important to ensure the long-
term sustainability of development efforts.
Twin objectives were promoted, including
encouraging education in green chemistry
and its incorporation into the curricula
of African universities, as well as the
development of essential medicines.

The organizers, Prof. J. Fortunak
(Howard), Prof. O. O. Kunle (NIPRD)
and Dr. U. S. Inyang (NIPRD), put
together a stimulating program of local
and international experts. The meeting
was opened with an address from the then
Nigerian Minister of State for Health,
Arc. Gabriel Yajubu Aduku. The Minis-
ter reiterated the importance of essential
medicines in Nigeria and declared war
on malaria; setting a goal of eliminating
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Left to right: Dr O. O. Kunle, Prof. Robin D. Rogers, Dr Uford S. Inyang, Prof. Stephen

Byrn, Dr Eloan Pinheiro, Dr David Walwyn, Prof. Joseph Fortunak, Dr Tahir Amin, Dr David

Ripin.

malaria by 2020 when Nigeria is expected
to become one of the ‘developed’ coun-
tries.

NIPRD itself was established by the
Nigerian government to provide national
sources of raw materials to the country’s
manufacturing sector and to help promote
development of the pharmaceutical indus-
try. Its stated vision is “to build a centre of
excellence for research and development
of pharmaceuticals and biologicals for
the service of mankind.” NIPRD engages
in basic and translational research and
development of pharmaceutical products
and raw materials from local sources.

A selection of major topics discussed
included:

e Green chemistry for production of
essential medicines (Fortunak)

e Green chemistry and transforma-
tional technology (Rogers)

e Drug discovery and development
in Africa from indigenous knowledge:
NIPRD’s contribution to global health
(Inyang)

e Molecules to medicines (S. Byrn,
Purdue University)

e Overcoming patent barriers (T. Amin,
Clinton Foundation)

e Making cGMP pharmaceuticals in
Africa (A. Graham, LaGray Chemi-
cals)

e The challenges of introducing green
chemistry practices in a developing coun-
try (J. Okogun, NIPRD)

e Critical control elements for quality
production in Africa (E. Ogu, Bon-
Science)
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e Making HIV/AIDS drugs (D.
Walwyn, CEO Armir Corporation)

e The global framework for essential
medicines (D. Ripin, Clinton Foundation)

e Antiretroviral quality assurance
(E. Pinheiro, World Health Organization
Consultant)

e The challenges of commercializing R
& D results in Nigeria: The NICOSAN™
experience (I. Oniyide, Xechem Pharma-
ceutical Nigeria)

The discussions were lively and long,
with serious debate centered around
the needs of the local research and
development and industrial communities.
Often, the debate between the government
officials and the local universities and
research centers was quite heated. The
sessions extended well into the evenings
as the roughly 85 delegates took each
issue seriously. The delegates approved a
path forward, the “Abuja Declaration”
(see below).

It was clear from the participation in
the meeting, the vigorous discussions, and
the program as a whole, that there is much
to do to bring sustainable pharmaceuti-
cal manufacturing to Africa. It was also
apparent that opportunities for collabo-
ration and entrepreneurship are available.
The goals of the workshop are achievable
and participation by the World’s scientific,
engineering, and business communities is
encouraged.

Abuja Declaration

Communiqué

With the aim of instituting a sustain-
able model for increasing access to essen-
tial medicines within Africa, long after
the International Donor Agencies have
gone, the Howard University and the
National Institute for Pharmaceutical
Research and Development (NIPRD)
considered it absolutely necessary to take

such steps as would actualize the aim. One
of the steps considered most desirable is
to build capabilities in terms of human
resources/transfer of technology, and
capacities in terms of manufacturing
infrastructures/related facilities within
the continent.

Consequently, participants — scientists
and other professionals — from various
institutions, public and private, within
Nigeria, Ghana, South Africa, Zimbabwe
and Tanzania, converged in Abuja for a
workshop, from 18th-20th March, 2008.
The theme was the production of essential
medicines in developing countries. The
core issue was green chemistry — the means
for actualizing the aim. Resource persons,
including world renowned professors,
scientists, a lawyer and an economist, were
drawn from Consultancies, Industries,
Public Institutions and Universities in
Brazil, Ghana, South Africa, Zimbabwe,
Nigeria, Northern Ireland and the USA
(Alabama, Howard, Purdue, Wisconsin,
and the Clinton Health Access Initiative —
CHALI).

The workshop was declared open by
Arc. Gabriel Aduku, Honourable Minis-
ter of State for Health. The discussions/
brain-storming sessions following each
segment of the workshop led to the
following five-point communiqué:

1. The participants expressed a strong
need for local production of active phar-
maceutical ingredients (API’s) and quality
essential drugs, as had been recommended
by the Minister in his opening address, and
in consonance with the WHO Millennium
Goals.

2. The participants drew particular
attention to medicines for malaria,
HIV/AIDS, TB, diabetes and cardiovas-
cular drugs, stressing the conspiracy of
these conditions in sustaining the vicious
cycle of poverty and disease; and
maintaining that the potentials of green

chemistry, properly harnessed, particu-
larly in agrarian settings, would be vital
to alleviating poverty.

3. The participants recognized and
applauded the pioneering role of NIPRD
in developing medicines from plants.
These currently include antimalarials,
antiretrovirals, antidiabetics, antifungals,
and a score of others. The Institute’s ability
to organize such a high profile workshop
as this, drawing internationally recognized
experts from the US, Brazil, Ireland,
Ghana, Tanzania, South Africa and
Nigeria, was particularly commended.

4. The workshop recommended the full
implementation of its recommendations,
stressing the need for stake holders, public
and private, to have their hands on deck.
The need for public institutions to sum-
mon the necessary political will, in terms
of proactive policies and programmes,
was stressed. Another area of emphasis
was that sustainability for the long-term
success of any efforts absolutely requires
private sector initiative and participation.

5. The workshop recommended, above
all, that public Institutions must not only
set the pace but must blaze the trail, noting
that the capital need of the enterprise is
substantial, but not out of reach. The State
must devise sustainable programmes, such
as making infrastructures, especially
power, available and affordable. The role
of good legislations and environmental
consciousness as drivers of green
chemistry was well emphasized.

6. The role of the public sector is,
largely, to enable, encourage, and nurture
the development of private sector efforts in
sustainability and access. The long term
goal of any program is to build private
sector capabilities for economic devel-
opment, sustainability and access. This
contributes to the security and stability of
democratic governments as well as to the
well-being of the general population.
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A synthesis of a safe and effective hydrogenation catalyst
has been developed with used nickel metal hydride electrical
cells as the starting material.

Introduction

It is reasonable to expect that within a decade a large number
of nickel metal hydride electrical batteries will enter the car
dismantling and scrap metal industries because of their use in
hybrid vehicles.! In this paper the selective leaching to convert the
batteries into a mixture of metals suitable for forming catalysts
is considered as an alternative to refining these batteries to
obtain the pure metals. Recently Raney nickel was reported as
a green catalyst,? but it is pyrophoric and forms a carcinogenic
smoke (nickel oxide). The Rocky Flats metal fires® did clearly
demonstrate the menace posed by pyrophoric solids which are
able to form finely powdered carcinogenic oxidation products.
The fact that our catalyst is of a less pyrophoric class than Raney
nickel makes our catalyst greener in terms of worker safety. Also,
the fact that this catalyst is formed from what would normally
be regarded as scrap metal increases its greenness regarding the
environment.

Results and discussion

The metal extract (AL1) formed by the initial treatment of the
cell in acetic acid contained nickel, cobalt, iron, lanthanum and
other metals (Table 1). It was found that on concentration of this
solution by gentle heating that much of the iron was precipitated.
By filtration of the mixture an iron depleted liquor (AL2) was
obtained. The concentration and filtration process was repeated
to form a new solution (AL3), from which a mixture of metal
acetates (RN1) was obtained. By reacting solutions of RN1 with
alkaline sodium borohydride only slurry of a black solid could
be obtained. It was hypothesized that the slurry was formed
because the lanthanum present formed a colloidal hydroxide or
borate* during the reaction of the transition metals. When a
mixture of nickel, cobalt and lanthanum salts was treated with
sodium borohydride, a similar black slurry was obtained. An
aqueous solution of RN1 was treated with a large excess of

“Industrial Recycling, Chalmers University of Technology, Chemical and
Biological Engineering, 412 96, Géteborg, Sweden.

E-mail: Foreman@chalmers.se

*Nuclear Chemistry, Chalmers University of Technology, Chemical and
Biological Engineering, 412 96, Géteborg, Sweden

1 Electronic supplementary information (ESI) available: Details of the
suppliers of the chemicals used, metal analysis, the equipment used
for hydrogenation and the synthesis/testing of the catalysts and the
experimental results. See DOI: 10.1039/b806034g

Table 1 The metal content of the acetate liquors (ALx), the chloride
liquor (CL) and the recycled nickel solids (RNx)*

Metal concentration (% w/w)

Mixture Al Mn Fe Co Ni Zn La
ALl 0.9 5.7 7.9 8.7 58 2.7 16
AL2 1.2 6.2 1.6 8.6 62 33 17
AL3 1.4 6.1 0.4 8.9 63 34 17
RN1 0.2 2.2 0.6 9.4 76 0.7 11
AL4 0.0 2.2 0.2 9.8 87 0.7 0.0
CL 1.0 0.6 18 2.0 75 0.2 2.4
RN2 1.0 0.5 16 2.6 78 0.0 1.8

“In calculating the table only the aluminium, manganese, iron, cobalt,
nickel, zinc and lanthanum content as determined by ICPOES was
considered.

potassium fluoride, before being filtered to provide a lanthanum
free mixture of metal acetates (AL4). The lanthanum hypothesis
was supported by the formation of a dense black solid by
the treatment® of AL4 with sodium borohydride. Despite the
fact that the formation of fluoride containing aqueous waste is
undesirable,® we decided to test the solid as a catalyst to discover
if the impure nickel can be used to form a useful catalyst.

The metallic parts of the nickel metal hydride electrical cell
which failed to react with the acetic acid were dissolved in
concentrated hydrochloric acid to form a green solution of metal
salts. This solution (CL) was concentrated to form a mixture
of crystalline metal salts (RN2). By reacting RN2 and sodium
borohydride a black magnetic solid was formed, in common with
the solid formed from pure nickel this solid is easy to separate
from water and organic solvents because of its ferromagnetism.
However the solid formed from AL4 was weakly- or non-
magnetic making the separation of the catalyst from liquids
more difficult.

Linalool (1) was selected as a test compound because it
contains two carbon-carbon double bonds with different re-
activities to allow the selectivity of the catalysts to be tested by
a volumetric method.}” The chemoselectivities of the catalysts
formed from AL4 (37 : 1) and RN2 (54 : 1) are better than that of
the catalyst made from pure hydrated nickel chloride (33: 1). The
vinyl group was the first alkene in linalool to be hydrogenated,
this was confirmed by NMR spectroscopy (‘H and "*C) when
the RN2 based catalyst was used. The catalysts made from the
recycled metals were further tested for their ability to reduce a
range of carbon-carbon multiple bond containing compounds
(2, 3 and 4) and a ketone (5), as shown in Scheme 1.

The partial hydrogenation of alkynes to form alkenes is a
useful reaction. We found that with both new catalysts the ratio
of the rate of alkene formation to the rate of alkane formation

This journal is © The Royal Society of Chemistry 2008
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Scheme 1 The organic compounds used for the catalyst
characterisation.

Table 2 The turnover rates for the catalysts made from the different
nickel sources expressed in moles of hydrogen consumed per hour per
mole of catalyst

Turnover rate/h™!

Nickel source

Compound and functional group Pure AL4 RN2
1 Linalool (Terminal alkene) 25.5 29.5 30.7
1 Linalool (Internal alkene) 0.78 0.79 0.56
2 Oct-4-yne (Internal alkyne) 6.6 50 25

3 Oct-4-ene (Internal alkene) 0.73 4.1 0.95
4 Isophorone (Internal alkene) 0.67 2.8 2.4

Table 3 The turnover rates of linalool chain and 3,3,5-trimethyl-
cyclohexanone (5) using large samples of catalysts made from the
different nickel sources

Turnover rate/h™!

Nickel source

Compound and functional group Pure AL4 RN2
1 (Internal alkene) 1.5 1.5 1.4
5 (Ketone) 0.081 0.40 0.50

was better (AL4 12 : 1 and RN2 27 : 1) than that obtained
using pure nickel (9 : 1) as the catalyst starting material.® The
oct-4-ene (3) formed using RN2 was characterised by 'H and
3C NMR without evaporation of the ethanol and was found to
be exclusively the cis isomer. The hydrogenation of isophorone
(4) was better catalysed by the solids made from recycled nickel
than it was by the solid made from pure nickel chloride. As gas
chromatography found only 5 as a product of the hydrogenation
of 4 using the RN2 nickel catalyst (reaction stopped after the
absorption of 0.96 equivalents of hydrogen), it is the case that
the alkene was the first group to be reduced. In experiments
where the hydrogenation of 4, with either new catalyst, was
allowed to continue for a long time, more than 110% of the
theoretical hydrogen adsorption occurred. This suggested that
some reduction of the carbonyl group occurred. This reduction
of a ketone is quite reasonable as it is known that ketones
may be reduced by a combination of finely divided nickel and
hydrogen.’

The alkene to ketone selectivity was investigated us-
ing the trisubsitiuted alkene in linalool and 3,3,5-trimethyl-
cyclohexanone (5) as the test compounds. The alkene/ketone
selectivity for the pure nickel catalyst was higher than the
recycled catalysts. This change in selectivity can be rationalised

by the fact that the addition of iron' or cobalt" to a “nickel
boride” catalyst promotes the reduction of the aldehyde groups.

Conclusions

We have easily prepared a pair of hydrogenation catalysts from a
used nickel hydride electrical cell. While the chemoselectivity of
these catalysts is different to the catalyst formed from pure nickel
chloride, the new catalysts appear to have the potential to be
useful synthetic tools. However, because of the use of potassium
fluoride in production of the AL4 mixture, the catalyst made
from AL4 is less green than the catalyst made from RN2.
Further studies of these catalysts (and others formed from waste
materials) are currently in progress.

Notes and references

I Synthesis and testing of catalysts (representative procedure). A 100 ml
two necked round bottomed flask, containing a stir bar was charged
with the nickel starting material and deionised water, to this was carefully
added a solution of sodium borohydride in potassium hydroxide (0.1 M)
using the method in ref. 5. After the reduction reaction has subsided, the
supernatant was removed by pipette before the black solid was washed
five times by the addition of water, brief stirring and then removal
of the water. Then, after washing five times with ethanol in the same
way, ethanol (3 ml) was added to the flask which was attached to the
hydrogenation apparatus using the B19 neck and the other neck (B24)
was sealed with a subaseal ™. The air was removed using a vacuum pump
before hydrogen gas (1 bar absolute) was admitted to the flask, before
being removed again using the vacuum pump. After three such cycles,
the hydrogen gas was allowed to remain in the flask with the catalyst, this
was allowed to stand overnight before use. The next day when the volume
of the system stabilised, an ethanol solution of the substrate was injected
through the subaseal. The reaction was then monitored by observing the
change in volume. At the end of the hydrogenation, the hydrogen gas
was removed by vacuum pump before air was briefly admitted to the
flask. The ethanol was removed from the flask with a pipette before the
catalyst, stir bar and flask were rinsed with ethanol (3 ml). After the
removal of this ethanol washing (by pipette), more ethanol (3 ml) was
added to the reaction flask. The air in the flask was quickly replaced with
hydrogen using the above method, and the catalyst was always stored
wet with ethanol under a hydrogen atmosphere to prevent oxidation of
the catalyst. For a typical catalytic run, sufficient amounts of the metal
salt starting material to provide 16 mg of nickel/cobalt/iron was used,
while for the hydrogenation of 3,3,5-trimethyl cyclohexanone three times
as much catalyst was prepared and tested.
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A novel heterogeneous catalyst with iron chloride im-
mobilized on pyridine-modified mesoporous silica has
been developed. The supported Fe(1r)/SiO, catalyst dis-
played excellent catalytic properties for the allylic oxidation
of 3,5,5-trimethylcyclohex-3-en-1-one (B-IP, 1) to 3,5,5-
trimethlycyclohex-2-ene-1,4-dione (KIP, 2) with molecular
oxygen as the oxidant under mild conditions. It can also
catalyze the oxidation of other olefins, such as a-pinene and
cyclohexene and its derivatives efficiently and selectively.
In addition, the supported catalyst can be easily recycled
without significant loss of activity and selectivity, which is a
green alternative for practical applications.

Introduction

Allylic oxidation of olefins is an attractive process transforming
cheap and readily available substrates to valuable intermediates
for the fine chemical industry.! Until now, numerous reagents
have been reported to accomplish this transformation effectively
and selectively.> However, most of the oxidation reagents are
toxic, hazardous, or required in large excess.* Thus, despite
the usefulness of the known procedures, the development of
“greener” oxidation routes is essential for both organic synthesis
and industrial applications. Molecular oxygen (O,) as a terminal
oxidant is an attractive option from an environmental and
economical point of view.* In recent years, it has become
increasingly important in various oxidation reactions because it
is cheap, readily available, and gives no co-product as pollutant.’
However, unlike traditional oxidants, molecular oxygen is not an
active and selective oxidant. In this respect, the exploitation of
efficient metal-containing catalysts has become the key point for
most of aerobic oxidations.®

Iron-containing catalysts are among the most practical
reagents for aerobic oxidations because iron as an active site
can efficiently transfer an oxygen atom from molecular oxygen
to organic substrates.” Since the discovery of iron-containing
enzymes® (like cytochrome P-450s), much effort has been focused
on the biomimetic catalysts such as iron-porphyrins,” iron-
phthalocyanines'® and iron-Schiff bases!! for the past decade.

“Department of Chemistry, Zhejiang University, Hangzhou, 310027,

P. R. China. E-mail: lihr@zju.edu.cn; Fax: +86-571-8795-1895
*Department of Chemical Engineering, Zhejiang University, Hangzhou,
310027, P. R. China

+ Electronic supplementary information (ESI) available: Additional
experimental details and results. For ESI see DOI: 10.1039/b807234¢

However, the difficulties in separation and the high cost of the
bionic catalysts hindered commercialization of these procedures.
The heterogenisation of the aforementioned catalysts is an at-
tractive method from an environmental and economical point of
view.'? Unfortunately, both their activity and selectivity sharply
decreased when they were immobilized on the support. Hence,
there is a need to explore more simple, efficient, safe, and cost-
effective iron-containing catalysts for practical applications.
Since iron acts as the key intermediate in Fe(1r)-catalyzed
oxidation procedures, the direct use of active Fe(111) for such re-
actions has been considered to be beneficial."® Several strategies
have been adopted to immobilize these iron-containing catalysts
on various supports in an attempt to make them recyclable and
to enhance their stability."* Here, we describe a new protocol for
the preparation of iron-containing heterogeneous catalyst with
iron chloride immobilized onto pyridine-modified porous silica.
The supported catalyst was tested in the allylic oxidation of cyclic
olefins including 3,5,5-trimethylcyclohex-3-en-1-one (B-IP, 1), a-
pinene and cyclohexene and its derivatives. Meanwhile, special
attention has been focused on its stability and reusability.

Experimental
Synthesis of Fe(111)/SiO, catalyst

2.0 g porous silica (Si0,) was dispersed in a mixture of ethanol
(100 ml) and pyridine (2 ml) under stirring (76 °C) for 12 h.
Then the solid product was filtrated from the mixture, washed
with ethanol and dried under vacuum at 150 °C overnight. The
ethanol and pyridine mixture was reused to activate multiple
batches of silica in the experiment (see ESIT).

The obtained pyridine-modified porous silica was dispersed
in 100 ml ethanol. Then 0.54 g FeCl;-6H,0 (2 mmol) in ethanol
solution (5 ml) was added drop-wise under stirring at 76 °C
for 12 h. The resulting precipitate was filtered and was washed
with ethanol and acetone until no Fe** could be detected in
the washing liquid. After a process of drying under vacuum at
150 °C for 8 h, a brown Fe(111)/SiO, power was obtained. The
supported catalyst was analyzed by N, adsorption evaluation,
atomic absorption spectrophotometry (AAS), FT-IR and SEM
image analysis (see ESIT).

Allylic oxidation of 1 and other olefins

Allylic oxidation of 1 was carried out as described previously.'
In a typical oxidation, 13.8 g 1 (0.1 mol), 10 ml pyridine,
20 ml methyl ethyl ketone (MEK), and 0.55 g Fe(1m)/SiO,

This journal is © The Royal Society of Chemistry 2008
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(catal./sub. = 4%) catalyst were added into a 50 ml four-neck
round bottom reactor, which was fitted with an overhead stirrer
and a reflux condenser. The reaction was performed at 66 °C
in a water bath with fast stirring. High pressure air was flowing
into the reactor at a constant flow rate (20 ml min="). The result
was monitored by GC (with benzyl ethanoate as the internal
standard). The products were analyzed by GC-MS. When the
reaction was completed, the supported catalyst was filtrated
from the products, washed with ethanol thoroughly, and dried
under vacuum at 150 °C for reuse.

Fe(111)/S10, catalyst was also applied in the oxidation of
other olefins (a-pinene and cyclohexene and its derivatives). In
a typical oxidation, 10 mmol olefin, 0.2 g catalyst and 10 ml
acetonitrile were added in a 25 ml flask which fitted with an
overhead stirrer and a reflux condenser. Pure oxygen was flowing
into the reactor with a constant flow rate (20 ml min~"). The
reaction proceeded for 10 h under different temperatures (58 °C,
78 °C and 84 °C), and the products were analyzed by GC and
GC-MS.

Results and discussion
Characterization of the material

Asshown in Table 1, the supported materials exhibited decreased
BET surface area and pore volume compared with porous silica.
This indicated that iron complexes had been combined inside
the channels of the porous silica. Compared with porous silica
(3.3cm’ g', 199 m? g'), the supported catalyst without pyridine
showed a BET surface area of 190 m*> g! and a total pore
volume of 3.2 cm® g~!, while the values for the corresponding
pyridine-modified catalyst were found to be 158 m? g=' and
2.8 cm® g7!. Tt was supposed that much more iron complex had
been anchored onto the support in the presence of pyridine,
thus its pore volume and surface area were clearly reduced.
These results were consistent with a reasonable homogeneous
building-up of the metal complex on the surface.'®

Atomic absorption spectrophotometry (AAS) analysis gave
an iron loading of 0.49-0.85 mmol g~' on pyridine-modified
porous silica, while there was only 0.051 mmol g=' of iron
loading in the absence of pyridine. It was concluded that pyridine
played an important role for immobilizing metal ions, which was
consistent with N, adsorption analysis. SEM pictures'” recorded
for porous silica and the immobilized catalysts showed that the
porous structure has been maintained after immobilization. This

Table 1 Physical properties of SiO, supported FeCl; catalysts

Fe content*/  Pore Surf.
Entry Sample mmol g~! vol.t/cm® g!  area®/m? g™!
1 SiO, 0.0030 33 199
2 FeCl; + SiO;° 0.051 3.2 190
3 T#Fe(II1)/SiO¢  0.49 2.9 179
4 II*Fe(II1)/Si0,*  0.53 2.8 158
5 IIT*Fe(IT1)/Si0,* 0.85 2.6 144
6 #Fe(II1)/Si0,° 0.4 1.6 50

“ By atomic absorption analysis. * Through gas adsorption method. ¢ No
pyridine was added. ¢ With pyridine. ¢ The supported catalyst has been
recycled for more than four times.

result was also confirmed by N, adsorption isotherms, where the
isotherms for porous silica and the supported catalyst were of
similar shape.

The FT-IR spectra of the silica support showed specific
bands at around 1640, 1110, 803 and 467 cm™' assigned to
characteristic vibrations of the mesoporous framework (Si-O—
Si) and a broad peak around 3450 cm~! for the adsorbed H,O
molecules. Compared with porous silica, the new characteristic
band of iron complexes at 1460 and 877 cm™' appeared in the
spectrum, indicating that iron complexes were immobilized on
the support. Besides, the brown color of the solid particles of
the catalyst was indicative to the presence of an Fe(111) complex.
Compared with the fresh catalyst, both the pore volume and
surface area were sharply decreased in the recycled catalyst.
However, there was still 0.44 mmol g=' of iron left on the
recycled Fe(11)/SiO, catalyst. It was supposed that most of
the iron was strongly anchored on the support and only a
small amount was lost during the separation and recycling
processes.

Allylic oxidation of 1 to 2

The supported Fe(111)/SiO, catalyst was firstly evaluated in the
aerobic oxidation of 1 to 2 (Scheme 1). 2 is a valuable starting
substance for flavors and fragrance in foodstuffs as well as
an important intermediate for preparing vitamins, carotenoids
and so on.” As shown in Table 2, the homogeneous catalysts,
especially metal porphyrins and Schiff bases, provided high
activity and selectivity for 1 oxidation. However, most of them
are difficult to separate from the products (entry 3, 5, 7 and
9). Some of them have been immobilized on the support,
but the heterogeneous catalysts suffered from low activity and
selectivity (entry 4, 6, 8 and 10). A new method for immobilizing
iron chloride onto pyridine-modified silica was introduced in
this study. The supported Fe(111)/SiO, catalyst displayed high
selectivity (over 95%) for 1 oxidation (entry 1), which was much
higher than general heterogeneous catalysts used before.

0 o 0

0, |
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LSOV + >©\+ Dimers
Catalyst
[0}
1 2 3 4
Scheme 1

For the further studies of its superior efficiency for 1 oxidation,
the reaction was carried out with different catalysts under the
same conditions. As shown in Fig. 1, 1 was slowly converted to 2
in the presence of molecular oxygen without any catalyst, along
with plenty of by-products (mostly 3 through isomerization
reaction) (A). The presence of porous silica promoted the
oxidation of 1. However, it still provided 2 in low selectivity
due to the lack of an active metal site (B). Iron chloride was
an efficient homogeneous catalyst. The oxidation of 1 could be
completed in 10 h using iron chloride as catalyst, along with
a small quantity of 3 (C). Nevertheless, it was not selective for
B-IP oxidation. Much more high-boiling point by-products (like
dimers and trimers of 1) have been detected by GC-MS analysis
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Table 2  Allylic oxidation of 1 to 2 with different kinds of catalysts®

Entry Catalysts Conv. (%) Selec. (%) Ref.
1 Fe(11)/Si0, 31.8 95.4 —
1° Fe(111)/SiO, > 99 88 —
2 Transition metal salts (Cr, Mn, Co, Fe, Cu) > 99 50 [21]
3 Manganese acetates > 99 68-85 [22]
4 Manganese acetates on silica 90 28-41 [23]
5 Metal porphyrins or Schiff bases > 99 67-93 [24]
6 Metal salen on silica 52 6-47 [25]
7 FePc* > 99 55 [26]
8 FePc-SiO, 92 21-38 [26]
9 V(acac), > 99 91 [27]

10 Titania—silica > 95 <10 [28]

“The homogeneous and heterogeneous catalysts used previously and in this study. ® The reaction was completed with the heterogeneous catalyst.

¢ Pc = tetrasulfophthalocyanine.

100

80

60

40

KIP yield (%)

204

o 5 10 15 20 25
Reaction Time (h)

Fig. 1 Oxidation of 1 with different catalysts: (A) without catalyst; (B)

silica as catalyst; (C) FeCl; as catalyst; (D) FeCl; + silica as catalyst; (E)

I* Fe(11)/Si0, as catalyst; (F) Fe(11)/SiO, was filtrated off after 7 h.

Reaction conditions as Table 3.

during the reaction. It was supposed that the free iron(111) could
also activate 1 directly, which may cause the coupling reactions.

Compared with using them separately, the highly active
FeCl; played a dominant role for 1 oxidation in the supported
Fe(111)/Si0, catalyst. Its activity has been highly improved when
iron chloride was immobilized onto the silica support. On the
other hand, as FeCl; coordinated with pyridine was firmly

Table 3 Catalytic oxidation of 1 under different conditions®

anchored on the porous support, almost no free Fe** ion was
present in the reaction system. It was hard to activate 1 directly
and the conversion to dimers was also reduced. That is to
say, the obtained Fe(1)/SiO, catalyst not only restricted the
conversion to 3, but also decreased the coupling reaction to
dimers. Consequently, the heterogeneous catalyst provided 2 in
a higher yield than using them separately (E). Silica and FeCl,
have also been added simultaneously in the experiment (D). It
was seen that FeCl; played a dominant role in the oxidation
system, similar to using FeCl; alone. Adding SiO, had almost
no effect on the reaction and the yield of 2 was not obviously
improved.

The oxidation of 1 under different temperatures (46, 56, 66
and 76 °C) was investigated as well. As shown in Table 3,
it was detected that a higher reaction temperature led to an
acceleration of 1 oxidation (entry 1-4). However, the reaction
at 56-66 °C provided 2 in higher yield because some 1 had
been converted to 3 at 46 °C, and much more of 4 had been
produced at higher temperature (76 °C). It is worth noting that
the reaction at 56-66 °C was favorable for practical applications
because it displayed excellent selectivity for 1 oxidation. Under
this condition, the heterogeneous catalyst could be filtrated from
the products for reuse and 2 could be separated in high yield
(95.4%). On the other hand, the catalysts with different iron
contents provided almost the same activity and selectivity for 1
oxidation (entry 6, 8 and 9). It was supposed that although

Entry Catalysts Catal./sub. (wt%) 1 Conv. (%) 2 Selec. (%) 3 Selec. (%) 4 Selec. (%) TOF?/h™!
1 1(46 °C)° 4 9.6 90.5 8.2 0.3 19
2 1(56 °C)* 4 18.9 96.1 2.1 0.6 37
3 1(66 °C)* 4 31.8 954 2.9 0.7 63
4 1(76 °C)° 4 61.2 91.2 2.7 4.4 117
5 1 2 78.6 89.3 3.0 3.2 75
6 1 4 > 99 88.5 4.8 2.8 63
7 I 8 > 99 87.1 4.1 4.3 51
8 14 4 > 99 88.0 4.6 3.2 69
9 11 4 > 99 86.8 6.2 4.8 61

@ Reaction conditions: 1 13.8 g (0.1 mol), pyridine 10 ml, methyl ethyl ketone (MEK) 20 ml, 7" = 66 °C, reaction time 24 h; flowing air as oxidant.
The reaction was monitered by GC (with benzyl ethanonate as the internal standard). * TOF = (moles of 1 consumed)/[(moles of catalyst) x 1 h].
¢ Reaction time = 10 h. ¢ catalyst I: [Fe]= 0.49 mmol g~', catalyst II: [Fe] = 0.53 mmol g~', catalyst III: [Fe] = 0.85 mmol g~'.
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Table 4 Catalyst reuse test for the oxidation of 1*

Run 1 Conv.? (%) 2 Selec.? (%) 3 Selec.” (%) TOF</h™!
1 98.7 86.5 6.5 61
2 98.3 85.2 7.2 57
3 97.4 84.7 7.7 56
4 95.5 84.1 8.5 53

“ Reaction conditions: 1 = 0.1 mol, pyridine = 10 ml, methyl ethyl ketone
(MEK) = 20 ml, oxidant = air, temperature = 66 °C, reaction time =
24 h. ® The reaction was monitored by GC (with benzyl ethanoate as
the internal standard), the product and by-products were analysed by
GC/MS. ¢ TOF = (moles of 1 consumed)/[(moles of catalyst) x 1 h].

different amounts of the iron were immobilized on porous
silica, the combination structure of the supported catalysts
was almost the same, and so they displayed the same catalytic
properties for the oxidation of 1.

In order to test the true heterogeneity of the catalyst, following
the method described by Sheldon ez al.,” the catalyst was filtered
off after 7 h and the filtrate was allowed to react for further
10 h (F, as shown in Fig. 1). After 10 h, lower than 5% of 1
conversion was observed. The reaction containing Fe(111)/SiO,
catalyst under the same conditions showed over 40% conversion
of 1. Catalyst reuse tests were also carried out to test its
stability. The catalyst could be easily separated and recycled
from the mixture. AAS analysis (Table 1) confirmed that the
iron loading of the recycled catalyst was not obviously reduced
after four cycles, although the pore volume and surface area
had sharply decreased. As shown in Table 4, the catalyst was
reused four times. However, its catalytic activity (TOF) was not
decreased compared to the fresh ones. Moreover, the conversion
to 3 and 4 was not increased in the reaction, thus it provided 2
still in high yield.

Allylic oxidation of other cyclic olefins

As shown in Scheme 2, o-pinene and cyclohexene and its deriva-
tives were oxidized to the corresponding enones and/or enols

Table 5 Catalytic oxidation of other olefins with Fe(111)/SiO, catalyst*

smoothly under oxygen atmosphere. Similar to the oxidation of
1, the Fe(11)/SiO, catalyst displayed good catalytic activity and
selectivity for the oxidation of all the cyclic olefins (Table 5).

R R
oyt O O o
OH [e]

cyclohexene and

the derivatives -ol -one -oxide
o Q
_o1, . N
OH 0
G-pmene -ol -one -oxide
Scheme 2

In addition, it was found that increasing the reaction temper-
ature accelerated the aerobic oxidation of olefins. For example,
at the lowest temperature (58 °C), only 14.3% conversion of
a-pinene could be observed at the end of 10 h (entry 1). On
increasing the temperature to 84 °C, the conversion rose to
72.7% after 10 h (entry 3). The TOF (h™!) values calculated
at the end of 10 h were: 2.8, 9.3 and 14.5. This is in agreement
with an earlier report where higher reaction temperatures led
to a similar acceleration of a-pinene oxidation.*® Furthermore,
the supported Fe(111)/SiO, catalyst provided different catalytic
activity for different substrates. It was found that 98% conversion
of cyclohexene (entry 5) was observed at 78 °C while there was
only 44% conversion of 1-methyl-cyclohexene (entry 7) and 26%
conversion of 1-phenyl-cyclohexene (entry 9) under the same
conditions.

Conclusions

In conclusion, the catalysts prepared by immobilizing iron chlo-
ride onto pyridine-modified mesoporous silica provided high
activity and selectivity for the allylic oxidation of cyclic olefins.
Though organic solvent has been used, the proposed catalytic
method is a green alternative since it involves molecular oxygen
as terminal oxidant and porous silica supported iron complex

Product yield (selectivity) (%)

Entry Olefin Temp./°C Conv. (%) TOF?/h™! -oxide* -one¢ -ol°

1 58 14.3 2.8 1.8 (13) 2.0 (14) 6.5 (45)
2 78 46.5 9.3 8.5(18) 8.1(17) 20 (43)

3 84 72.7 14.5 15.3(21) 13 (18) 29 (40)
4 58 33.7 6.7 1.6 (4.7) 23.9 (71) 7.6 (22)
5 78 98.1 19.6 4.9 (5.0) 75.5 (77) 16.4 (17)
6 58 15.3 3.1 0.6 (3.9) 11.7 (76) 2.5(16)
7 78 44.2 8.8 2.1 (4.8) 34.5 (80) 6.2 (13)
8 Ph 58 8.9 1.8 0.5 (5.6) 4.4 (49) 3.6 (40)
9 O/ 78 26.3 5.3 1.6 (6.1) 12.6 (48) 11.1 (42)

“ Reaction conditions: substrate = 10 mmol, solvent (CH;CN) = 10 ml, Catalyst I (see Table 1) was used in the oxidation; Reaction time = 10 h, pure
oxygen was flowing into the reactor at constant flow rate (about 20 ml/min), the reaction was monitored by GC and the products was analyzed by
GC-MS. * TOF = (moles of olefins consumed)/[(moles of catalyst) x 1 h], ¢ the products -oxide, -one, and -ol see Scheme 2.

830 | Green Chem., 2008, 10, 827-831

This journal is © The Royal Society of Chemistry 2008


http://dx.doi.org/10.1039/B807234E

Downloaded by City College of New Y ork on 09 November 2010

Published on 27 June 2008 on http://pubs.rsc.org | doi:10.1039/B807234E

View Online

as recyclable heterogeneous catalyst under mild conditions. In
addition, the supported catalysts were obtained by a simple,
facile and cheap synthesis methodology. All these facts allow us
to view them as prospective heterogeneous catalysts for practical
applications.
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A novel lipophilic rhodium catalyst was evaluated in the
enantioselective transfer hydrogenation of ketones in water
using sodium formate as the hydride donor, and in the
presence of sodium docecylsulfonate. Alkyl alkyl ketones
were reduced in good yields and in moderate to good
enantioselectivities, and the reduction of aryl alkyl ketones
proceeded with excellent enantioselectivity (up to 97% ee).

Introduction

Traditionally most organic reactions are performed in organic
solvents. However, more recently the use of water as a reaction
medium has increased in popularity.! Water, being one of the
essential compounds for life on earth, and a key component
in all biological systems, is often considered as being far from
the perfect solvent for performing organic chemistry. Obvi-
ously, the hydrophilic properties of water and aqueous media
combines poorly with most typical properties connected with
organic compounds. Nevertheless, the intrinsic hydrophilicity
can actually be exploited in a positive manner, and novel or
higher reactivities can be accomplished by performing classical
organic reactions in water instead of in typical organic solvents.
The Diels—Alder reaction is one example of a classical organic
transformation which exhibits significantly higher reaction rates
when performed in water as compared to when the correspond-
ing reaction takes place in an organic solvent.> The reaction
“on water” as described by Sharpless and co-workers is a
recent example where high reactivity is achieved from insoluble
reagents.’

For organic reactions catalyzed by metal complexes, the
solubility properties of reactants/reagents and the catalyst are
often quite different. The nature of the metal complex can be
either hydrophilic or hydrophobic depending on the ligands
surrounding the metal. However, the organic reaction partners
often exhibit poor solubility in the aqueous media. A classical
approach to overcome this solubility problem is to add different
surfactants (e.g. sodium dodecylsulfonate, SDS) to the reaction
mixture.* The interior lipophilicity of micelles created by the
surfactants helps to solvate the reaction partners, and thereby
facilitate a smooth reaction. Hence, increased reaction rates

“Dept of Organic Chemistry, Stockholm University, The Arrhenius
Laboratory, SE-106 91, Stockholm, Sweden.

E-mail: hansa@organ.su.se; Fax: +46-8-154908; Tel: +46-8-162484
*Dept of Biochemistry and Biophysics, Stockholm University, The
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are usually observed when organic reactions are performed in
aqueous solutions in the presence of surfactants.

An additional factor to consider when developing synthetic
methods with water as reaction medium is the selectivity of
the reaction, in particular the stereoselectivity. Again, the
classic method for metal catalyzed reactions is to develop
chiral catalysts/ligands containing hydrophilic, often charged,
functionalities.” This concept takes care of the problem getting
the selective catalyst soluble, however, it does not address the
solubility issue of the organic substrates. To allow for good
solubility of both catalyst and substrates in aqueous media,
and at the same time generate a potentially more stereoselective
protocol, we have investigated the possibility of using standard
surfactants to facilitate both aspects. Herein, we present an
approach for the stereoselective reduction of alkyl alkyl ketones
under transfer hydrogenation conditions in water.

Results and discussion

The enantioselective reduction of ketones is a thoroughly
investigated reaction, and there are several different stoichio-
metric and catalytic protocols developed for this particular
transformation.®’ Regarding catalytic methods, the ruthenium-
based systems developed by Noyori and co-workers, using
molecular hydrogen or formic acid as reducing agents are
among the most successful for the stereoselective formation
of secondary alcohols.*® The ruthenium-arene complex 1 con-
taining a monosulfonated diamine (i.e. TSDPEN) is a partic-
ularly proficient precatalyst for asymmetric reduction of aryl
alkyl ketones under transfer hydrogenation conditions, and the
most advantageous hydride source used in combination with
this catalyst system is either the formic acid-triethyl amine
azeotrope or sodium formate.® In the latter case the reactions are
commonly performed in aqueous media, often in the presence
of surfactants, which increase solubility of both reactants and
catalysts.!

|
/Ru:Cl
H,N NTs
pf  Pn

Recent modifications of the original Noyori complex 1,
have resulted in catalysts which show higher activities and
selectivities when the reactions are performed in neat water
using sodium formate as the hydride donor." We have previously
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investigated the enantioselective reduction of aryl alkyl ketones
using catalysts containing different amino acid based ligands."
The corresponding selective reduction of alkyl alkyl ketones
is, however, considerably more difficult and remains as a
problem.” The high selectivity observed when ruthenium- or
rhodium-arene catalysts are employed in the reduction of aryl
alkyl ketones is believed to originate from stabilizing n-CH
interactions between the substrate and the catalyst when the
hydride transfer occurs.’ No such stabilizing effect can exist in
the reduction of alkyl alkyl ketones, and therefore these reactions
normally result in poor enantioselectivity. We have addressed
this issue using an approach where proper catalyst modification
would allow for selective reduction of long-chained alkyl ketones
in water in the presence of SDS. The concept is presented
in Fig. 1, which illustrates how a lipophilic mono-sulfonated
diamine ligand will allow for the catalyst to be highly soluble
in micelles created by SDS. The polar end (i.e. the transition
metal site) is assumed to be close to the hydrophilic surface
of the micelle. The poor solubility of long-chained alkyl alkyl
ketones (e.g. 2-dodecanone) in water will force the substrate to
enter the catalyst-containing SDS, with the polar carbonyl end
of the molecule oriented towards the surface. Theoretically, this
orientation of the ketone could result in a possible catalyst dis-
crimination between the two enantiotopic faces of the substrate,
which thereby would facilitate the reduction to proceed with
higher stereochemical induction.

. Q Q QQ Q Q0

[ X=]
NE i ™SS
i
O~~~

sDs OH K
== &
O: E th: H . O\\_,’\\’\ = S —,

o 2 RHR Q
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a Q
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Substrate . . . . .

Fig. 1 Schematic drawing indicating possible catalyst and substrate
interaction with micelles formed by SDS.

To test this hypothesis we prepared diamine ligand
2 starting from commercially available (R,R)-1,2-diphenyl-
1,2-diaminoethane and 4-dodecylbenzenesulfonyl chloride
(Scheme 1). Using ligand 2 in combination with [Cp*RhCl,],
(Cp*Rh-2) for the asymmetric transfer hydrogenation of various
alkyl methyl ketones without and in the presence of the SDS
surfactant, resulted, in most cases, in good conversion to the
corresponding secondary alcohol.T Interestingly, the reduction
of 2-heptanone (3) and 2-octanone (4) proceeded smoothly
regardless of whether SDS was present or not (Table 1, entries
1-4). The transfer hydrogenation of 2-decanone (5) resulted in
better conversion when the surfactant was present (Table I,
entries 5 and 6). However, in the reduction of 2-dodecanone
(6) a dramatic difference in the reaction outcome was observed
and significantly higher conversion was obtained when SDS was
present in the media (Table 1, entries 7 and 8). Furthermore,

[Cp*RNCly], (0.5 mol%) OH
2 (1 mol%) )\
HCO,Na (5 equiv.) R *
H,0, 28°C, 17h

0 (0]
0 J
1l R
HyN HN—SOC12H25
1 3R= n—C5H11
B 0 4R = n-CeH13
Ph Ph 5R= n-CBH17 7
2 6 R =n-CygHy4
(0]
w
8
Scheme 1
Table 1 Rhodium-catalyzed reduction of alkyl alkyl ketones in the

presence of ligand 2¢

Entry Substrate Surfactant® Conversion (%)° ee (%0)?
1 3 — 99 42
2 3 SDS 98 42
3 4 — 97 39
4 4 SDS 99 45
5 5 — 85 44
6 5 SDS 96 47
7 6 — 46 43
8 6 SDS 99 47
9 7 — 83 84

10 7 SDS 97 84

11 8 — 69 37

12 8 SDS 74 38

“ For experimental conditions, see footnote.T ® 10 mol%. ¢ Conversion
was determined by GLC analysis using decane as internal standard.
4 Enantiomeric excess was determined on acetylated products using GLC
(CP Chirasil DEX CB).

we investigated the reduction of cyclohexyl methyl ketone
(7) and geranyl acetone (8), and found that these substrates
behaved similar to 2-decanone (Table 1 entries 9-12). The
reduction of sterically more demanding substrates such as
adamantyl methyl ketone or z-butyl methyl ketone resulted in
poor conversion. Not surprisingly, we can conclude that the
reduction of substrates containing longer alkyl chains proceeded
smoother when the reactions were performed with SDS present
in the reaction mixture. We did not observe any dramatic effect
on the enantioselectivity of the reaction from the combination
of the modified catalyst and the surfactant. As can be seen in
Table 1, an increase of enantioselectivity was obtained in some of
the entries when the reactions were performed with SDS present,
however, with the exception of compound 7, only moderate ee’s
were measured.

In order to analyze the interaction between the catalyst
Cp*Rh-2 and SDS micelles, translational diffusion coefficients
were determined by pulsed field gradient NMR for Cp*Rh-2 in
the presence of 38 mM and 80 mM SDS as well as for a pure
100 mM SDS sample.} Spectral peaks for Cp*Rh-2 could be
distinguished from SDS methylene peaks and thus the diffusion
constants for both the catalyst and the SDS could be determined.
The detergent SDS is soluble in water and will appear also as
monomers even above the critical micelle concentration, thus the
observed diffusion will represent a weighted average between the
participating states due to fast exchange. By assuming a two state
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Table 2 Diffusion coefficients and hydrodynamic radii for SDS and
Cp*Rh-2at 25°C

Table 3 Rhodium-catalyzed reduction of aryl alkyl ketones in the
presence of ligand 2¢

D/107" m? g7«
Sample SDS Cp*Rh-2 R,/nm’
SDS monomer 48¢ — 2.3
100 mM SDS 8.3 — 33.6
38 mM SDS + Cp*Rh-2¢ 8.6 6.7 33.6
80 mM SDS + Cp*Rh-2¢ 8.9 6.7 338

“ Diffusion constants in H,O, normalized according to the diffusion of
HDO to account for viscosity differences and compensated with a factor
1.23 due to the higher viscosity of D,0. * Hydrodynamic radius. For the
SDS micelle sample, the fraction of free monomer in solution was taken
into account. For SDS/Cp*Rh-2 complex, the radius was calculated
from the catalyst diffusion. A hydration layer with an estimated depth
of 2.8 A has been accounted for in the calculations. ¢ Diffusion constant
taken from ref. 15. “[Cp*Rh-2] = 4 mM.

model where SDS only appears either as a free monomer or as a
part of a micelle, the measured diffusion constants (Table 2) for
Cp*Rh-2 and SDS can be interpreted as the SDS/(Cp*Rh-2)-
aggregate diffusion rate and the rate of the weighted average for
the SDS states respectively. This relationship can be expressed
as

Dobs — XDmice]le + (l _ x)Dmonomer

where D°* is the observed diffusion constant, D™ is the
diffusion rate for SDS micelles, D™ is the diffusion rate for
monomers, and x is the fraction of SDS in the micelle state.'
Hence, the fraction of monomeric SDS could be estimated to
be 5% in the Cp*Rh-2/SDS sample, and with this value a
hydrodynamic radius of 33 A was calculated for an SDS micelle,
which is in agreement with previous results.' In the calculations
a diffusion constant for free monomeric SDS (48.0 m? s™') was
taken from Jarvet et al.* It should be noted that in the absence of
SDS, Cp*Rh-2did not dissolve well enough in D, O to render any
detectable signal in the NMR experiments. From the diffusion
of Cp*Rh-2 in the Cp*Rh-2/SDS samples the catalyst obtains
a diffusion constant fully comparable with the size of an SDS
micelle which shows that stable isotropic aggregates between
Cp*Rh-2 and the detergent are formed. Moreover, the data
clearly shows that the size of the SDS-catalyst complex does
not depend on the SDS concentration (Table 2). Hence, at the
concentrations used in the catalytic experiments, the Cp*Rh-2
catalyst is fully incorporated in well defined micelles.

The observed catalytic activity of Cp*Rh-2, and the ability
of the catalyst to fully interact with the surfactant, suggested
that this catalyst-system would be useful for the reduction of
other substrates in aqueous media. Thus, we examined aryl alkyl
ketones 9-18 using the same reducing conditions as presented in
Scheme 1 with SDS present (Table 3). As can be seen in Table 3,
we obtained excellent conversion and enantioselectivity for all
evaluated substrates, except for 2',5-dimethoxyacetophenone
(17, entry 9) and 2-acetonaphthone (18, entry 10). For com-
parison, we performed reductions without addition of SDS, and
found that more water soluble substrates were readily reduced
also under these conditions (e.g. acetophenone (9) gave 97%
conversion and 96% ee). In contrast, the reduction of 11 resulted
in merely 63% conversion (95% ee) when the surfactant was
omitted.

Entry Substrate Conversion (%)” ee (%)°
1 9 97 97 (R)
2 10 96 94 (R)
3 11 86 96 (R)
4 12 94 95 (R)
5 13 97 96 (R)
6 14 97 97 (R)
7 15 98 96 (R)
8 16 96 97 (R)
9 17 74 78 (R)

10 18 99 76 (R)

“ For experimental conditions, see footnote f. * Conversion was deter-
mined by GLC analysis. ¢ Enantiomeric excess was determined by GLC
(CP Chilasil DEX CB).

e

(e} 0
/@)k F\©)}\ FsC
Br
13 14 15
(e} 0 (e}
Me0\©)k Meo\(jj\ “)kl ‘
OMe
16 17 18

Concluding remarks

12

0

To summarize, we have investigated the possibility of gaining
additional enantiocontrol in the aqueous asymmetric transfer
hydrogenation of alkyl ketones using the combination of SDS
as surfactant and a modified catalyst possessing low solubility in
water. We found that employing a rhodium catalyst containing
a mono-dodecylbenzenesulfonylated diamine ligand resulted
in excellent conversion of long-chained alkyl ketones to their
corresponding secondary alcohols using sodium formate as
hydride donor in water and in the presence of SDS. An increase
in enantioselectivity was observed in some cases when the
surfactant was present. However, we cannot conclude that
this is an effect of interactions between the catalyst and the
substrate on the surface of the surfactant. The reduction of
cyclohexyl methyl ketone resulted in excellent conversion and
good enantioselectivity. In fact, this is the highest selectivity
obtained under transfer hydrogenation conditions using sodium
formate as hydride donor in aqueous media. Translational
diffusion experiments showed that stable isotropic aggregates
between Cp*Rh-2 and the SDS micelles are formed under the
reaction conditions. In addition, we found that the reduction
of aryl alkyl ketones using the modified catalyst system in
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general resulted in high conversion and in high to excellent
enantioselectivity.
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Tonic liquids accumulate within Escherichia coli cells and can be detected by Fourier transform
infrared (FT-IR) spectroscopy. Harvested cells were incubated with the biocompatible,
water-immiscible ionic liquids, trihexyltetradecylphosphonium bis(trifluoromethylsulfonyl)imide
([P66.1sINTE,]) and methyltrioctylammonium bis(trifluoromethylsulfonyl)imide ([N, 55 5][NTf,]),
and with the toxic chlorides, [Pg4.14][Cl] and [N, s45][Cl]. The cells were harvested, washed and
dried, and their FT-IR spectra were recorded. The ionic liquid spectra could be detected against
the background spectra of the cells, demonstrating that they were accumulating within the cells.
The toxic ionic liquids accumulated more rapidly than the biocompatible ionic liquids. Principal
components analysis followed by discriminant function analysis showed that, compared to control
cells, the toxic ionic liquids produced much bigger changes in the FT-IR fingerprint of the cellular
chemicals than the biocompatible ionic liquids. Subcellular fractionation, followed by FT-IR
analysis, demonstrated that [P ,4][NTf,] accumulated specifically in the membrane fraction of
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the cells and not the cytoplasm.

Introduction

Tonic liquids are attracting an enormous amount of attention
as clean, green alternatives to environmentally damaging con-
ventional solvents in chemical and biocatalytic manufacturing
processes.’® The most exciting feature is the unparalleled scope
to tailor the solvent properties to match the requirements of
the process, simply by selecting appropriate cation and anion
combinations. However, this very diversity greatly complicates
the task of understanding the safety and environmental impact
of ionic liquids, which is crucial to obtain regulatory approval
for ionic liquid-based processes and products. Fortunately, there
has been remarkably rapid progress in developing structure—
activity relationships for ionic liquid toxicity and environmental
impact.”® However, we still know very little about the specific
molecular interactions between these novel chemical entities
and living organisms. For this reason, we used transmission
Fourier transform infrared (FT-IR) spectroscopy to analyse the
chemical composition of Escherichia coli cells after exposure
to ionic liquids, to provide an insight into the mechanisms of
toxicity.

The FT-IR spectra of cells provide metabolic finger-
prints which are extremely useful for identification of
microorganisms'®? or to monitor their physiological state,'® but
their use to identify naturally-occurring intracellular metabo-
lites is generally difficult and needs complex chemometric
processing.'*'¢ However, ionic liquids are xenobiotics which give
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distinctive IR spectra that differ markedly from the spectra of cell
components. This suggested that ionic liquids may be detectable
if they accumulate inside the cells.

We tested this hypothesis by comparing the effects of
toxic and biocompatible ionic liquids on the FT-IR spec-
tra of E. coli cells. We chose trihexyltetradecylphosphonium
bis(trifluoromethylsulfonyl)imide ([Pgg61,][INTf,]) and methyl-
trioctylammonium bis(trifluoromethylsulfonyl)imide ([N gz5]-
[NTf,]) as examples of biocompatible ionic liquids, since they
cause only modest inhibition of growth of E. coli.'"'® Further-
more, these two ionic liquids are extremely useful, since they are
water-immiscible, and both can be used to provide dramatically
improved product yields for redox biotransformations using bac-
terial cells.’*" By contrast, changing the anion to chloride makes
the ionic liquids so toxic that growth is inhibited completely even
when the phase ratio of [Pg4,4][Cl] and [N, 455][Cl] is decreased
to 0.0025." Therefore, these two ionic liquids were selected as
examples of toxic, water-immiscible ionic liquids.

In this study, we show that ionic liquids are taken up into E.
coli cells and can be readily detected against the background
FT-IR spectrum of cellular chemicals. We also show that ionic
liquids accumulate specifically within the membrane fraction of
the cells.

Results and discussion
Effect of ionic liquids on cell viability

The first step was to produce E. coli cells that had been exposed
to ionic liquids. E. coli can grow in the presence of [P 414][NTT,]
and [N, g5¢] [NTH,] (although there is some inhibition) but the
toxic ionic liquids, [Pg6.14][Cl] and [N, 555][Cl], do not allow any
growth.’ Therefore, we studied the effects of the ionic liquids
by first growing E. coli without the ionic liquids, harvesting the
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cells aseptically and resuspending them in fresh medium. The
ionic liquids (phase ratio, 0.23; 23% v/v) were then added, and
the cells were incubated for 24 h. We chose this solvent : water
phase ratio because it is within the range that is suitable for two-
liquid phase biotransformations®* and because it allows direct
comparison with our previous work on biotransformations
using ionic liquids."®

Using culture medium meant that there was some growth
in the control cell suspensions during the first 3 h, and in the
suspensions exposed to [N, 355 INTf,] and [Py 6.1 INTS,] (Fig. 1).
However, there was little growth thereafter. The optical (OD)
and viable count were slightly lower in the cell suspensions
exposed to these ionic liquids than in the control without ionic
liquid.

By contrast, [N, 5][Cl] and [Ps46.4][Cl] both caused a dra-
matic decrease in OD when added to the cell suspensions,
indicating that the cells were lysing. The cells began to recover
after exposure to [Pgee14][Cl] for 3 h, and there was a slight
increase in the viable count and OD after 24 h. [N, 45:][Cl] was
completely bacteriocidal, since viable cells could not be detected.
Thus, no colonies were formed even when the undiluted cell
suspension was spread on agar plates. Similar behaviour was
observed even when the phase ratio was decreased to 0.05.
Nevertheless, sufficient residual cell material could be collected
for FT-IR analysis by centrifugation. We assumed that this
material consisted of dead cells and cell fragments.

FTIR spectroscopy of cells exposed to [Py 14]*-containing
ionic liquids

Next, we measured the FT-IR spectra of the cells after exposure
to the ionic liquids, and compared them with the spectra of
pure ionic liquids and with unexposed control cells. Exposure
to [Pgs.14][NTH,] had very little effect on the cell spectra after
30 min or 3 h (Fig. 2). However, the spectrum was dominated by
the extremely distinctive fingerprint of [Py, ][NTf,] after 24 h.
This demonstrated that the ionic liquid was either being taken
up by the cells or was so tightly bound to the cell surface that
it could not be removed by our vigorous washing procedure.
The fact that there was little accumulation during the first 3 h
indicates either that the accumulation process was slow or that
the cells were excluding the ionic liquid. Comparison of the
spectra (Fig. 2) with the spectra of cells exposed to [Pge14]Cl
(Fig. 3) makes it possible to distinguish the peaks due to the
cation and the anion, since, of course, the ClI- anion does not
give an FTIR signal. This comparison shows that the peaks were
due to both the Py4,,,* cation and the NTf,~ anion, indicating
that both were present in the cells.

The spectra of cells exposed to the toxic ionic liquid,
[Ps66.14][Cl], contained small peaks due to the ionic liquid even
after 30 min (Fig. 3). Therefore, accumulation of the toxic
ionic liquid began more quickly than in the samples exposed
to [Pgs.14][NTE,]. The intensity of the peaks increased relative
to the cell fingerprint after 3 h, but decreased again after 24 h.
This suggests that the ionic liquid was lost from the cells after
prolonged incubation. Whether this was due to leakage or active
exclusion associated with recovery of the cells (Fig. 1) remains
to be determined.
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Fig.1 Effect of ionic liquids on the optical density and viable count of
E. coli after harvesting and resuspension in fresh culture medium. The
cells were incubated with the ionic liquids shown and the OD (A) and
viable counts (@) were measured.
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Fig. 2 FT-IR spectra of E. coli after exposure to [Pges14][NTf,] after
30 min (green), 3 h (red) and 24 h (turquoise), or without ionic liquid
(blue). The spectrum of authentic [Py4,4][NTf,] is plotted upside down
for comparison.
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Fig.3 FT-IR spectra of E. coli after exposure to [Py 6.14]Cl after 30 min

(green), 3 h (red) and 24 h (turquoise), or without ionic liquid (blue). The
spectrum of authentic [Py 6.14]Cl is plotted upside down for comparison.

FTIR spectroscopy of cells exposed to [N, 4 55]*-containing
ionic liquids

The FT-IR spectra of cells exposed to the biocompatible ionic
liquid, [N,;3][NTf,], contained small peaks due to the ionic
liquid throughout the incubation period (Fig. 4). Comparison
with spectra of cells exposed to [N, 53]Cl (Fig. 5) shows that
both the cation and the anion could be detected. However, it
is difficult to interpret the kinetics of accumulation because
the peak intensities were low, and the ratios of signal intensity
between the cation and anion peaks cannot be judged accurately.
Nevertheless, the fact that the ionic liquid accumulated rapidly
is consistent with its increased growth inhibition compared with
[Po14INTE].*
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Fig. 4 FT-IR spectra of E. coli after exposure to [N, 35][NTf,] after
30 min (green), 3 h (red) and 24 h (turquoise), or without ionic liquid
(blue). The spectrum of authentic [N 353][NTf,] is plotted upside down
for comparison.
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Fig.5 FT-IR spectra of E. coli after exposure to [N 355]Cl after 30 min
(green), 3 h (red) and 24 h (turquoise), or without ionic liquid (blue).
The spectra of the cells exposed to the ionic liquid are much less intense
than the control because there was extensive cell lysis, which caused loss
of cell material. The spectrum of authentic [N,;55]Cl is plotted upside
down for comparison.

In cells exposed to [N;5:]Cl, the N3¢ cation could be
detected clearly after 3 h and 24 h, although it was not clear
whether the ionic liquid was present or not after 30 min (Fig. 5).
The background cell fingerprint was much weaker than in the
control cells because very little cell material was available for
analysis due to cell lysis (see Fig. 1). However, the peak intensities
due to the ionic liquids were strong relative to the cell peaks,
suggesting that the residual dead cell material had a very high
capacity to bind the ionic liquid. As with [Py g6.14]Cl, [N 555]Cl
accumulated in the cells relatively quickly, and this suggests
that early accumulation of the ionic liquid is associated with

838 | Green Chem., 2008, 10, 836-841

This journal is © The Royal Society of Chemistry 2008


http://dx.doi.org/10.1039/B807214K

Downloaded by City College of New Y ork on 09 November 2010

Published on 04 July 2008 on http://pubs.rsc.org | doi:10.1039/B807214K

View Online

toxicity. However, methods for kinetic analysis would need to be
developed to verify this hypothesis.

Analysis of FTIR data

Intracellular accumulation of the ionic liquids could be detected
by simple visual inspection of the FT-IR spectra. However, FT-
IR spectroscopy can also be used as a metabolic “fingerprinting”
technique to detect changes in cell physiology.'***** Therefore,
we also wanted to find out if the spectra indicated any changes in
the underlying cell chemistry. The complexity of cellular FT-IR
spectra makes it essential to use multivariate statistical analysis
methods to quantify the differences and identify differences
between the spectra that may be attributable to the underlying
biology and chemistry.®** Therefore, the multidimensional FT-
IR data (1764 data points) were reduced by principal compo-
nents analysis (PCA). Discriminant function analysis (DFA)
was then used to discriminate between groups on the basis of
the retained principal components and the a priori knowledge
of which spectra were machine replicates.

Clustering patterns could be obtained from PC-DFA of the
data with only 5 PCs selected (Fig. 6). The cell samples exposed
to the biocompatible ionic liquid, [N sgs] [NTf,], were located
close to the tight cluster of the control cells, which had not been
exposed to solvent. Therefore, [N, s45] [NTf,] had relatively little
effect on the metabolic fingerprint of the cells, suggesting that
there was little perturbation of cellular chemistry.
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Fig. 6 PC-DFA scores plot based on the first 5 principal components
from FT-IR spectra analysed by Matlab. The plot shows the relationship
between FT-IR spectra of E. coli incubated without ionic liquids (C,
black), or with [Psse1u][NTE] (P, brown), [Nigss] [NTH] (N, green),
[Ps66.14][Cl] (T, red) or [N, 455][C]] (O, blue) for 24 h.

The spectra of cells exposed to [Pgs¢.14][NTH,] clustered much
less tightly with the controls, since one of the biological replicates
clustered away from the controls in the second discriminant
function (DF) However, it should be noted that the peaks due
to [Pses14][NTE,] were very intense (see Fig. 2) and tended to
dominate the underlying cell fingerprint, and this may have
caused this change.

By contrast, the spectra of cells exposed to the toxic ionic
liquids, [Psg6.14][Cl] and [N, 455][Cl] formed clusters that were
completely distinct from the control cluster and were clearly
separated from the controls and biocompatible ionic liquids
in the first DF. This is highly significant because the first DF

is extracted to give the most variance with respect to group
separation. The facts that the DFA algorithm was trained with
machine replicates and not the toxicity (or otherwise) of the
ionic liquid, and that the differentiation between toxic versus
benign ionic liquids occurs in the first DF show that there are
clear phenotypic differences between the E. coli cells when they
are exposed to toxic ionic liquids compared to the controls and
cells exposed to non-toxic solvents. Moreover, these ionic liquids
should have a weaker influence on the overall spectrum than
the bis-triflamide-containing ionic liquids, since we could see
only the cation spectra superimposed on the underlying cell
spectra. Therefore, the extent of the separation from the controls
observed in Fig. 6 suggests further that the toxic ionic liquids
really do have a marked effect on cellular biochemistry. Detailed
metabolomic analysis will be needed in the future to identify
the specific biochemical changes that were induced by the toxic
ionic liquids.

FTIR spectroscopy of subcellular fractions

We were extremely curious to find out where the ionic liquids
were accumulating in the cells. Therefore, we grew E. coli in
the presence of [Pg4,4][NTT,], harvested the cells and fraction-
ated them into cytoplasmic and membrane fractions. We also
collected the residual buffer from the washing step, to check
for leakage of the ionic liquids. We then measured the FT-IR
spectra of the subcellular fractions and compared them with
fractions from cells that had not been exposed to the ionic liquid
(Fig. 7). Remarkably, the ionic liquid could only be detected
in the cell membranes, and not in the cytoplasmic fraction or
the extracellular wash fraction. Therefore, it seems that this
hydrophobic ionic liquid is lipophilic enough to accumulate in
the membranes, even though it causes relatively little growth
inhibition.
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Fig. 7 FT-IR spectra of membrane fractions (red) of E. coli after
growth in the presence of [Pg4e,4][NTf,], compared with membrane
fractions from unexposed cells (blue). For clarity, the spectra of
cytoplasmic and wash fractions are not shown, since the ionic liquid
could not be detected in either. The spectrum of authentic [Py 46,14 ][NTT,]
is plotted upside down for comparison.
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Conclusions

We have shown that FT-IR spectroscopy can be used to detect
accumulation of ionic liquids inside microbial cells, and that
there may be a connection between speed of accumulation and
toxicity. FT-IR spectroscopy is especially convenient to use
to study intracellular uptake because the ionic liquids can be
detected without having to label them with heavy isotopes or
radiolabels. Furthermore, FT-IR analysis can be applied to a
wide range of cell types'*'***?7 and can be done conveniently and
rapidly in 96 well format."*® This makes FT-IR very attractive
for high throughput screening for ionic liquid uptake.

The detection of ionic liquids inside cells provides an im-
portant advance in understanding the mechanisms of ionic
liquid toxicity. The direct demonstration that ionic liquids
really do partition into lipid membranes in cells is especially
significant. There is a growing body of evidence that the toxicity
of ionic liquids is strongly correlated with their lipophilicity,”**
suggesting that toxicity is due to disruption of membrane
structure. Our findings provide excellent mechanistic support
for this correlation.

In conclusion, this is the first use of FT-IR spectroscopy to
demonstrate the accumulation of ionic liquids within bacterial
cells and their membranes, and provides a very sound basis for
further, detailed investigation of toxicity mechanisms.

Experimental
Chemicals

[N, 5ss][INTH,], were purchased from Solvent Innovation, and
[N 555][Cl], [Pess12][Cl] and [Pgg6.14][NTE,] were obtained from
Sigma-Aldrich. All other reagents and media components were
purchased from Sigma—Aldrich, unless otherwise stated.

Exposure of harvested cells to ionic liquids

Escherichia coli K12 MG1655* was maintained on LB agar. In-
ocula and experimental cultures were grown in MSX medium**
at 37 °C with shaking at 200 rpm. Experimental cultures (150 ml;
1% inoculum) were grown for 24 h, divided into 15 separate
aliquots (10 ml) and harvested by centrifugation at 4000 rpm for
10 min at 4 °C. The cell pellets were resuspended in 10 ml MSX
medium as a control or 7.7 ml MSX medium plus 2.3 ml of ionic
liquid, with 3 replicates for each condition. After incubation at
37 °C with shaking at 200 rpm, samples of the aqueous phases
of the cultures were taken for measurement of ODyg,, viable
count measurements and FT-IR analysis. Viable counts were
measured by serially diluting the samples in physiological saline
(0.9% NaCl) and plating 100 pl aliquots on LB agar.

Sample preparation

Cells were prepared for FTIR analysis by taking samples of
the aqueous phases of the cell suspensions during exposure to
ionic liquids (2 ml). The cells were collected by centrifugation
at 13000 rpm for 3 min, washed 3 times by vortex mixing in
physiological saline (1 ml) and resuspended in saline to give
the same approximate cell concentration as the control sample.
Thus, the control cells, and cells exposed to [Pg4.1,][NTT,] and

[N s5s][NTf,] were resuspended in 125 pl saline, and samples
exposed to [Py 6.14][Cl] were resuspended in 62 ul saline. The cell
concentration in samples exposed to [N s45][Cl] was extremely
low, and so the samples were resuspended in 25 pl saline, the
minimum possible volume suitable for analysis.

Subcellular fractionation

Cultures (50 ml) of E. coli were grown for 24 h at 37 °C
in the presence of [Pges,JINTE,] (phase ratio 0.23) in MSX
medium. The cells were harvested from the aqueous phase by
centrifugation at 4000 rpm for 20 min at 4 °C. The resulting pellet
was washed twice by resuspension in saline (5 ml), and harvested
as before. The supernatants from both washing steps were
pooled and stored for FT-IR analysis. The final cell pellet was
resuspended in saline (2 ml) and disrupted using a homogeniser
(Kinematica) for 10 min on ice. The homogenate was filtered
through a 0.2 um filter to remove any unbroken cells and cell wall
debris, and then centrifuged at 13000 rpm for 1 h at 4 °C. The
pellet (cell membrane fraction) was resuspended in 200 pl saline.
The membranes and the supernatant (cytoplasmic fraction) were
then analysed immediately by FT-IR.

FT-IR spectroscopy

The cell samples were analysed in triplicate as detailed
elsewhere.!>2¢ Aliquots (25 pul) of cell suspensions were applied
evenly onto a zinc selenide (Bruker) plate for analysis by FT-
IR. The samples were dried at 50 °C for 30 min. The plate
was loaded onto a motorised microplate module HTS-XT™
attached to an Equinox 55 module (Bruker Optics Ltd., UK).
A deuterated triglycine sulfate (DTGS) detector was employed
for transmission measurements of the samples. Spectra were
collected over the wavelength range of 4000 to 900 cm~" under
the control of a computer programmed with Opus 4, operated
under MS windows 2000. Spectra were acquired at a resolution
of 4 cm~" and 64 spectra were co-added and averaged to improve
the signal to noise ratio. The collection time for each spectrum
was approximately 1 min, and the spectra were displayed in
terms of absorbance. It should be noted that the FTIR spectra
contain smaller peaks due to lipid and larger peaks due to
polysaccharide than normally found in growing cells because the
cells were not growing actively during the experiments. Authentic
FT-IR spectra from [Pgg413][NTL], [Pegs1s][Cl], [N1s5][Cl] and
[N, s5s]INTf,] were acquired by loading 0.8 ul aliquots of each
ionic liquid onto a calcium fluoride disc and collecting spectra
from a mercury cadmium telluride (MCT) detector after initial
measurement with a 15x objective lens.

Cluster analysis

Analysis of the FT-IR data was based on methods described
previously.''>? The multidimensional FT-IR data were reduced
by principal components analysis (PCA).** PCA was performed
according to the NIPALS algorithm.’® In this manner the
multivariate FT-IR spectra (containing 1764 data points) were
reduced down to 5 PCs and discriminant function analysis
(DFA) then discriminated between groups on the basis of the
retained principal components and the a priori knowledge of
which spectra were machine replicates (so for each of the
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3 biological replicates which were analysed 3 times, 3 classes
were used for each ionic liquid by the DFA algorithm). Thus,
this process did not bias the analysis in any way.*” These cluster
analysis methods were implemented using Matlab version 7.1
(The Math Works, Inc., Natick, MA, USA), which runs under
Microsoft Windows NT.
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Claisen—Schmidt condensations, yielding only water as a by-product, performed on building
blocks serving as shape-selective male or female terminals and unions, enable the preparation of
diverse molecular structures including novel linear rods and semi-elliptical, rectangular or
trapezoidal macrocycles. Isoaromatization affords a corresponding range of phenol-formaldehyde

derivatives, in atom economical reactions.

Introduction

Phenols and formaldehyde undergo coupling reactions to pro-
duce resins' T that have been used widely as bulk chemicals in
the cookware, plywood, particleboard, abrasive papers and ad-
hesives industries for a century. Calixarenes II, cyclic oligomeric
by-products of phenol-formaldehyde reactions,?> constitute a
class of macrocycles on their own. They have applications as
ligands,® nanoparticle modifiers* and supramolecular building
blocks® as well as in ion scavenging, chromatography,® controlled
release,” enzyme mimicry® and in the biomedical area.’
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Perhaps owing to the traditional roots of phenol-
formaldehyde chemistry, preparations have often depended
upon empirical methods that provide limited scope for ready
introduction of structural diversity. Although random coupling
of the aldehyde through the aryl 2, 4 and 6-positions confers
strength and rigidity to phenol-formaldehyde resins, it precludes
the practical preparation of parent calixarenes from phenol
directly. Instead, 4-substituted phenols, usually p-z-butylphenol,
are employed to generate macrocyclic ring scaffolds. Parent
calixarenes comprising repeating phenolic and methylene units
are obtained by dealkylation at all para-positions (a step
often employing the undesirable reagent AICl;). In the parent
macrocycles, chemo and regioselective derivatization of specific
phenolic rings, among other identical moieties located within the
same molecule, is not trivial. It can be difficult to control and
has the potential to afford complex mixtures requiring tedious
and often wasteful separation and purification of the individual
components.

Consequently, we decided to pursue the synthesis of an
alternative array of somewhat related, novel molecules that could
be more readily accessed and manipulated synthetically. The
platform consisted of structurally diverse open-chain oligomers
and macrocycles that we hoped would perhaps supplement, or
in some cases even replace, those available through traditional
phenol-formaldehyde chemistry. Starting materials were chosen
from readily available and, where possible, renewably sourced
chemicals. Direct pathways were employed to obviate the need
for protection/deprotection or activation strategies. Also, prior-
ity was given to the control of spatial aspects and conformation
of the target molecules.

Herein, we present this alternative, green platform technology
that does not require phenol or formaldehyde as starting
materials."** The platform is based upon the connection of sim-
ple building blocks by Claisen—Schmidt condensations to gen-
erate dienone architectures.'®'"* Subsequent isoaromatization
affords phenolic derivatives.'>"* Claisen-Schmidt condensation
and isoaromatization proceed catalytically and in high atom
economy'™*? and the condensations also afford good chemo,
regio and stereoselectivity to generate tranms-selective olefinic
bonds, with water as the major by-product.'
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Results and discussion

The concept of a modular, “building block” approach to
constructing complex molecules led us to define different sized
and shaped “unions” and “terminals”, which were expected
to be simple to access by the reactions mentioned above.
These reactions and either commercially available, or simply
synthesised, components provided access to a vast range of
complex molecules with interesting architectures and a high
degree of control over spatial aspects.

Building blocks, serving as terminals or as rigid or flexible
unions, contained activated, nucleophilic methylene groups
(herein termed male), or electrophilic, non-enolizable aldehydic
functionalities (female). Terminals had only one aldehydic or
activated methylene group (Fig. 1). Female—female and male—
male unions had two aldehydic and two methylene groups,
respectively (Figs. 1 and 2). Polyaryl rings (e.g. in 10) and
heteroatoms (e.g. in 15, 17 and 26) could be incorporated into all
types of building blocks. Female—female flexible unions (e.g. 35—
39, Scheme 1) were formed from two phenolic aldehydes ethere-
ally linked to both ends of a flexible chain. A synthetic route util-
ising DIMCARB, a “distillable”, largely ionic reaction medium,
which may serve as both solvent and catalyst, was established
for male terminals such as 3-10." This method provided a
direct, green and convenient route to 2-arylidenecycloalkanones
that are otherwise difficult to prepare using traditional Claisen—
Schmidt condensation conditions.'*'>* We now report that in
DIMCARB, compounds with two aldehydic groups on one or
two aryl rings, afforded diketones as rigid (e.g. 29 and 30, Fig. 1)
or flexible (e.g. 4042, Scheme 1) male-male unions. Herein,
female terminals (e.g. 16-20) and rigid female-female unions
(e.g. 34) have been selectively produced in 80-98% yields and
with high atom economies by employing (nBu),NOH as base
and by exploiting the low solubility of the products in aqueous
EtOH at room temperature.

Dienone rods and macrocycles were prepared by combina-
tions of tandem and cascade processes according to an estab-
lished hierarchical order of reactivities and events.'"** The geom-
etry of connections was predetermined by the relative positions
of aryl substituents. meta-Aryldialdehydes (rigid female—female
unions, e.g. 31-34) and salicylyl-linked dialdehydes (flexible
female—female unions, e.g. 35-39) afforded approximately linear
and perpendicular connections, respectively, after condensation.
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Fig.1 Examples of male and female building blocks.

With cyclohexanone derivatives, if the flexible female—female
unions had chains containing <7 atoms joined by single bonds

Fig. 2 Molecular diagrams of building blocks, derived from single crystal structures, with anisotropic atoms presented as ellipsoids at the 50%
probability level and hydrogen atoms (or symmetry generated atoms) indicated in stick mode: (a) female terminal 21; (b) rigid female union 32;
(c) flexible female union 35 (previously reported in ref 11); (d) flexible male union 40.
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flexible female unions flexible male unions

trapezoidal dienones

trapezoidal Horning-crowns
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A ) U
35R= -(CH2)2- 40R = -(CHz)z- 1 2
36 R = -(CHy)s- 41 R = -(CHy)s- 43R’ =-(CHp)z-, R = -(CHp)s- 45R" =-(CHp)-, R? = -(CHy)3-
37 R = -(CHa)g- 42R=-(CHp)0(CHz)2- 44 R'=-(CHy)z-, R? = -(CHp)20(CHy)2- 46 R' = -(CHy)p-, R? = <(CH2)20(CHy)y-

38R = -(CH2)20(CH2)2-
39 R = -CH,(CHyOCH,),CHy-

Scheme 1 Syntheses of trapezoidal dienone and Horning-crown macrocycles: (a) 2 equiv. 24, 15-25 equiv. DIMCARB, RT, 3-6 d, 47-66%;
(b) 1 equiv. 35, 36 or 38, 15 equiv. NaOH, 96% EtOH, 25-50 °C, 1-4 d, 40-47%; (c) 0.7-1.0 equiv. Pd/C, N,, p-xylene, reflux, 10-16 h, 20-26%

(b and ¢).

(e.g. 35, 36, and 38), ring closure with rigid male-male unions
afforded macrocycles derived from two female—female and two
male-male unions (e.g. 49 and 50, Fig. 3)."

rectangular dienones

O‘O

semi-elliptical dienones

_O
R\
47R = '(CHZ)B'
48 R = -CHy(CH,0OCH,),CH,- 49 R =-(CH2),-

50 R = -(CH2)20(CHy)»-

Fig. 3 Examples of dienone macrocycles.'!

For organic molecules, available bond angles tend to be
restricted to approximately 109, 120 and 180°. Scope for square
and rectangular shapes is limited. Even though a 90° angle
can be obtained relatively readily through the use of metals

in organometallic systems,'” efficient formation of rectangular
molecules still is challenging. Here, the original salicylyl moiety
approached a 90° corner piece (but with the vertex not located at
the centre of the aryl ring) and macrocycles obtained from two
identical female—female and two identical male-male unions
could be depicted two-dimensionally as rectangular, with the
conjugated moieties making up one pair of parallel sides and
the flexible chains, the other pair."

As the use of DIMCARB gives access to flexible male-
male unions (e.g. 40-42), the preparation of less symmetrical
trapezoidally-shaped examples of these dienone macrocycles
(e.g. 43 and 44) is facilitated. Macrocycles produced from one
flexible male-male and one flexible female—female union, having
chains of differing lengths, appeared from above as trapezoidal
(Scheme 1 and Fig. 4). In profile, many dienone macrocycles
showed folding (e.g. Fig. 4b). Some symmetrical macrocycles
had clefts, which allowed molecular stacking, as well as cavities
that could be aligned."

We recently reported a direct, efficient synthesis of unsym-
metrically substituted, short rod-like bis(arylidene)-alkanones.™
Here, rigid building blocks comprising female and male

Fig. 4 Molecular diagrams of macrocycles derived from single crystal structures: (a) trapezoidal dienone macrocycle 43 (anisotropic atoms are
presented as ellipsoids at the 50% probability level and hydrogen atoms indicated in stick mode). The macrocycle crystallized as a solvate hydrate
with { a CHCl; molecule (omitted for clarity) and one water molecule per 43; (b) side view of 43 showing the folded shape of the macrocycle,
stabilized by hydrogen bonding. Top: stick mode with hydrogen atoms, except those involved in H-bonding, excluded. Bottom: macrocycle shown
in space-fill mode; (c) trapezoidal Horning-crown macrocycle 46 crystallized from CHCI; as nano-sized dimers (as a CHCI; solvate). Two molecules
of 46 (presented in space-fill mode with carbon atoms of separate molecules colored cyan and grey) with similar but not identical conformation
comprise the asymmetric unit along with two highly-disordered CHCI; molecules (omitted for clarity).
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terminals and unions have been used to construct longer zig-
zag rods.”® Rods are characterized by frans methine-interrupted
alternating cyclic keto and cycloaryl moieties, any or all of
which could incorporate heteroatoms. “Symmetrical” rod 51 (i.e.
with the same moieties either side of the central Ar ring) was
prepared by Claisen—Schmidt condensation of male terminal 8
with dialdehyde 31 (Scheme 2). “Unsymmetrical” rods (e.g. 52,
55 and 56) could be assembled from female terminals such as 16—
22 and male terminals such as 1-10. Hence, rods in which each
ring system is unique, may be prepared, if desired (Scheme 3).
The extent of curvature (e.g. as with 55 and 56) could be altered
through the use of rigid elbows (beyond the scope of the present
report) or five-membered ring compounds (e.g. 1, 16-20, and
34) as well as by the relative positions of aryl substituents. Such
compounds have potential applications as spacers and in optical
and electronic devices.

An attractive feature of dienone rods and macrocycles is
their potential for facile transformation into new compounds
that may have vastly different properties. The “parent” 2,6-
dibenzylidenecyclohexanone can undergo selective reduction,®
isomerization,® photoisomerization,?* Wittig olefination,?
oximation,® epoxidation, dimerization® and Michael
addition.? Of particular importance to the development of this
phenol-formaldehyde platform technology is the Pd-catalyzed
isoaromatization of 2,6-dibenzylidenecyclohexanone to 2,6-
dibenzylphenol, reported by Horning about 60 years ago.”

Isoaromatization of dienone macrocycles afforded Horning-
crowns,? the conformations of which sometimes were solvent-
dependent and switchable.® Self-complementarity was ob-
served, as was a range of inclusion compounds or solvates.'*?
These properties suggest potential applications in analysis,
separation and detection.

The synthetic scope has been broadened here to include
products with fewer axes of symmetry and differently configured
cavities. Horning-crown macrocycles 45 and 46 were produced
by isoaromatization of trapezoidal dienones 43 and 44, respec-
tively (Scheme 1). In the solid state and in solution, 45 was
monomeric. Macrocycle 46, however, crystallized as a dimer
from CHCI; (Fig. 4c). These interesting aspects will be discussed
elsewhere along with the host:guest chemistry of some of these
compounds.

Recently, we disclosed lithium, sodium, potassium, stron-
tium and barium phenolates and lanthanoid aryloxides of
2,6-dibenzylphenols, obtained using Horning’s approach.!32*3°
From the present report it can be seen that longer rods,
containing more than one 2,6-bis(arylidene)cyclohexanone

51
d

21 ¢©

Scheme 3 Dienone rods with 4 to 5 different rings: (a) 1 equiv. 2,
0.5 equiv. p-TsOH, toluene, reflux (Dean-Stark), 24 h, 74%; (b) 1 equiv.
8, 1 equiv. KOH, CH,Cl,/96% EtOH, RT, 24 h, 56% yield.

motif, can also be isoaromatized, e.g. dienones 51 and 52, to
give phenols 53 and 54, respectively (Scheme 2). This range of
oligomeric phenols has potential in diverse applications in areas
such as antioxidants, antimicrobials, metal scavenging, crystal
engineering and copolymerization.

Conclusions

The main purpose of this paper is to outline a strategy toward
the development of an array of potentially useful families
of compounds, some of which include phenol-formaldehyde
products, and that can be obtained simply, by employing the
principles of green chemistry. Accordingly, green aspects have
been discussed in a broad context and not all the syntheses
reported herein have been optimised. Such examples have been
presented primarily to demonstrate the scope and versatility of
the methodology and, significantly, yields presented for several
compounds were nearly quantitative.

To summarise some of the main points: atom economy is
excellent where yields have been optimised; the co-product,
water, is innocuous and does not hinder purification or recycling
of the solvent (ethanol); and (once conversion of raw materials
to products is maximised and by-products minimised) no further
waste arises as is illustrated in a range of examples. This
direct approach avoids the use of protection/deprotection or
“derivatisation for activation” strategies and is highly flexible.
In previous papers, we have compared various parts of the
approach espoused here with alternative synthetic routes and
have discussed sources of raw materials."™**** While it would
be most desirable if the raw materials were all derived from
renewable resources, this is not yet possible, although many are
produced in large volumes in optimised processes.

0 0 oH OH
X = X = d
., .
~o o ~o o
53
0 ) OH OH
XN % X 2 d
. _—
o o
52 54

Scheme 2 Syntheses of dienone rods and their corresponding phenols: (a) 0.5 equiv. 31, 1 equiv. NaOH, aq. EtOH, RT, 6 h, 96%; (b) 5 equiv. 31,
0.4 equiv. (nBu),NOH, 96% EtOH, RT, 77%; (c) 1 equiv. 7, 0.4 equiv. (nBu),NOH, 96% EtOH, RT, 27 h, 63%; (d) 0.1 equiv. Pd/C, N,, 180-190 °C,

1-2 h, 70-80%.
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The platform, which could be considered as open-ended
in its scope, incorporates engineered macromolecules for ap-
plications including (but not limited to) synthetic building
blocks, intermediates, linkers in polymer and peptide chemistry,
chelating agents, ion or radical scavengers, ion-exchangers,
spacers, molecular wires and switches for incorporation into
devices and polymeric materials.

Experimental

All solvents, reagents and starting materials were of purity
>98% and were used as purchased from the supplier. The
syntheses of 2-arylidenecycloalkanones 3, 5, 6, 8-10," and
dienone macrocycles 47-50" have been reported previously.
Dialdehydes 33% and 35-39%*%% were prepared according to
methods previously reported in the literature.

Thin layer chromatography (TLC) was performed on silica
gel 60 F-254 plates, which were visualized using UV light
(254 nm) or reactive sprays/dips p-anisaldehyde and/or 2,4-
DNP, as required.

The stationary phase for gravity and flash column chromatog-
raphy was silica gel 60, 0.040-0.063 mm (230-400 mesh). Flash
column chromatography was carried out using a Biichi C-601
dual pump system controlled by a Biichi C-615 pump manager
at a flow rate of 13 mL min~' and a maximum pressure of
2.0 MPa. Eluent compositions are reported below.

Melting points were recorded on a Buchi Melting Point B-
545 or a Stuart Scientific SMP3 apparatus and C, H, N analysis
was carried out by the Campbell Microanalysis Laboratory,
Department of Chemistry, University of Otago, Dunedin, New
Zealand.

Infrared spectra of neat samples were obtained using a Bruker
Equinox 55 fitted with a Specac Diamond ATR and MCT
detector or, alternatively, as KBr pellets or nujol mulls using
a Perkin—Elmer 1600 Series FT-IR spectrophotometer.

UV-visible spectra were recorded using a Varian CARY 100
Bio UV-Vis spectrophotometer in the solvent indicated.

"H Nuclear magnetic resonance spectra were recorded on
Bruker AV-200, DXP-300 or DRX-400 spectrometers at 200,
300 or 400 MHz, respectively, and *C NMR spectra at 50, 75 or
100 MHz, respectively. Samples were dissolved in CDCl; (unless
otherwise stated) and spectra measured at 30 °C, referenced to
TMS (6 0.00 ppm for 'H spectra) or CDCI; (6 77.23 ppm for *C
spectra). J values are given in Hz.

High resolution mass spectra were recorded on a Bruker
BioApex 47e (4.7 Tesla magnet) spectrometer, fitted with an
HP electrospray source and calibrated using Nal. Electro-spray
ionisation mass spectra (ESI-MS) were recorded on a Micromass
Platform II, with cone voltage 35, 40 or 50 V and a capillary
voltage of 3.5 kV. Analyses were conducted in positive ESI mode.

Crystals suitable for single crystal X-ray diffraction experi-
ments were grown by slow evaporation of solutions in suitable
solvents. Data were collected on an Enraf-Nonius Kappa CCD
or a Bruker Kappa Apex CCD diffractometer at 123K using
graphite monochromated Mo-Ka radiation (A= 0.71073 A, and
wscansin 1° or 0.5° steps as appropriate). Structures were solved
by direct methods using the program SHELXS-97* and refined
by full matrix least squares refinement on F? using the programs
SHELXL-97% and X-Seed.* Non-hydrogen atoms were refined

anisotropically and hydrogen atoms (except those of the phenol
OH groups) were inserted in geometrically determined positions
with temperature factors fixed at 1.2 of the parent atom. Full
details of insertion of OH hydrogen atoms and disorder models,
where appropriate, are contained in the deposited cif files.

(E)-2-(4-Methylbenzylidene)cyclopentanone (4)

A mixture of 4-methylbenzaldehyde (12; 6.01 g, 50.0 mmol) and
cyclopentanone (23; 6.31 g, 75.0 mmol) in DIMCARB (40 mL,
0.31 mol) was stirred at RT for 10 h. DIMCARB and other
volatile components were then removed under reduced pressure
at 60 °C to give an orange residue, which was dissolved in ether
(100 mL) and stirred at RT with IM HCl,,,, (100 mL) for 1 h. The
organic layer was separated and washed with satd. aq. NaCl (2 x
50 mL), dried with anhyd. MgSO,, filtered and concentrated.
The residue was recrystallized from ether by cooling the solution
in a liquid N, bath to yield enone 4 (5.12 g, 55%) as a light brown
solid, m.p. 60-61.5 °C (lit.,*” 62-63 °C); 64(300 MHz; CDCl;;
TMS) 7.43 (2H, d, J 8.1, Ar), 7.37 (1H, t, J 2.8, CH), 7.21 (2H,
d,J8.1,Ar),2.96 (2H, td, J 7.2 and 2.8, CH,), 2.39 (2H, t, J 7.6,
CH,), 2.37 (3H, s, CH,), 2.02 (2H, t, J 7.5, CH,); . (75 MHz;
CDCl;) 208.3,139.9,135.3, 132.9, 132.5, 130.7, 129.6, 38.0, 29.5,
21.6, 20.3.

(E)-2-(4-Methylbenzylidene)cyclohexanone (7)

(E)-2-(4-Methylbenzylidene)cyclohexanone (7) was prepared
from cyclohexanone (24) and 4-methylbenzaldehyde (12) using a
similar procedure to that used for enone 4, and has the following
physical data: m.p. 61-62 °C (lit.,*® m.p. 61-62 °C); 5-(100 MHz;
CDCl;) 201.9, 139.0, 136.0, 136.0, 133.0, 130.6, 130.6, 129.3,
129.3, 129.2, 40.4, 24.1, 23.5, 21.5; m/z (ESI) 201.1274 (M +
H*. C,H,; O requires 201.1274).

(E)-2-(4-Methoxybenzylidene)-4-methylcyclohexanone (9)

A mixture of 4-methoxybenzaldehyde (13; 6.1 mL, 50 mmol) and
4-methylcyclohexanone (25; 6.4 mL, 50 mmol) in DIMCARB-
ether (100 mL, 1 : 1 v/v) was heated at reflux with stirring for
106 h. DIMCARB and other volatile components were then
removed under reduced pressure at 60 °C to give the enone 9
(10.1 g,) as a yellow solid. Recrystallization of the solid from
hexane afforded enone 9 (4.86 g, 55%) as a yellow powder, m.p.
89-90 °C (lit.,** 91.5-93 °C); vy /cm™" (nujol) 1667 m, 1603
m, 1658 m, 1510 s, 1456 s, 1405 w, 1292 m, 1252 m, 1252 s,
1175 s, 1146 s, 1030 m, 940 w; 6,;(300 MHz; CDCl;; TMS) 7.48
(1H, s, CH), 7.39 (2H, d, J 8.8, Ar), 6.92 (2H, d, J 8.8, Ar),
3.84 (3H, s, OCH;), 3.07-3.01 (1H, m, CH,), 2.67-2.60 (1H, m,
CH,), 2.48-2.29 (2H, m, CH,), 1.99-1.82 (2H, m, CH and CH,),
1.65-1.54 (1H, m, CH,), 1.09 (3H, d, J 6.3, CH;); 6.(75MHz;
CDCl;) 195.0, 160.0, 135.8, 132.2, 113.9, 55.3, 39.0, 37.3, 31.2,
30.2, 21.8; m/z (ESI) 231.2 (M + H*, 100%).

4-((E)-((E)-3-(4-methoxybenzylidene)-2-
oxocyclopentylidene)methyl)benzaldehyde (16)

A mixture of terephthalaldehyde (0.166 g, 1.24 mmol) and
40% w/w aq. (nBu),NOH (0.800 g, 1.23 mmol) in 96% EtOH
(5 mL) was stirred at RT as an EtOH solution of enone 5
(0.250 g, 1.24 mmol, in 2.5 mL abs. EtOH) was added in
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portions (0.250 mL every 5 min). After stirring at RT for 2 h,
the precipitated solid was collected by vacuum filtration, washed
with cold 96% EtOH (2 x SmL), and dried under vacuum to give
aldehyde 16 (0.361 g, 91%) as a yellow solid, m.p. 193-194 °C;
Vaae/cm™" (KBr) 2965 w, 2923 w, 2852 w, 1796 s, 1696 s, 1680 s,
1620 s, 1611 s, 1569 s, 1562 s, 1512 s, 1454 m, 1420 m, 1394 m,
1308 s, 12845, 12505, 12125,11625s,1116 m, 1028 5,986 m, 930 m;
Jou(400 MHz; CDCl;; TMS) 10.05 (1H, s, CHO), 7.94 (2H, d,
J 8.3, Ar), 7.74 (2H, d, J 8.3, Ar), 7.62-7.26 (4H, m, Ar and
CH), 6.98 (2H, d, J 8.8, Ar), 3.87 (3H, s, OCH,), 3.20-3.09 (4H,
m, CH,); dc(75MHz; CDCl;) 196.0, 191.7, 142.1, 140.9, 136.2,
135.0, 134.6, 133.0, 131.5, 131.1, 130.1, 128.7, 114.7, 55.6; 26.9;
26.6; m/z (ESI) 319.1 (M + H*, 100%), 341.1 (M + Na*, 63),
373.0 (M + Na* + MeOH, 52).

5-((E)-((E)-3-(4-Methylbenzylidene)-2-oxocyclo-
pentylidene)methyl)thiophene-2-carbaldehyde (17)

A mixture of thiophene-2,5-dicarbaldehyde (0.400 g, 2.85 mmol)
and 40% w/w aq. (nBu),NOH (1.85 g, 2.85 mmol) in 96% EtOH
(7 mL) was stirred at RT as enone 4 (0.53 g, 2.85 mmol) was
added in portions (53 mg) every 5 min. After stirring at RT for
3 h, the precipitated solid was collected by vacuum filtration,
washed with cold 96% EtOH (2 mL), and dried under vacuum
to give aldehyde 17 (0.710 g, 81%) as an orange solid, m.p.
225-228 °C; Ve /cm~' (KBr) 3078 w, 3027 w, 2918 w, 2814 w,
1662 s, 1614 s, 1588 s, 1509 m, 1444 s, 1313 w, 1303 m, 1284
m, 1247 m, 1222 s, 1189 s, 1174 s, 1053 m, 975 m, 808 m;
oun(300 MHz; CDCl;; TMS) 9.96 (1H, s, CHO), 7.78 (1H, d,
J4.0,Ar),7.76 (1H, t, J 2.9, CH), 7.60 (1H, t, J 2.6, CH), 7.52
(2H,d, J 8.2, Ar), 7.43 (1H, d, J 4.0, Ar), 7.27 (2H, d, J 7.9, Ar),
3.74-3.16 (2H, m, CH,), 3.10-3.04 (2H, m, CH,), 2.41 (3H, s,
CH,;); 0c(75 MHz; CDCl;) 195.5, 183.1, 149.1, 146.1, 140.6,
140.5, 136.5, 136.4, 135.3, 133.0, 132.8, 131.3, 129.9, 125.0,
26.9, 26.5, 21.7; m/z (ESI) 309.1, M + H*, 100%), 331.0 (M +
Nat, 75).

3-((E)-((E)-3-(4-methoxybenzylidene)-2-oxocyclo-
pentylidene)methyl)-5-methylbenzaldehyde (18)

A mixture of dialdehyde 33 (0.445 g, 2.50 mmol) and enone 5
(0.506 g, 2.50 mmol) in abs. EtOH (30 mL) was stirred at RT
as 40% w/w aq. (nBu),NOH (0.800 g, 1.23 mmol) was added
in one portion. After stirring at RT for 3 h, the precipitated
solid was collected by vacuum filtration, washed with cold 96%
EtOH (2 x 5 mL), and dried under vacuum to give aldehyde
18 (0.779 g, 86%) as a yellow solid, m.p. 188-190 °C; found:
C, 76.1; H, 6.1. C;;H,,0, requires C, 76.2; H, 6.1%; vy, /cm™!
(KBr) 2952 w, 2857 w, 1692 s, 1622 s, 1596 s, 1458 m, 1422
w, 1393 w, 1312 m, 1268 s, 1247 s, 1196 m, 1175 s, 1022 m,
986 m, 935 m, 828 m, 695 w; 64(300 MHz; CDCI;;TMS) 10.41
(1H, s, CHO), 7.80 (1H, s, CH), 7.67 (1H, s, CH), 7.61 (2H,
m, Ar), 7.58 (2H, d, J 8.8, Ar), 6.98 (2H, d, J 8.8, Ar), 3.89
(3H, s, OCHj;), 3.87 (3H, s, OCH;), 3.09-3.01 (4H, m, CH,),
2.41 (3H, s, ArCH,), dc(75MHz; CDCl,) 196.0, 190.1, 161.5,
161.0, 140.0, 136.7, 134.9, 134.1, 132.9, 130.8, 129.6, 129.6,
129.6, 128.8, 126.2, 114.6, 65.1, 55.6, 26.8, 26.7, 21.2; m/z (ESI)
385.2 (M + Na*, 100%,), 417.3 (M + Na* + MeOH, 48), 363.3
M + H*, 8).

3-((E)-((E)-3-(4-Methoxybenzylidene)-2-oxocyclo-
pentylidene)methyl)benzaldehyde (19)

A mixture of isophthalaldehyde (31; 0.168 g, 1.25 mmol) and
40% w/w aq. (nBu);,NOH (0.800 g, 1.23 mmol) in 96% EtOH
(5 mL) was stirred at RT as an EtOH solution of enone 5
(0.253 g, 1.25 mmol, in 2.5 mL abs. EtOH) was added in
portions (0.25 mL every 5 min). After stirring at RT for 2 h,
the precipitated solid was collected by vacuum filtration, washed
with cold 96% EtOH (2 x 5 mL), and dried under vacuum to
give aldehyde 19 (0.389 g, 98%) as a yellow solid, m.p. 190—
192 °C; found: C, 79.2; H, 5.8. C,;H;O; requires C, 79.2; H,
5.7%; Vime/cm™' (KBr) 1688 m, 1620 s, 1588 s, 1511 m, 1422
w, 1254 s, 1170 s, 1032 w, 821 w; J4(300 MHz; CDCl;; TMS)
10.07 (1H, s, CHO), 8.09 (1H, s, CH), 7.87 (1H, dt, J 7.6 and
1.4, Ar), 7.82 (1H, d, J 7.8, Ar), 7.63-7.53 (5H, m, Ar and
CH), 6.98 (2H, d, J 8.9, Ar), 3.86 (3H, s, OCH,;), 3.20-3.07
(4H, m, CH,); (75 MHz; CDCl,) 196.1, 192.1, 161.1, 139.6,
137.2, 137.0, 136.0, 134.8, 134.7, 132.9, 131.5, 131.1, 130.2,
129.7, 128.7, 114.3, 55.6, 26.8, 26.6; m/z (ESI) 3194 (M +
H*, 100%).

3-((E)-((E)-3-(4-Methylbenzylidene)-2-
oxocyclopentylidene)methyl)benzaldehyde (20)

A mixture of isophthalaldehyde (31; 0.288 g, 2.15 mmol) and
40% w/w aq. (nBu),NOH (1.39 g, 2.15 mmol) in 96% EtOH
(5 mL) was stirred at RT as enone 4 (0.400 g, 2.20 mmol) was
added in portions (40 mg every 5 min). After stirring at RT for
2.5 h, the precipitated solid was collected by vacuum filtration,
washed with cold 96% EtOH (2 x 5 mL), and dried under
vacuum to give aldehyde 20 (0.611 g, 94%) as a yellow solid,
m.p. 197-199 °C; v, /cm™' (KBr) 3027 w, 2920 w, 2832 w, 2799
w, 2731 w, 1698 s, 1082 s, 1628 s, 1596 s, 1511 m, 1427 w, 1385
w, 1286 m, 1266 s, 1196 m, 1181 s, 1170s; J,;(300 MHz; CDCl;;
TMS) 10.09 (1H, s, CHO), 8.10 (1H, s, CH), 7.89 (1H, d, J
7.9, Ar), 7.84 (1H, d, J 7.9, Ar), 7.65-7.60 (3H, m, Ar and
CH), 7.52 (2H, d, J 8.0, Ar), 7.27 (2H, d, J 8.0, Ar), 3.21-3.12
(4H, m, CH,), 2.42 (3H, s, CH;); 6(75 MHz; CDCl;) 196.3,
192.0, 140.4, 139.5, 137.2, 137.1, 136.5, 136.5, 134.9, 133.2,
131.8, 131.2, 131.1, 130.3, 129.8, 129.7, 26.8, 26.7, 21.7;, m/z
(ESI) 325.1 (M + Na*, 100%), 357.2 (M + MeOH + Na*, 33).

3-((E)-((E)-3-(4-Methoxybenzylidene)-2-oxocyclo-
hexylidene)methyl)benzaldehyde (21)

A mixture of isophthalaldehyde (31; 3.10 g, 23.1 mmol) and
40% w/w aq. (nBu),NOH (1.19 g, 1.85 mmol) in 96% EtOH
(35 mL) was stirred at RT as an EtOH solution of (E)-2-(4-
methoxybenzylidene)cyclohexanone (8; 0.99 g, 4.6 mmol, in
4 mL 96% EtOH) was added in one portion. After stirring at RT
for 10 h, the precipitated solid was filtered, washed with cold 96%
EtOH (2 x 5mL), and dried under vacuum to give aldehyde 21
(1.3 g, 77%) as a yellow solid, m.p. 116-118 °C; found: C, 79.2;
H, 6.1. C,,H,,0; requires C, 79.5; H, 6.1%; A,..(EtOH)/nm 240
and 348 (¢/dm® mol~! cm~! 20 300 and 23 200); v,,../cm~" (KBr)
1687 m, 1657 m, 1598 s, 1560 s, 1508 s, 1459 s, 1316 w, 1296 m,
1276 m, 1253 s, 1206 w, 1180 w, 1158 s, 1141 s, 1062 w, 1028
m, 972 w; 64(300 MHz; CDCl;; TMS) 10.05 (1H, s, CHO), 7.95
(1H, s, CH), 7.85 (1H, d, J 7.4, Ar), 7.80 (2H, t, J 2.0, CH),
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7.69 (1H, d, J 7.9, Ar), 7.58 (1H, t, J 7.6, Ar), 7.47 (2H, d, J
8.9, Ar), 6.95 (2H, dd, J 6.8 and 2.1, Ar), 3.85 (3H, s, OCH,),
2.97-2.91 (4H, m, CH,), 1.82 (2H, p, J 6.2, CH,); 6(100 MHz;
CDCL) 192.1, 190.4, 190.1, 160.4, 138.1, 137.8, 137.4, 136.8,
136.3,134.7, 134.0, 132.6, 131.1, 129.7, 129.4, 128.8, 114.2, 55.5,
28.7, 28.6, 23.1; m/z (ESI) 333.2 (M + H*, 100%); m/z (ESI)
355.1302 (M + Na*. C»,H,yNaO, requires 355.1310).

3-((E)-((E)-3-(4-Methoxybenzylidene)-5-methyl-2-
oxocyclohexylidene)methyl)benzaldehyde (22)

A mixture of isophthalaldehyde (31; 0.76 g, 5.65 mmol) and
40% w/w aq. (nBu),NOH (1.41 g, 2.18 mmol) in EtOH (30 mL)
was stirred at RT as an EtOH solution of enone 9 (1.00 g,
4.34 mmol, in 25 mL EtOH) was added dropwise over 2 h. After
stirring for a total of 2.5 h, the mixture was then concentrated
to ca. 10 mL and cooled at 0 °C for 10 min. The precipitated
solid was collected by vacuum filtration and washed with cold
96% EtOH (5 mL) to give a yellow solid (0.65 g). The filtrate
was concentrated and the residue dissolved in CH,Cl, (25 mL),
washed with 0.5 M aq. H,SO, (15 mL), satd. aq. NaHCO;
(20 mL) and satd. aq. NaCl (20 mL), dried with anhyd. MgSO,,
and then concentrated to give viscous yellow oil (0.77 g). The
yellow solid and viscous oil were combined and purified by
flash chromatography on silica gel (CH,Cl,) to give aldehyde 22
(0.70 g, 47%) as a yellow solid, m.p. 134-135 °C; A,.«(EtOH)/nm
242 and 348 (¢/dm’® mol~! cm~' 70900 and 74 700); v,,,,/cm™!
(KBr) 1694 m, 1662 w, 1602 s, 1563 m, 1510 s, 1420 w, 1379
w, 1313 w, 1297 w, 1255 s, 1202 w, 1177 s, 1145 s, 1027 m;
0u(400 MHz; CDCl;; TMS) 10.04 (1H, s, CHO), 7.92 (1H, br
s), 7.85-7.82 (1H, m), 7.79-7.77 (2H, m), 7.68-7.66 (1H, m, Ar),
7.57 (1H, t, J 7.6, Ar), 7.47-7.43 (2H, m, Ar), 6.96-6.92 (2H,
m, Ar), 3.84 (3H, s, OCH,), 3.09-2.97 (2H, m, CH,), 2.56-2.48
(2H, m, CH,), 1.93-1.86 (1H, m, CH), 1.08 (3H, d, J 6.6, CH5;);
Jc(100MHz; CDCl;) 191.9, 189.5, 160.1, 137.7, 137.1, 136.9,
136.5, 135.9 (x2), 134.7 (x2), 132.9, 132.3, 130.9, 129.3, 129.1,
128.4,55.3,36.5,36.2,29.2,21.5; m/z (ESI) 347.1646 (M + H*).
C;H,;05* requires 347.1642.

(2E,2 E)-2,2'-(1,3-Phenylenebis(methan-1-yl-1-
ylidene))dicyclohexanone (29)

A mixture of isophthalaldehyde (31; 1.00 g, 7.5 mmol), ZnCl,
(1.02 g, 7.5 mmol) and cyclohexanone (24; 2.20 g, 22.4 mmol) in
DIMCARB (10 mL, 78 mmol) was stirred at RT for 24 h. The
DIMCARB and other volatile components were then removed
under reduced pressure at 60 °C. The residue was dissolved in
EtOAc (50 mL) and the solution was acidified with 2 M aq.
HCI (50 mL) and stirred for 2 h. The organic layer was collected
and washed with satd. aq. NaCl (40 mL), dried with anhyd.
MgSQO,, filtered and then concentrated. Flash chromatography
of the residue on silica gel (EtOAc : hexane = 10 : 90-20 : 80)
afforded diketone 29 (0.542 g, 25%) as an off-white solid, m.p.
158-159 °C; found: C, 81.7; H, 7.6. C, H,,0, requires: C, 81.6;
H, 7.5%; vy /cm™ (KBr) 2939 s, 2862 m, 1679 s, 1590 s, 1480
w, 1450 w, 1418 m, 1318 m, 1240 s, 1216 m, 1144 s, 1069 m,
970 w, 941 m; 6x(300 MHz; CDCl;; TMS) 7.48 2H, t, J 2.1,
CH), 7.43-7.39 (2H, m, Ar), 7.36-7.32 (2H, m, Ar), 2.83 (4H,
td, J 6.4and 2.1, CH,), 2.55 (4H, t, J 6.6, CH,), 1.98-1.90 (4H,
m, CH,), 1.82-1.74 (4H, m, CH,); (75 MHz; CDCl;) 201.8,

137.5, 136.0, 135.1, 132.1, 130.4, 128.6, 40.6, 29.2, 24.1, 23.6;
m/z (ESI) 317.1 (M + Na*, 100%), 349.1 (M + MeOH + Na-*,
71), 295.0 (M + H*, 5); m/z (EI) 294 (M*, 100%), 265 (55), 237
(34), 223 (114), 198 (46), 185 (58), 165 (17), 152 (16), 141 (14),
129 (17), 128 (17), 115 (13).

(2E,2 E)-2,2'~(1,4-Phenylenebis(methan-1-yl-1-
ylidene))dicyclohexanone (30)

A mixture of terephthalaldehyde (1.00 g, 7.46 mmol) and
cyclohexanone (24; 1.55 g, 15.8 mmol) in DIMCARB (10 mL,
78 mmol) was stirred at RT for 7d. The DIMCARB was removed
under reduced pressure at 60 °C to give an orange/brown
residue. To this residue, water (10 mL) and 1.0 M aq. H,SO,
(4 mL) was added and then the suspension was extracted with
CH,Cl,, dried with anhyd. MgSO,, and concentrated to give
diketone 30* (1.915 g) as a sticky brown solid. Analysis of
'"H NMR spectra and GC-MS data indicated >90% purity:
ou(300 MHz; CDCl;; TMS) 7.64 (2H, t, J 2.2, CH), 7.41 (4H, m,
Ar), 2.84 (4H, m, CH,), 2.52 (4H, m, CH,), 1.92 (4H, m, CH,),
1.77 (4H, m, CH,); 6.(75 MHz; CDCl;) 202.2, 137.6, 136.2,
135.1, 130.6, 39.9, 28.6, 23.4, 22.8; m/z (EI) 294 (M*, 100%),
265 (80), 237 (75), 207 (66), 185 (48), 165 (25), 152 (32), 141 (25),
129 (42), 128 (42), 115 (33), 91 (25).

3,3-(1E,1' E)-(2-Oxocyclohexane-1,3-diylidene)bis(methan-1-yl-
1-ylidene)bis(2-methoxy-5-methylbenzaldehyde) (32)

A mixture of dialdehyde 33 (0.915 g, 5.14 mmol) and 20%
w/v aq. NaOH solution (2 mL, 10 mmol) in EtOH (10 mL)
was stirred at RT as cyclohexanone (24; 0.25 g, 2.6 mmol) was
added dropwise over 40 min. The solution was stirred overnight
(approx. 15 h) and then neutralized with gaseous CO,. The
solution was extracted with CH,Cl,, the organic phase dried
over anhyd. MgSO,, and then concentrated to give a yellow solid
(0.808 g). A portion of the solid (0.518 g) was stirred in refluxing
EtOH for 5 min and then filtered in order to separate larger
polymeric by-products. After cooling to RT, an initial orange
precipitate (0.029 g), of which the heptamer (n = 2) was identified
as a constituent (by MS: m/z (ESI) 899 (M + H*)), was filtered.
The filtrate was concentrated to give an orange solid (0.29 g).
A portion of this solid (0.24 g) was purified by flash column
chromatography on silica-gel (EtOAc: CH,Cl, = 1:99) to afford
dienone 32 (0.098 g, 17%) as yellow crystals, suitable for single
crystal X-ray diffractometry, m.p. 158-159.5 °C; 64(200 MHz;
CDCl;; TMS) 10.40 (2H, s, CHO), 7.91 (2H, s, CH), 7.65 (2H,
d,J2.2,Ar),7.38(2H,d, J 2.2, Ar), 3.85 (6H, s, CH;), 2.81 (2H,
m, CH,), 2.38 (6H, s, CH), 1.79 (4H, m, CH,); d-(125MHz;
CDCl;) 189.9, 189.3, 137.9, 137.1, 133.7, 131.5, 130.2, 129.0,
64.2,28.7,23.0,20.8; m/z 441 (M + Na*).

The flash column chromatographic separation also afforded
a sample of pentamer (n = 1, 0.055 g, 6%) that has the following
spectral data: 6,(200 MHz; CDCl;; TMS) 10.39 (2H, s, CHO),
7.93-7.88 (4H, s, CH), 7.62 (2H, d, J 2.2, Ar), 7.37 (2H, d, J 2.2,
Ar), 7.14 (2H, s, Ar), 3.84 (6H, s, OCH,), 3.70 (3H, s, OCH,),
2.82 (8H, m, CH,), 2.36 (9H, m, CH,), 1.77 (4H, m, CH,);
Jdc(125MHz; CDCl;) 189.9, 189.6, 160.5, 156.6, 138.2, 137.2,
133.6,132.9,132.4,131.5,131.1,130.3, 129.4, 129.0, 128.8, 64.1,
62.3,28.7,23.1, 21.0, 20.7; m/z (ESI) 659 (M + H*).
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3,3-(1E,1' E)-(2-Oxocyclopentane-1,3-diylidene)bis(methan-1-
yl-1-ylidene)dibenzaldehyde (34)

A mixture of isophthalaldehyde (31; 1.00 g, 7.46 mmol) and 40%
w/w aq. (nBu),NOH (2.40 g, 3.70 mmol) in 96% EtOH (10 mL)
was stirred at RT as an EtOH solution of cyclopentanone (23;
0.314 g, 3.73 mmol in 2 mL 96% EtOH) was added in portions
(0.25 mL every 5 min). After stirring at RT for 3.5 h, the
precipitated solid was collected by vacuum filtration, washed
with cold 96% EtOH (2 x 5 mL), and dried under vacuum to
give dialdehyde 34 (1.12 g, 95%) as a yellow solid, m.p. 184—
186 °C; found: C, 79.7; H, 5.3. C,;H,;O; requires C, 79.7; H,
5.1%; vy /cm™" (KBr) 3036 w, 2919 w, 2828 w, 2791 w, 2728
w, 1706 s, 1676 s, 1628 s, 1586 s, 1484 w, 1429 m, 1396 m,
1363 w, 1304 m, 1287 s, 1265 s, 1211 s, 1173 s, 1154 s, 951 s,
906s; 0;(300 MHz; CDCl;; TMS) 10.09 (2H, s, CHO), 8.10
(2H, s, CH), 7.90 (2H, dt, J 7.6 and 1.3, Ar), 7.84 (2H, d, J
7.8, Ar), 7.66-7.60 (4H, m, Ar), 3.20 (4H, s, CH,); 5.(75 MHz;
CDCl;) 196.0, 191.9, 138.8, 137.1, 136.9, 136.6, 132.8, 131.2,
130.6, 129.8, 26.7, m/z (EST) 317.1 (M + H*, 100%).

(2E,2 E)-2,2'-(2,2' -(Ethane-1,2-diylbis(oxy))bis(2,1-
phenylene))bis(methan-1-yl-1-ylidene)dicyclohexanone (40)

A mixture of dialdehyde 35 (0.207 g, 0.770 mmol) and cyclohex-
anone (24;0.151 g, 1.54 mmol) in DIMCARB (2.5 mL, 20 mmol)
was stirred at RT for 6 d. The DIMCARB was removed under
reduced pressure at 60 °C to give a brown residue that was
partitioned between water (10 mL) and CH,Cl, (10 mL). The
organic phase was separated and extracted with water (2 x
10 mL), dried with anhyd. MgSO,, and concentrated to give
a brown residue (0.385 g). A sample (0.217 g) of the residue
was purified by recrystallization from CH,Cl,~hexane to give
diketone 40 (0.092 g, 47%) as a yellow solid, m.p. 134.5-136 °C;
found: C, 78.0; H, 7.1. C,xH;,0O, requires C, 78.1; H, 7.0%;
on(300 MHz; CDCl;; TMS) 7.60 (2H, m, CH), 7.33-7.21 (4H,
m, Ar), 7.00-6.92 (4H, m, Ar), 4.36 (4H, s, OCH,), 2.72 (4H,
dt, J 6.6 and 2.1, CH,), 2.51 (4H, t, J 6.6, CH,), 1.89 (4H,
m, CH,), 1.71 (4H, m, CH,); 6(75 MHz; CDCl;) 201.9, 157.3,
137.1, 131.0, 130.4, 130.1, 125.0, 120.5, 112.3, 67.2, 40.5, 29.2,
24.0, 23.7; m/z (EST) 883.4 2M + Na+, 100%), 431.2 (M + H*,
72),453.2 (M + Na*, 51).

(2E,2'E)-2,2'-(2,2' -(Propane-1,3-diylbis(oxy))bis(2,1-
phenylene))bis(methan-1-yl-1-ylidene)dicyclohexanone (41)

A mixture of dialdehyde 36 (1.192 g, 4.178 mmol) and cyclo-
hexanone (24; 0.883 g, 9.10 mmol) in DIMCARB (10 mL,
20 mmol) was stirred at RT for 3 d. The mixture was then heated
at 40 °C for 3 h, after which the DIMCARB was removed
under reduced pressure at 60 °C to give a brown residue that
was partitioned between 0.2 M aq. H,SO, (30 mL) and CH,Cl,
(30 mL). The organic phase was separated and extracted with
water (2 x 10 mL), dried with anhyd. MgSO,, and concentrated
to give a brown residue (1.61 g). The residue was purified
by recrystallization from CH,Cl,~heptane to give diketone 41
(1.11 g, 60%) as a yellow solid, m.p. 109-110 °C; found: C, 78.3;
H, 7.4. C,H;,0, requires C, 78.4; H, 7.3%; 6,;(300 MHz; CDCl;;
TMS) 7.63 (2H, m, CH), 7.32-7.18 (4H, m, Ar), 7.00-6.80 (4H,
m, Ar), 4.16 (4H, t, J 6.0, OCH,), 2.69 (4H, dt, J 4.9 and 1.8,

CH,), 2.48 (4H, 1, J 6.6, CH,), 2.25 (2H, t, J 4.9, CH.), 1.87 (4H,
m, CH,), 1.67 (4H, m, CH,); 5-(7SMHz; CDCL,) 201.8, 157.6,
136.8, 131.0, 130.3, 130.1, 124.8, 120.0, 111.8, 64.7, 40.5, 29.2,
29.1, 24.0, 23.6; m/z (ESI) 467.4 (M + Na*, 100%), 445.4 (M +
H, 8),911.8 (@M + Na*, 4).

(2E,2’E)-2,2'-(2,2'-(2,2’'-Oxybis(ethane-2,1-diyl)bis(oxy))
bis(2,1-phenylene))bis(methan-1-yl-1-ylidene)dicyclo-
hexanone (42)

A mixture of dialdehyde 38 (1.24 g, 4.94 mmol) and cyclo-
hexanone (24; 0.796 g, 8.12 mmol) in DIMCARB (10 mL,
20 mmol) was stirred at RT for 3d. Then the mixture was heated
at 40 °C for 3 h, after which the DIMCARB was removed
under reduced pressure at 60 °C to give a brown residue that
was partitioned between 0.2 M aq. H,SO, (30 mL) and CH,Cl,
(20 mL). The organic phase was separated and extracted with
water (2 x 10 mL), dried with anhyd. MgSO,, and concentrated
to give a brown residue (1.83 g). The residue was purified
by recrystallization from CH,Cl,~heptane to give diketone 42
(1.02 g, 66%) as a yellow solid, m.p. 110-111 °C; found: C, 75.8;
H, 7.2. C; H;,05 requires C, 75.9; H, 7.2%; 6(300 MHz; CDCl;;
TMS) 7.65 (2H, m, CH), 7.31-7.20 (4H, m, Ar), 6.97-6.84 (4H,
m, Ar), 4.16 (4H, t, J 5.1, OCH,), 3.91 (4H, t, J 5.1, OCH,),
2.73 (4H, dt, J 6.6 and 2.3, CH,), 2.49 (4H, t, J 6.6, CH,), 1.89
(4H, m, CH,), 1.70 (4H, m, CH,); (75 MHz; CDCl;) 201.8,
157.7,136.8, 131.1, 130.3, 130.0, 125.1, 120.2, 112.3, 70.0, 68.4,
40.5, 29.2, 24.0, 23.7; m/z (ESI) 497.4 (M + Na*, 100%), 475.5
M + H*, 8),971.6 2M + Na*, 4).

(1E,11E,16E,27E)-3,4:9,10:18,19:25,26-Tetrabenzo-5,8,20,24-
tetraoxa-tricyclo[26.3.1.1'>']tritriaconta-1,3,9,11,16,18,25,27-
octaene-32,33-dione (43)

A suspension of dialdehyde 35 (0.650 g, 2.40 mmol) and diketone
41 (1.034 g, 2.33 mmol) in 96% EtOH (0.47 L) was stirred at RT
as 20% w/v aq. NaOH (5.7 mL, 28.5 mmol) was added in one
portion. After stirring at RT for 16 h, the precipitated solid was
collected by vacuum filtration and washed with 1.0 M aq. HCI
(2 x 5 mL), water (3 x 10 mL) and 96% EtOH (2 x 10 mL),
and then dried under vacuum to constant weight (1.30 g). The
solid was recrystallized from CH,Cl, (25 mL) to give dienone
43 (0.630 g, 0.927 mmol, 40%) as a yellow solid, which was
pure by NMR spectroscopy; m.p. 269-270 °C; 64(300 MHz;
CDCl;; TMS) 8.00 (2H, s, CH), 7.93 (2H, br s, CH), 7.39-7.26
(8H, m, Ar), 7.02-6.89 (8H, m, Ar), 4.46 (4H, s, OCH,), 4.18
(4H, t, J 7.0, OCH,), 2.85 (8H, m, CH,), 2.39 (2H, p, J 7.0,
OCH,CH,CH,0), 1.78 (4H, m, CH,); 6.(100 MHz; CDCl;)
190.7, 157.8, 157.7, 137.2, 137.1, 132.8, 132.4, 131.1, 130.8,
129.9, 129.9, 126.2, 120.9, 120.4, 113.0, 112.2, 68.3, 65.5, 29.4,
29.4,29.2, 24.0; m/z (ESI) 679.4 (M + H*, 100%); m/z (ESI)
679.3045 (M + H*, 100%. C,H,;O¢* requires 679.3054).

(1E,11E,16E,29E)-3,4:9,10:18,19:27,28-Tetrabenzo-
5,8,20,23,26-pentaoxa-tricyclo[28.3.1.1'>'*|pentatriaconta-
1,3,9,11,16,18,27,29-octaene-34,35-dione (44)

A mixture of dialdehyde 38 (0.314 g, 0.999 mmol) and diketone
40 (0.445 g, 1.03 mmol) in 96% EtOH (75 mL) was stirred at
50 °C as 20% w/v aq. NaOH (3.0 mL, 15 mmol) was added
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in one portion. After stirring at 50 °C for 4 d, the precipitated
solid was collected by vacuum filtration and washed with water
(3 x 5 mL) and 96% EtOH (3 x 5 mL), and then dried
under vacuum to constant weight (0.550 g). Recrystallization
of the solid from CH,Cl, (15 mL) yielded dienone 44 (0.330 g,
0.46 mmol, 47%) as bright yellow crystals, m.p. 208-210 °C;
0u(300 MHz; CDCl;; TMS) 7.96 (2H, s, CH), 7.93 (2H, s, CH),
7.33-7.24 (8H, m, Ar), 7.01-6.89 (8H, m, Ar), 4.44 (4H, s,
OCH,), 4.17 (4H, m, OCH,), 3.99 (4H, m, OCH,), 2.79 (8H,
m, CH,), 1.72 (4H, m, CH,); 6-(7SMHz; CDCl;) 190.4, 157.8,
157.5, 137.3, 137.1, 132.7, 1324, 131.1, 130.7, 129.9, 126.5,
126.2,120.9, 120.5,113.0, 112.8,70.5, 68.8,67.8,29.3,29.2,23.7;
m/z(ESI)731.2(M + Na*, 100%), 709.3 (M + H*, 23); m/z (ESI)
709.3146 (M + H*, 100%. C,H,s0,* requires 709.3160), 731.3
(M + Na*, 20).

3,4:9,10:18,19:25,26-Tetrabenzo-5,8,20,24-tetraoxa-
tricyclo[26.3.1.1'*]tritriaconta-1(31),3,9,12,14,16(33),
18,25,28(32),29-decaene-32,33-diol (45)

A mixture of unpurified dienone 43 (0.80 g) and 10% Pd/C
(0.30 g, 0.28 mmol Pd) in p-xylene (20 mL) was heated to reflux
under N, for 10 h. The catalyst was removed by filtration, and the
p-xylene removed under vacuum to give a light yellow residue.
The residue was recrystallized from acetone to give phenol 45
(0.23 g,20%) as a white solid, m.p. 206-207 °C; found: C, 79.7; H,
6.1. C,;sH,, O, requires C, 79.6; H, 6.2%. v,,,./cm™" (neat) 3341b,
3068 w, 3025 w, 2936 w, 2878 w, 1589 w, 1491, 1467, 1449 s, 1393
w, 1352 w, 1292 w, 1268 w, 1229 s, 1162 w, 1106, 1046, 1000 w,
980 w, 933 w, 743s; 0;(400 MHz; CDCl;; TMS) 7.17-7.08 (8H,
m, Ar), 7.06 (2H, s, OH), 6.91-6.81 (12H, m, Ar), 6.76 (2H, m,
Ar), 6.65(2H,t,J 7.4, Ar),4.28 (4H, s, OCH,), 3.98 (4H,t,J 6.5,
OCH,), 3.91 (4H, s, ArCH,), 3.78 (4H, s, ArCH,), 2.14 (2H, p,
J 6.5, CH,CH,CH,); 6-(75MHz; CDCl;) 155.9, 155.7, 152.3,
131.0, 130.9, 130.0, 129.9, 129.1, 128.4, 128.3, 127.5, 127.5,
127.4, 121.7, 121.3, 119.9, 112.0, 111.8, 66.9, 65.1, 30.9, 30.2,
29.0; m/z (EST) 701.4 (M + Na*, 19%).

3,4:9,10:18,19:27,28-Tetrabenzo-5,8,20,23,26-pentaoxa-
tricyclo[28.3.1.1'>"|pentatriaconta-1(34),3,9,12,14,16(35),18,
27,30,32-decaene-34,35-diol (46)

A mixture of unpurified dienone 44 (0.30 g) and 10% Pd/C
(0.10 g, 0.094 mmol Pd) in p-xylene (20 mL) was heated at reflux
under N, for 16 h. The catalyst was removed by filtration and the
p-xylene removed under vacuum to give a light yellow residue.
The residue was recrystallized from acetone to give phenol 46
(0.125 g, 26%) as a white solid, m.p. 168-168.5 °C; found: C,
77.9; H 6.0. C4cH,,O; requires C, 77.9; H, 6.3%; vy, /cm™ (neat)
3529 w, 3373b, 3062 w, 3022 w, 2923 w, 2868 w, 1589 w, 1491,
14465, 1291, 1228 s, 1180 w, 1154 w, 1133 w, 1107, 1058 w, 1049
w, 940 w, 925 w, 750s; d4(400 MHz; CDCl;; TMS) 7.16-7.09
(8H, m, Ar), 7.01 (2H, s, OH), 6.89-6.79 (12H, m, Ar), 6.67
(2H, t,J 7.5, Ar), 4.28 (4H, s, OCH,), 3.98 (4H, t, J 4.7, OCH,),
3.91 (4H, s, ArCH,), 3.90 (4H, s, ArCH,), 3.71 (4H, t, J 4.7,
OCH,); d.(100MHz; CDCl,)) 156.1, 155.8, 152.3, 130.9, 130.9,
128.5,128.3,127.5,127.5,121.7,121.4,120.0, 111.9, 111.9, 69.8,
68.6, 67.1, 31.1, 30.8, 30.3; m/z (ESI) 731.5 (M + Na*, 100%).

(2E,2 E,6E,6' E)-6,6'-(1,3-Phenylenebis(methan-1-yl-1-
ylidene))bis(2-(4-methoxybenzylidene)cyclohexanone) (51)

A mixture of enone 8 (2.59 g, 12 mmol), isophthalaldehyde (31;
0.81 g, 6 mmol), and 20% w/v aq. NaOH (1.2 mL, 6 mmol)
in 96% EtOH (30 mL) was stirred at RT for 6 h. Then, the
precipitated solid was collected by filtration, washed with 96%
EtOH (3 mL), and dried under vacuum to give dienone 51
(0.51 g, 96%) as a yellow solid, m.p. 177-180 °C; A,,..(EtOH)/nm
243 and 348 (¢/dm® mol™! cm™' 17600 and 26 300); v,,,/cm™
(KBr) 1658 m, 1600 s, 1588 s, 1556 m, 1509 s, 1420 m, 1313 m,
1287 m, 1251's, 1210 w, 1180 m, 1159 s, 1118 m, 1964 w, 1031 m,
985 w;0,;(300 MHz; CDCl;; TMS) 7.79 (4H, d, J 1.8, CH), 7.53~
7.43 (8H, m, Ar), 6.95 (4H, d, J 8.8, Ar), 3.86 (6H, s, OCHy;),
2.93 (8H, m, CH,), 1.82 (4H, p, J 6.1, CH,); 6.(100 MHz;
CDCl;) 190.5, 160.5, 137.6, 137.3, 136.6, 136.2, 134.4, 132.7,
132.7, 132.2, 130.6, 129.0, 128.8, 114.3, 55.7, 28.9, 28.8, 23.4;
m/z (ESI) 553.2 (M + Na*, 100%); m/z (ESI) 531.2539 (M +
H*. C3H3,NO,* requires 531.2535).

(2E,6E)-2-(4-Methoxybenzylidene)-6-(3-((E)-((E)-3-(4-
methylbenzylidene)-2-oxocyclohexylidene)methyl)
benzylidene)cyclohexanone (52)

A mixture of aldehyde 21 (0.05 g, 0.15 mmol) and 40% w/w aq.
(nBu),NOH (0.16 g, 0.25 mmol) in MeCN/96% EtOH (5 mL,
3:2 v/v)stirring at RT was added a 96% EtOH solution of enone
7 (30 mg, 0.90 mmol in 1 mL of 96% EtOH) in small aliquots,
over 25 min. After stirring at RT overnight, the precipitated
solid was collected by vacuum filtration, washed with 96% EtOH
(5mL), and dried under vacuum to give dienone 52 (0.40 g, 53%)
as a yellow solid, m.p. 160-162 °C; A,..(EtOH)/nm 236 and 348
(e/dm* mol~' em™' 22 500 and 42 800); v,,.x/cm~" (nujol) 1658 m,
1603 m, 1588 m, 1560 m, 1508 m, 1287 m, 1250 m, 1159 m, 1032
m; 0(200 MHz; CDCl;; TMS) 7.79 (4H, s, CH), 7.53-7.37 (8H,
m, Ar), 7.22 (2H, m, Ar), 6.95 (2H, d, J 8.8, Ar), 3.85 (3H, s,
OCH,), 2.94-2.92 (8H, m, CH,), 2.39 (3H, s, CH};), 1.81 (4H, m,
CH,); 6.(100 MHz; CDCl;) 190.3, 190.2, 160.3, 139.1, 137.5,
137.4, 137.1, 137.0, 136.4, 136.4, 136.2, 136.0, 135.5, 134.2,
133.3, 132.5, 132.1, 130.7, 130.4, 130.4, 129.3, 128.8, 128.6,
114.1,55.5,28.7,28.7,28.7, 28.6,23.2,21.6; m/z (ESI) 515.2589
(M + H*. CyHjs O;* requires 515.2586).

6,6'-(1,3-Phenylenebis(methylene))bis(2-(4-
methoxybenzyl)phenol) (53)

An intimate mixture of dienone 51 (0.22 g, 0.42 mmol) and
10% Pd/C (0.05 g, 0.05 mmol) was placed in a Schlenk tube
under N, and heated at 180-190 °C for 1 h. The mixture was
cooled to RT, mixed with CH,Cl, (5 mL), filtered to remove the
catalyst, and concentrated to give phenol 53 (0.2 g, found to be
ca. 90% pure by '"H NMR spectroscopy, i.e. ca. 80% yield) as
a yellow oil. A sample was purified by column chromatography
on silica gel (CH,Cl, : hexane = 70 : 30) to give phenol 53 as
a colorless oil, 6;(400 MHz; CDCl;; TMS) 7.18 (1 H, t, J 7.6,
Ar), 7.13-7.09 (4H, m, Ar), 7.07 (1H, s, Ar), 7.02-6.96 (6H, m,
Ar), 6.84-6.80 (6H, m, Ar), 4.62 (2H, s, OH), 3.91-3.90 (8H, m,
CH,), 3.76 (6H, s, OCH,;); 6.(75 MHz; CDCl;) 158.5, 152.4,
140.4, 131.7, 129.8, 129.5, 129.4, 129.3, 129.2, 127.6, 1274,
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126.9, 120.8, 114.4, 55.5, 36.7, 36.1; m/z (ESI) 548.2799 (M +
NH,*. C;sHxNO,* requires 548.2801).

2-(3-(2-Hydroxy-3-(4-methoxybenzyl)benzyl)benzyl)-6-(4-
methylbenzyl)phenol (54)

An intimate mixture of dienone 52 (0.05 g, 0.1 mmol) and 10%
Pd/C (0.01 g, 0.01 mmol) was placed in Schlenk tube under N,
and heated at 180-190 °C for 2 h. The mixture was cooled to RT,
mixed with CH,Cl, (3 mL), filtered to remove the catalyst, and
concentrated to give phenol 54 (0.043 g, found to be ca. 80%
pure by '"H NMR spectroscopy estimated, i.e. ca. 70% yield)
as a yellow-brown oil. A sample was purified by flash column
chromatography on silica gel (CH,Cl, : hexane = 60 : 40) to give
phenol 54 as a pale yellow oil, 6;(400 MHz; CDCl;; TMS) 7.18
(1H,t,J 7.6, Ar), 7.12-7.10 (2H, m, Ar), 7.08-7.02 (SH, m, Ar),
7.00-6.97 (SH, m, Ar), 6.84-6.80 (SH, m, Ar), 4.61 (2H, d, J 3.8,
OH), 3.92-3.92 (8H, m, CH,), 3.77 (3H, s, OCH;), 2.30 (3H, s,
3H, CH;); 0.(100 MHz; CDCl;) 163.6, 52.4, 140.4, 131.7, 129.8,
129.7, 129.5, 129.4, 129.4, 129.2, 128.7, 127.8, 127.5, 127.6,
127.4,127.0, 120.8, 114.4, 55.5, 36.6, 36.6, 36.1, 21.2; m/z (ESI)
532.2845 (M + NH,*. C;sH;NO,* requires 532.2852), 537.2406
(M + Na*. C;sH3,NaO;* requires 537.2406).

(E)-2-(3-((E)-((E)-3-(4-Methoxybenzylidene)-2-
oxocyclopentylidene)methyl)benzylidene)-3,4-
dihydronaphthalen-1(2H)-one (55)

A mixture of aldehyde 19 (120 mg, 0.380 mmol), 1-tetralone
(2; 55 mg, 0.38 mmol) and p-TsOH-H,O (29 mg, 0.19 mmol)
in toluene (20 mL) was heated at reflux using a Dean—Stark
apparatus for 24 h. After cooling to RT, the mixture was washed
with satd. aq. NaHCO; (2 x 30 mL) and satd. aq. NaCl (30 mL),
dried with anhyd. MgSO,, filtered, and concentrated to give a
brown solid. Flash column chromatography of the solid on silica
gel (EtOAc : hexane = 10: 90) afforded dienone 55 (0.125 g, 74%)
as a yellow solid, m.p. 203-204 °C; v, /cm™' (KBr) 2936 w,
2836 w, 1692 m, 1664 m, 1588 s, 1509 s, 1458 m, 1420 m, 1301 m,
1284 s, 1193 m, 1168 s, 1137 m, 1031 m, 992 w; §,(200 MHz;
CDCl;; TMS) 8.16 (1 H, d, J 7.7, Ar), 7.90 (1H, s, Ar, CH),
7.67 (1H, s, CH), 7.62-7.58 (4H, m), 7.56-7.36 (5H, m), 7.29
(1H, d, J 6.6, Ar), 6.99 (2H, d, J 8.4, Ar), 3.88 (3H, s, OCH};),
3.32-3.14 (6H, m, CH,), 2.99 (2H, t, J 6.4, CH,); 6-(100 MHz;
CDCl;) 196.3, 187.9, 161.0, 143.4, 138.5, 136.6, 136.5, 136.4,
136.1, 135.0, 134.5, 134.4, 133.6, 132.9, 132.8, 131.9, 130.8,
130.7, 129.1, 128.8, 128.5, 127.3, 114.6, 55.6, 29.1, 27.5, 26.8,
26.7; m/z (ESI) 469 (M + Na*, 100%), 501 (M + MeOH + Na*,
92), 447 (M + H*, 40).

(2E,6E)-2-(4-Methoxybenzylidene)-6-(3-((E)-((E)-3-(4-
methylbenzylidene)-2-oxocyclopentylidene)methyl)
benzylidene)cyclohexanone (56)

A mixture of aldehyde 20 (0.200 g, 0.660 mmol) and enone
8 (0.143 g, 0.660 mmol) in CH,Cl,-96% EtOH (12 mL, 2 :
1 v/v) was stirred at RT as powdered KOH (37 mg, 66 mmol)
was added in one portion. After stirring at RT for 24 h, the
precipitated solid was collected by vacuum filtration, washed
with water (3 mL) and 96% EtOH (2 x 3 mL), and dried
under vacuum to give dienone 56 (0.185 g, 56%) as a yellow

solid, 182-184 °C; v,./cm™ (KBr) 2936 w, 2911 w, 2844 w,
1692 m, 1663 w, 1622 m, 1601 s, 1570 m, 1512 s, 1418 m,
1284 m, 1210s, 1193 m, 1178 m, 1184 s, 1144 s, 1034 m, 935 m,
811 m; 64(200 MHz; CDCl;; TMS) 7.85-7.79 (2H, m, Ar and
CH), 7.70-7.40 (10H, m, Ar and CH), 7.25 (2H, d, J 7.7, Ar),
6.95(2H,d, J 8.8, Ar), 3.86 (3H, s, OMe), 3.13 (4H, s, CH,CH,),
3.00-2.90 (4H, m, CH,), 2.41 (3H, s, ArCHs;), 1.83 (2H, p, J 6.3,
CH,); 6.(50 MHz; CDCl,;) 196.5, 190.3, 160.3, 138.3, 137.3,
137.0, 136.8, 136.4, 136.3, 135.9, 134.5, 134.2, 133.3, 133.2,
132.6, 132.4, 131.2, 131.1, 130.8, 129.8, 129.5, 129.0, 128.8,
114.2, 55.6, 28.8, 28.7, 26.8, 23.2, 21.7; m/z (ESI) 501.1 M +
H*, 100%), 523.1 (M + Na*, 96), 555.0 (M + MeOH + Na*, 62).

Crystallography

Crystal data for 21. CCDC deposition number 629937,
C,H, 05, M, = 332.38, monoclinic, space group P2,/c, a =
16.0672(8), b = 14.9408(8), ¢ = 7.1505(3) A, f = 96.855(2)°,
V = 1704.26(1) A®, Z = 4, Doy = 1.295 g cm™, u(MoKa) =
0.085 mm~'. Of 3100 (R;,, = 0.0740) unique reflections, 2222 had
I > 20(I), Rindices [I > 20(I)] R, = 0.0456, wR, = 0.0966, GoF
on F? = 1.044 for 227 refined parameters and 0 restraints.

Crystal data for 32. CCDC deposition number 630660,
CyH,Os, M, = 418.47, monoclinic, space group P2,/n, a =
11.446(2), b = 15.395(3), ¢ = 12.411(3) A, p = 92.07(3)°,
V = 2185.58) A}, Z = 4, Doy = 1.272 g cm 3, u(MoKa) =
0.087 mm~'. Of 5375 (R;,, = 0.039) unique reflections, 3183 had
I > 20(I), Rindices [I > 20(I)] R, = 0.0469, wR, = 0.1243, GoF
on F? = 0.951 for 284 refined parameters and 0 restraints.

Crystal data for 40. CCDC deposition number 630661,
CyxH;3 04, M, = 430.52, monoclinic, space group P2,/n, a =
14.1051(5), b = 5.9840(2), ¢ = 14.3719(6) A, § = 114.297(2)°,
V = 105.61(7) A}, Z = 2, Doy = 1.293 g cm3, u(MoKa) =
0.085 mm~". Of 2677 (R, = 0.051) unique reflections measured,
1336 had I > 20(I), R indices [I > 20(])] R, = 0.0483, wR, =
0.1118, GoF on F? = 0.939 for 145 refined parameters and 0
restraints.

Crystal data for 43-(CHCL),s-H,0. CCDC deposition
number 630662, C,sH,,O¢-(CHCL,)o5-H,0, M, = 756.49, mono-
clinic, space group P2,/n, a = 15.1785(2), b = 15.0780(2), ¢ =
16.5313(3) A, p = 97.645(1)°, V = 3749.8(2), Z = 4, Doy =
1.340 g. cm™?, u(MoKa) = 0.192 mm~'. Of 9011 (R, = 0.0778)
unique reflections measured, 5312 had 7 > 2a([), R indices [/ >
2a(I)] R, = 0.0625, wR, = 0.1308, GoF on F? = 1.048 for 508
refined parameters and 0 restraints.

Crystal data for 46-CHCl;. CCDC deposition number
630663 (C4H,,0;),-(CHCL,),, M, = 1656.36, monoclinic, space
group P2,/¢, a = 12.1150(3), b = 23.364(1), ¢ = 30.838(1) A,
B =92377(1)°, V = 8348.0(4), Z = 4, D = 1.138 g cm~3,
#(MoKa) = 0.271 mm~". Of 19746 (R,, = 0.1973) unique
reflections measured, 6972 had I > 20([), R indices [I > 20(])]
R, =0.0938, wR, =0.1557, GoF on F? = 1.017 for 1028 refined
parameters and 12 restraints.
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The successful preparation of highly active and dispersed metal nanoparticles on a mesoporous
material was accomplished in a conventional microwave oven using an environmentally friendly
protocol in which ethanol and acetone—water were employed as both solvents and reducing agents.
The materials exhibited different particle sizes depending on the metal and the time of microwave
irradiation. The nanoparticles were very active and differently selective in the oxidation of

styrene.

Introduction

The development of highly ordered mesoporous silica structures
introduced a new degree of freedom in the concept of catalysts.!
Such mesoporous silica materials, including the M41S and
the SBA families opened up new and exciting opportuni-
ties in materials science and their catalytic applications have
been extensively investigated.** In particular, the members of
the SBA family (including the hexagonal SBA-15 and SBA-
12 structures), feature a unique porous distribution, highly
structural orders, ease of tuneability and outstanding stability
that made them very promising candidates as catalysts and/or
supports.*’

Compared to SBA-15 (p6mm), SBA-12 (P6;/mmc) has not
received a great deal of attention despite its three-dimensional
hexagonal structure.*® Only a few reports can be found regarding
the modification and catalytic activity of SBA-12 materials.”

Metal nanoparticles (MNP) are nowadays a very hot topic
and several reports for the preparation of highly dispersed and
active noble MNP on different supports, including Au,® Ag®
and Pd" can be found over the last few years. However, the
protocols employed in most of the reported studies involve the
use of additional reductant (e.g. NaBH,, H,, hydrazine, efc.) and
an improvement of the green credentials in the preparation of
MNP is needed. We have recently developed an easy and efficient
route to the preparation of MNP supported on polysaccharide
derived mesoporous materials overcoming the main drawbacks
associated with the use of such reducing agents.!

Following a similar methodology, we report here the facile
and quick preparation of highly active and dispersed SBA-12
supported MNP using a conventional microwave domestic oven
without the need of additional reductant.
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Experimental

The synthesis of the parent SBA-12 materials was performed
following the procedure described by Stiicky et al.® with some
variations. In a typical synthesis, 3.0 g of Brij 76 (C3EO,,
polymer) were dissolved in 57.4 g of distilled water under
vigorous magnetic stirring. 8.65 g of tetraethyl orthosilicate
(TEOS) were then added giving a clear solution at room
temperature. 17.7 g of concentrated HCI were quickly added
to this reaction mixture. The final gel mixture was stirred for
1 day at room temperature and subsequently heated for 1 day at
100 °C. The solid product was recovered by filtration, dried in
air at RT, and then calcined in air at 500 °C for 6 h.

A typical procedure for the straightforward preparation of
the mesoporous supported MNP was as follows: 0.4 g SBA-
12 and 2 mL of a solution of gold bromide (Aldrich, 99.9%)
or palladium acetate (Sigma—Aldrich, 99.9+%) in ethanol :
acetone or ethanol : water (when silver nitrate was employed
for the preparation of Ag-SBA-12 materials) 1 : 1 v/v were
microwaved (CEM-DISCOVER or domestic microwave) for the
desired period of time (usually 2 min) at 300-450 W (maximum
power output, 100-140 °C temperature reached). The mixture
was filtered off and the recovered solid was thoroughly washed
with ethanol and acetone and oven dried overnight at 100 °C
prior its utilization in the oxidation reaction. Materials were
prepared at three different times (2, 5, 10 and 20 min) and
different metal loadings were obtained. The preparation of
the supported MNP was generally carried out in a microwave
reactor (CEM-DISCOVER) and in a domestic microwave oven
(Sanyo Super showerwave 900 W powergrill), obtaining similar
results. The obtained materials were highly reproducible from
batch to batch and some catalytic results for materials obtained
in different batches are summarised in Table 3.

Microwave reaction experiments were carried out in a CEM-
DISCOVER model with PC control and monitored by sampling
aliquots of reaction mixture that were subsequently analysed by
GC/GC-MS using an Agilent 6890 N GC model equipped,
with a 7683B series autosampler, fitted with a DB-5 capillary
column and an FID detector. Experiments were conducted in
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a closed vessel (pressure controlled) under continuous stirring.
The microwave method was generally temperature controlled
where the samples were irradiated with the required power
output (settings at maximum power) to achieve the desired
temperature (90 °C).

Response factors of the reaction products (styrene oxide,
benzaldehyde, phenylacetaldehyde, acetophenone and benzoic
acid) were determined with respect to styrene from GC analysis
using known compounds in calibration mixtures of specified
compositions.

Powder X-ray diffraction patterns were carried out using a
Siemens D-5000 diffractometer with CuKa (41 = 1.518 A), a
step size of 0.02° and counting time per step of 1.2 s, over a
range from 1° to 10°.

Nitrogen physisorption was measured with a Micromeritics
instrument model ASAP 2000 at —196 °C. The samples were
outgassed for 2 h at 100 °C under vacuum (p < 10~* Pa) and
subsequently analyzed. The linear part of the BET equation
(relative pressure between 0.05 and 0.22) was used for the
determination of the specific surface area. The pore size
distribution was calculated from the adsorption branch of the N,
physisorption isotherms and the Barret-Joyner—Halenda (BJH)
formula. The cumulative mesopore volume Vy,; was obtained
from the PSD curve.

Scanning electron micrographs (SEM) and elemental com-
position of the calcined samples were recorded using a JEOL
JSM-6300 Scanning Microscope with energy-dispersive X-ray
analysis (EDX) at 20 kV. Samples were Au/Pd coated on a high
resolution sputter SC7640 at a sputtering rate of 1500 V per
minute, up to 7 nm thickness.

Transmission electron microscopy (TEM) micrographs were
recorded on a FEI Tecnai G? fitted with a CCD camera for ease
and speed of use. The resolution is around 0.4 nm. Samples were
suspended in ethanol and deposited straight away on a copper
grid prior to analysis.

Temperature programmed reduction (TPR) was conducted on
a Stanton-Redcroft STA750 thermal analyser under a 10 vol%
H,/He stream with a total flow rate of 20 mL min~' and ramp
rate of 12 K min~' between room temperature and 800 °C.

Results and discussion

Powder X-ray diffraction patterns (Fig. 1) obtained for the
SBA-12 materials exhibited the typical diffraction lines at 1-
2° and two weak peaks in the 2-5° 20 range that can be
indexed in the P6;/mmc group as initially reported by Zhao
et al.* The unit cell parameters of the SBA-12 (¢ = 65 A, ¢ =
106 A, ¢/a = 1.63) were in good agreement with previously
reported results.*® The incorporation of the different metals
on the hexagonal three-dimensional mesoporous structure did
not considerably alter the structural order in the materials after
relatively long times of microwave irradiation (Fig. 1). Various
diffraction lines, including the (111), (200), (220) and (311), were
found for the various supported MNP, in good agreement with
the corresponding JCPDS files.

N, physisorption experiments showed the type IV isotherm
profile, typical of mesoporous materials (Fig. 2). Data regarding
the pore size distribution, surface area and pore volume is
included in Table 1. The textural properties of the material

Intensity (a.u.)

20
Fig. 1 XRD patterns of Pd-SBA-12 prepared after 20 min of mw

irradiation. Inset corresponds to the various diffraction lines (111, 200,
220 and 311) of the metallic palladium (JCPDS file: 46-1043).

20 30 40 50

Pore diameter (A)

Vol. adsorbed (cm3 g_l STP)

T T I I
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Relative pressure (p/p,)

Fig.2 Isotherm profile and pore size distribution of SBA-12 materials:
(a) SBA-12; (b) Ag-SBA-2 (2 min mw); (¢c) Pd-SBA-12 (2 min mw);
(d) Pd-SBA-12 (20 min mw).

supported MNPs were not significantly affected by the incor-
poration of the various metals. The pore size was around 3.2—
3.4nm and it was found to decrease with an increase of the metal
loading.

Temperature-programmed reduction confirmed that only
reduced metals (Au, Ag and Pd) were present in all samples,
irrespective of the metal loading.
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Table 1 Textural properties and metal loadings (determined by elemental analysis) of various NP supported SBA-12 mesoporous materials*

Material Sper/m? g™! Pore size/nm Pore volume/cm® g~ Metal loading (%)
SBA-12 645 3.5 0.71 —
Au-SBA-12 608 32 0.56 1.2
Ag-SBA-12 563 34 0.63 1.1
Pd-SBA-12 621 34 0.65 1.5
Pd-SBA-12° 552 33 0.59 5.6

“ Materials prepared after 2 min microwave irradiation. * 20 min mw irradiation.

SEM micrographs of the SBA-12 materials (Fig. 3) showed
the mesoporous solids have sort-of spike-crystal morphology
with a particle size of ca. 1-5 pm. The particle morphology did
not change with the incorporation of the different metals onto
the SBA-12.

N R T
Fig. 3 SEM micrographs of SBA-12 materials at different magnifica-
tions (x 5000, 10 um, left and x 10000, 0.5 pm, right).

TEM micrographs are shown in Fig. 4. The characteristic
three-dimensional hexagonal array of mesopores can be ob-
served (Fig. 4, top images), confirming the P6;/mmc space group
symmetry of the mesoporous SBA-12."> The TEM micrographs

. BB S

Fig. 4 TEM micrographs of the parent SBA-12 (x 160000, top left)
and x300000 (top right) and Ag (bottom left) and Au nanoparticles
on SBA-12 (bottom right) at the same magnification (x300 000, 50 nm
scale bar) prepared in a domestic microwave oven.

of the SBA-12 supported MNP (Fig. 4 bottom images) proved
the successful preparation of such Au-, Pd- and Ag-SBA-12
materials after 2 minutes of microwave irradiation regardless of
the method of preparation. The loading of metal after 2 min was
found to be around 1-1.5 wt%.

Microwave irradiation was found to be critical for the
preparation of controllable sized, evenly distributed particles.
Microwave synthesized supported MNP were compared to those
obtained under conventional heating at the same conditions
(temperature and time of heating) and the results have been
included in Fig. 5. Conventional heating preparation gave an
extremely low metal loading with a very poor dispersion of
supported MNP (Fig. 5, left) and only higher nanoparticle
formation was observed at relatively long times of reaction (over
1 h). An uneven distribution and dispersion of the MNP was
also found. The effect of the microwave irradiation is clear.
The rapid heating of the reaction mixtures, specially those
containing polar solvents (e.g. ethanol, water), leads to a rapid
and almost simultaneous precipitation of the metal solution of
the precursor, which in turn renders materials with small particle
sizes and narrow size distributions at very short reaction times
(less than 3 min). In addition to that, the solvent (EtOH) reduces
the solutions to elemental metal, offering a better control of
particle size and morphology, as previously reported.'

The average nanoparticle size in the materials was found to
be relatively different depending on the metal and the time of
microwave irradiation. Au nanoparticles were found to be well
dispersed and homogeneously distributed with very small size
and reasonably narrow particle size distribution (ca. 1.9 nm).
Interestingly, Ag— and Pd-SBA-12 materials exhibited less ho-
mogeneous nanoparticle dispersion with a bigger nanoparticle
size (ca. 3.8 and 11.3 nm, respectively). A representative bar
plot (inset) of the distribution of the various metal nanoparticle
SBA-12 at different times of irradiation are depicted in Fig. 6
and 7.

The particle size distribution shows a very narrow MNP size
for each one of the nanoparticles prepared. The particle size was
found to increase considerably with an increase in the time of
microwave irradiation (Fig. 6 and 7). Longer times of microwave
irradiation promoted nanoparticle aggregation and formation of
big metal clusters. Of note was the particular case of Pd-SBA-12
prepared after 20 min of mw irradiation (Fig. 7, right) compared
to that of the 2 min Pd-SBA-12 (Fig. 7, left). The formation
of big palladium clusters (60-70 nm) was exclusively observed
in the Pd-SBA-12 after 20 min of microwave irradiation. Such
palladium clusters were found to have a 3D structure comprising
of smaller nanoparticle agglomerates that can be clearly seen in
Fig. 7.
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Fig.5 Au-SBA-12 materials prepared under conventional heating after (A) 15 min (few Au particles can be observed on the top and bottom left of
the TEM image) and (B) 1 h (uneven distribution of particles can be observed).
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Fig. 6 TEM micrographs and nanoparticle size distribution (inset) of Ag-SBA-12 materials prepared in a domestic microwave oven: Ag-SBA-2
(x300000, 50 nm bar scale) after 2 min (top) and 20 min (bottom) microwave irradiation.
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Fig. 7 TEM micrographs and nanoparticle size distribution (inset) of PdA-SBA-12 (x 160000, 100 nm bar scale) prepared in a domestic microwave
oven after 2 (top) and 20 min (bottom) of microwave irradiation.
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Table 2 Catalytic activities [conversion (mol%) and selectivities to the epoxide (S.poxice, M01%), benzaldehyde (Spenziaenyae, M01%) and benzylbenzoate
(Shenzbenzoate» MO1%0)] of metal supported SBA-12 materials in the oxidations of styrene and benzyl alcohol with H,O, under microwave irradiation®

Oxidation of styrene

Oxidation of benzyl alcohol

Material Conversion (mol%) Sepoxide (M0O1%0) Shenzatdehyge (MO1%0) Conversion (mol%) Shenzatdenyae (MO1%0) Shenzbenzoate (M01%0)
SBA-12 <5 — — — — —
Au-SBA-12 75 >99 — 50 >95 —
Ag-SBA-12 90 85° — <15 >99 —
Pd-SBA-12 >95 — >95¢ 63 >95 <5
Pd-SBA-12¢ 85 — >99 >99 90 >5

5 mmol starting material, 15 mmol H,0,, 0.1 g catalyst, 300 W (maximum power output), 100-50 °C, 30 min. ®* Phenylacetaldehyde was obtained
as major byproduct. ¢ Minor quantities of benzoic acid were obtained. 20 min mw irradiation.

Table 3 Reproducibility of the activity of various metal supported SBA-12 materials in the oxidation of styrene with H,O, under microwave

irradiation®

Material Conversion (mol%) Selectivity epoxide (mol%) Selectivity benzaldehyde (mol%)
Au-SBA-12-batch 1 75 >99 —
Au-SBA-12-batch 2 82 >99 —
Au-SBA-12-batch 3 80 >99 —
Au-SBA-12-batch 4 79 >99 —
Ag-SBA-12-batch 1 90 85° —
Ag-SBA-12-batch 2 87 90° —
Ag-SBA-12-batch 3 95 83° —
Pd-SBA-12-batch 1 > 95 — >95¢
Pd-SBA-12-batch 2 > 99 >95¢
Pd-SBA-12-batch 3 > 99 — >95¢

45 mmol styrene, 15 mmol H,0,, 0.1 g catalyst, 300 W (maximum power output), 100-150 °C, 30 min. ® Phenylacetaldehyde was obtained as major

byproduct. ¢ Minor quantities of benzoic acid were obtained.

Judging from the experimental data obtained, it seems that the
formation of supported MNP with a narrow size distribution can
be achieved under microwave irradiation in a very short period
of time (<3 min) using a domestic microwave oven.

MNP with different shapes have different crystallographic
faces. It is therefore of interest to study the effect of their
shapes and sizes on their catalytic activity in various reactions.
The catalytic activity of metal supported SBA-12 materials was
investigated in the oxidations of styrene and benzyl alcohol
with hydrogen peroxide under microwave irradiation. Results
are summarized in Table 2. The oxidation of styrene has
been reported to be sensitive to single crystal surfaces in
silver.™

The supported MNP were found to be extremely active and
differently selective in the oxidation of styrene. Au— and Ag—
SBA-12 promoted the formation of the styrene oxide, and only
minor quantities of phenylacetaldehyde were found. Compared
to Au and Ag, Pd-SBA-12 materials exhibited great selectivities
to benzaldehyde. Au—, Ag— and Pd-SBA-12 materials had
different activities in the oxidation of benzyl alcohol. While
Ag-SBA-12 was not active, Au— and Pd-SBA-12 exhibited a
moderate activity in the oxidation. An increase in metal loading
provided quantitative conversion of starting material (Table 2).
Almost complete selectivities to benzaldehyde, with minor
quantities (<5%) of various by-products, including benzoic acid
and benzylbenzoate, were obtained.

The catalytic activity of the materials was also highly re-
producible (Table 3). MNP obtained in four different batches
exhibited very similar activities and selectivities under identical
reaction conditions.

Conclusions

We report a facile and environmentally friendly protocol for the
preparation of MNP on SBA-12 using a domestic microwave
oven in a very short period of time. Samples were highly active
and differently selective depending on the supported metal.
The nanoparticle size can be easily controlled for an optimum
performance in a particular application (e.g. catalysis) therefore
making the supported materials of extreme interest.
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The successful preparation of highly active and dispersed metal nanoparticles on a mesoporous
material was accomplished in a conventional microwave oven using an environmentally friendly
protocol in which ethanol and acetone—water were employed as both solvents and reducing agents.
The materials exhibited different particle sizes depending on the metal and the time of microwave
irradiation. The nanoparticles were very active and differently selective in the oxidation of

styrene.

Introduction

The development of highly ordered mesoporous silica structures
introduced a new degree of freedom in the concept of catalysts.!
Such mesoporous silica materials, including the M41S and
the SBA families opened up new and exciting opportuni-
ties in materials science and their catalytic applications have
been extensively investigated.** In particular, the members of
the SBA family (including the hexagonal SBA-15 and SBA-
12 structures), feature a unique porous distribution, highly
structural orders, ease of tuneability and outstanding stability
that made them very promising candidates as catalysts and/or
supports.*’

Compared to SBA-15 (p6mm), SBA-12 (P6;/mmc) has not
received a great deal of attention despite its three-dimensional
hexagonal structure.*® Only a few reports can be found regarding
the modification and catalytic activity of SBA-12 materials.”

Metal nanoparticles (MNP) are nowadays a very hot topic
and several reports for the preparation of highly dispersed and
active noble MNP on different supports, including Au,® Ag®
and Pd" can be found over the last few years. However, the
protocols employed in most of the reported studies involve the
use of additional reductant (e.g. NaBH,, H,, hydrazine, efc.) and
an improvement of the green credentials in the preparation of
MNP is needed. We have recently developed an easy and efficient
route to the preparation of MNP supported on polysaccharide
derived mesoporous materials overcoming the main drawbacks
associated with the use of such reducing agents.!

Following a similar methodology, we report here the facile
and quick preparation of highly active and dispersed SBA-12
supported MNP using a conventional microwave domestic oven
without the need of additional reductant.
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Experimental

The synthesis of the parent SBA-12 materials was performed
following the procedure described by Stiicky et al.® with some
variations. In a typical synthesis, 3.0 g of Brij 76 (C3EO,,
polymer) were dissolved in 57.4 g of distilled water under
vigorous magnetic stirring. 8.65 g of tetraethyl orthosilicate
(TEOS) were then added giving a clear solution at room
temperature. 17.7 g of concentrated HCI were quickly added
to this reaction mixture. The final gel mixture was stirred for
1 day at room temperature and subsequently heated for 1 day at
100 °C. The solid product was recovered by filtration, dried in
air at RT, and then calcined in air at 500 °C for 6 h.

A typical procedure for the straightforward preparation of
the mesoporous supported MNP was as follows: 0.4 g SBA-
12 and 2 mL of a solution of gold bromide (Aldrich, 99.9%)
or palladium acetate (Sigma—Aldrich, 99.9+%) in ethanol :
acetone or ethanol : water (when silver nitrate was employed
for the preparation of Ag-SBA-12 materials) 1 : 1 v/v were
microwaved (CEM-DISCOVER or domestic microwave) for the
desired period of time (usually 2 min) at 300-450 W (maximum
power output, 100-140 °C temperature reached). The mixture
was filtered off and the recovered solid was thoroughly washed
with ethanol and acetone and oven dried overnight at 100 °C
prior its utilization in the oxidation reaction. Materials were
prepared at three different times (2, 5, 10 and 20 min) and
different metal loadings were obtained. The preparation of
the supported MNP was generally carried out in a microwave
reactor (CEM-DISCOVER) and in a domestic microwave oven
(Sanyo Super showerwave 900 W powergrill), obtaining similar
results. The obtained materials were highly reproducible from
batch to batch and some catalytic results for materials obtained
in different batches are summarised in Table 3.

Microwave reaction experiments were carried out in a CEM-
DISCOVER model with PC control and monitored by sampling
aliquots of reaction mixture that were subsequently analysed by
GC/GC-MS using an Agilent 6890 N GC model equipped,
with a 7683B series autosampler, fitted with a DB-5 capillary
column and an FID detector. Experiments were conducted in

This journal is © The Royal Society of Chemistry 2008

Green Chem., 2008, 10, 853-858 | 853


http://dx.doi.org/10.1039/B801754A

Downloaded by City College of New Y ork on 09 November 2010
Published on 23 June 2008 on http://pubs.rsc.org | doi:10.1039/B801754A

View Online

a closed vessel (pressure controlled) under continuous stirring.
The microwave method was generally temperature controlled
where the samples were irradiated with the required power
output (settings at maximum power) to achieve the desired
temperature (90 °C).

Response factors of the reaction products (styrene oxide,
benzaldehyde, phenylacetaldehyde, acetophenone and benzoic
acid) were determined with respect to styrene from GC analysis
using known compounds in calibration mixtures of specified
compositions.

Powder X-ray diffraction patterns were carried out using a
Siemens D-5000 diffractometer with CuKa (41 = 1.518 A), a
step size of 0.02° and counting time per step of 1.2 s, over a
range from 1° to 10°.

Nitrogen physisorption was measured with a Micromeritics
instrument model ASAP 2000 at —196 °C. The samples were
outgassed for 2 h at 100 °C under vacuum (p < 10~* Pa) and
subsequently analyzed. The linear part of the BET equation
(relative pressure between 0.05 and 0.22) was used for the
determination of the specific surface area. The pore size
distribution was calculated from the adsorption branch of the N,
physisorption isotherms and the Barret-Joyner—Halenda (BJH)
formula. The cumulative mesopore volume Vy,; was obtained
from the PSD curve.

Scanning electron micrographs (SEM) and elemental com-
position of the calcined samples were recorded using a JEOL
JSM-6300 Scanning Microscope with energy-dispersive X-ray
analysis (EDX) at 20 kV. Samples were Au/Pd coated on a high
resolution sputter SC7640 at a sputtering rate of 1500 V per
minute, up to 7 nm thickness.

Transmission electron microscopy (TEM) micrographs were
recorded on a FEI Tecnai G? fitted with a CCD camera for ease
and speed of use. The resolution is around 0.4 nm. Samples were
suspended in ethanol and deposited straight away on a copper
grid prior to analysis.

Temperature programmed reduction (TPR) was conducted on
a Stanton-Redcroft STA750 thermal analyser under a 10 vol%
H,/He stream with a total flow rate of 20 mL min~' and ramp
rate of 12 K min~' between room temperature and 800 °C.

Results and discussion

Powder X-ray diffraction patterns (Fig. 1) obtained for the
SBA-12 materials exhibited the typical diffraction lines at 1-
2° and two weak peaks in the 2-5° 20 range that can be
indexed in the P6;/mmc group as initially reported by Zhao
et al.* The unit cell parameters of the SBA-12 (¢ = 65 A, ¢ =
106 A, ¢/a = 1.63) were in good agreement with previously
reported results.*® The incorporation of the different metals
on the hexagonal three-dimensional mesoporous structure did
not considerably alter the structural order in the materials after
relatively long times of microwave irradiation (Fig. 1). Various
diffraction lines, including the (111), (200), (220) and (311), were
found for the various supported MNP, in good agreement with
the corresponding JCPDS files.

N, physisorption experiments showed the type IV isotherm
profile, typical of mesoporous materials (Fig. 2). Data regarding
the pore size distribution, surface area and pore volume is
included in Table 1. The textural properties of the material

Intensity (a.u.)

20
Fig. 1 XRD patterns of Pd-SBA-12 prepared after 20 min of mw

irradiation. Inset corresponds to the various diffraction lines (111, 200,
220 and 311) of the metallic palladium (JCPDS file: 46-1043).

20 30 40 50

Pore diameter (A)

Vol. adsorbed (cm3 g_l STP)

T T I I
0.0 0.2 0.4 0.6 0.8 1.0

Relative pressure (p/p,)

Fig.2 Isotherm profile and pore size distribution of SBA-12 materials:
(a) SBA-12; (b) Ag-SBA-2 (2 min mw); (¢c) Pd-SBA-12 (2 min mw);
(d) Pd-SBA-12 (20 min mw).

supported MNPs were not significantly affected by the incor-
poration of the various metals. The pore size was around 3.2—
3.4nm and it was found to decrease with an increase of the metal
loading.

Temperature-programmed reduction confirmed that only
reduced metals (Au, Ag and Pd) were present in all samples,
irrespective of the metal loading.
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Table 1 Textural properties and metal loadings (determined by elemental analysis) of various NP supported SBA-12 mesoporous materials*

Material Sper/m? g™! Pore size/nm Pore volume/cm® g~ Metal loading (%)
SBA-12 645 3.5 0.71 —
Au-SBA-12 608 32 0.56 1.2
Ag-SBA-12 563 34 0.63 1.1
Pd-SBA-12 621 34 0.65 1.5
Pd-SBA-12° 552 33 0.59 5.6

“ Materials prepared after 2 min microwave irradiation. * 20 min mw irradiation.

SEM micrographs of the SBA-12 materials (Fig. 3) showed
the mesoporous solids have sort-of spike-crystal morphology
with a particle size of ca. 1-5 pm. The particle morphology did
not change with the incorporation of the different metals onto
the SBA-12.

N R T
Fig. 3 SEM micrographs of SBA-12 materials at different magnifica-
tions (x 5000, 10 um, left and x 10000, 0.5 pm, right).

TEM micrographs are shown in Fig. 4. The characteristic
three-dimensional hexagonal array of mesopores can be ob-
served (Fig. 4, top images), confirming the P6;/mmc space group
symmetry of the mesoporous SBA-12."> The TEM micrographs

. BB S

Fig. 4 TEM micrographs of the parent SBA-12 (x 160000, top left)
and x300000 (top right) and Ag (bottom left) and Au nanoparticles
on SBA-12 (bottom right) at the same magnification (x300 000, 50 nm
scale bar) prepared in a domestic microwave oven.

of the SBA-12 supported MNP (Fig. 4 bottom images) proved
the successful preparation of such Au-, Pd- and Ag-SBA-12
materials after 2 minutes of microwave irradiation regardless of
the method of preparation. The loading of metal after 2 min was
found to be around 1-1.5 wt%.

Microwave irradiation was found to be critical for the
preparation of controllable sized, evenly distributed particles.
Microwave synthesized supported MNP were compared to those
obtained under conventional heating at the same conditions
(temperature and time of heating) and the results have been
included in Fig. 5. Conventional heating preparation gave an
extremely low metal loading with a very poor dispersion of
supported MNP (Fig. 5, left) and only higher nanoparticle
formation was observed at relatively long times of reaction (over
1 h). An uneven distribution and dispersion of the MNP was
also found. The effect of the microwave irradiation is clear.
The rapid heating of the reaction mixtures, specially those
containing polar solvents (e.g. ethanol, water), leads to a rapid
and almost simultaneous precipitation of the metal solution of
the precursor, which in turn renders materials with small particle
sizes and narrow size distributions at very short reaction times
(less than 3 min). In addition to that, the solvent (EtOH) reduces
the solutions to elemental metal, offering a better control of
particle size and morphology, as previously reported.'

The average nanoparticle size in the materials was found to
be relatively different depending on the metal and the time of
microwave irradiation. Au nanoparticles were found to be well
dispersed and homogeneously distributed with very small size
and reasonably narrow particle size distribution (ca. 1.9 nm).
Interestingly, Ag— and Pd-SBA-12 materials exhibited less ho-
mogeneous nanoparticle dispersion with a bigger nanoparticle
size (ca. 3.8 and 11.3 nm, respectively). A representative bar
plot (inset) of the distribution of the various metal nanoparticle
SBA-12 at different times of irradiation are depicted in Fig. 6
and 7.

The particle size distribution shows a very narrow MNP size
for each one of the nanoparticles prepared. The particle size was
found to increase considerably with an increase in the time of
microwave irradiation (Fig. 6 and 7). Longer times of microwave
irradiation promoted nanoparticle aggregation and formation of
big metal clusters. Of note was the particular case of Pd-SBA-12
prepared after 20 min of mw irradiation (Fig. 7, right) compared
to that of the 2 min Pd-SBA-12 (Fig. 7, left). The formation
of big palladium clusters (60-70 nm) was exclusively observed
in the Pd-SBA-12 after 20 min of microwave irradiation. Such
palladium clusters were found to have a 3D structure comprising
of smaller nanoparticle agglomerates that can be clearly seen in
Fig. 7.

This journal is © The Royal Society of Chemistry 2008

Green Chem., 2008, 10, 853-858 | 855


http://dx.doi.org/10.1039/B801754A

Downloaded by City College of New Y ork on 09 November 2010
Published on 23 June 2008 on http://pubs.rsc.org | doi:10.1039/B801754A

View Online

Fig.5 Au-SBA-12 materials prepared under conventional heating after (A) 15 min (few Au particles can be observed on the top and bottom left of
the TEM image) and (B) 1 h (uneven distribution of particles can be observed).
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Fig. 6 TEM micrographs and nanoparticle size distribution (inset) of Ag-SBA-12 materials prepared in a domestic microwave oven: Ag-SBA-2
(x300000, 50 nm bar scale) after 2 min (top) and 20 min (bottom) microwave irradiation.
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Fig. 7 TEM micrographs and nanoparticle size distribution (inset) of PdA-SBA-12 (x 160000, 100 nm bar scale) prepared in a domestic microwave
oven after 2 (top) and 20 min (bottom) of microwave irradiation.
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Table 2 Catalytic activities [conversion (mol%) and selectivities to the epoxide (S.poxice, M01%), benzaldehyde (Spenziaenyae, M01%) and benzylbenzoate
(Shenzbenzoate» MO1%0)] of metal supported SBA-12 materials in the oxidations of styrene and benzyl alcohol with H,O, under microwave irradiation®

Oxidation of styrene

Oxidation of benzyl alcohol

Material Conversion (mol%) Sepoxide (M0O1%0) Shenzatdehyge (MO1%0) Conversion (mol%) Shenzatdenyae (MO1%0) Shenzbenzoate (M01%0)
SBA-12 <5 — — — — —
Au-SBA-12 75 >99 — 50 >95 —
Ag-SBA-12 90 85° — <15 >99 —
Pd-SBA-12 >95 — >95¢ 63 >95 <5
Pd-SBA-12¢ 85 — >99 >99 90 >5

5 mmol starting material, 15 mmol H,0,, 0.1 g catalyst, 300 W (maximum power output), 100-50 °C, 30 min. ®* Phenylacetaldehyde was obtained
as major byproduct. ¢ Minor quantities of benzoic acid were obtained. 20 min mw irradiation.

Table 3 Reproducibility of the activity of various metal supported SBA-12 materials in the oxidation of styrene with H,O, under microwave

irradiation®

Material Conversion (mol%) Selectivity epoxide (mol%) Selectivity benzaldehyde (mol%)
Au-SBA-12-batch 1 75 >99 —
Au-SBA-12-batch 2 82 >99 —
Au-SBA-12-batch 3 80 >99 —
Au-SBA-12-batch 4 79 >99 —
Ag-SBA-12-batch 1 90 85° —
Ag-SBA-12-batch 2 87 90° —
Ag-SBA-12-batch 3 95 83° —
Pd-SBA-12-batch 1 > 95 — >95¢
Pd-SBA-12-batch 2 > 99 >95¢
Pd-SBA-12-batch 3 > 99 — >95¢

45 mmol styrene, 15 mmol H,0,, 0.1 g catalyst, 300 W (maximum power output), 100-150 °C, 30 min. ® Phenylacetaldehyde was obtained as major

byproduct. ¢ Minor quantities of benzoic acid were obtained.

Judging from the experimental data obtained, it seems that the
formation of supported MNP with a narrow size distribution can
be achieved under microwave irradiation in a very short period
of time (<3 min) using a domestic microwave oven.

MNP with different shapes have different crystallographic
faces. It is therefore of interest to study the effect of their
shapes and sizes on their catalytic activity in various reactions.
The catalytic activity of metal supported SBA-12 materials was
investigated in the oxidations of styrene and benzyl alcohol
with hydrogen peroxide under microwave irradiation. Results
are summarized in Table 2. The oxidation of styrene has
been reported to be sensitive to single crystal surfaces in
silver.™

The supported MNP were found to be extremely active and
differently selective in the oxidation of styrene. Au— and Ag—
SBA-12 promoted the formation of the styrene oxide, and only
minor quantities of phenylacetaldehyde were found. Compared
to Au and Ag, Pd-SBA-12 materials exhibited great selectivities
to benzaldehyde. Au—, Ag— and Pd-SBA-12 materials had
different activities in the oxidation of benzyl alcohol. While
Ag-SBA-12 was not active, Au— and Pd-SBA-12 exhibited a
moderate activity in the oxidation. An increase in metal loading
provided quantitative conversion of starting material (Table 2).
Almost complete selectivities to benzaldehyde, with minor
quantities (<5%) of various by-products, including benzoic acid
and benzylbenzoate, were obtained.

The catalytic activity of the materials was also highly re-
producible (Table 3). MNP obtained in four different batches
exhibited very similar activities and selectivities under identical
reaction conditions.

Conclusions

We report a facile and environmentally friendly protocol for the
preparation of MNP on SBA-12 using a domestic microwave
oven in a very short period of time. Samples were highly active
and differently selective depending on the supported metal.
The nanoparticle size can be easily controlled for an optimum
performance in a particular application (e.g. catalysis) therefore
making the supported materials of extreme interest.
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An extremely simple green approach that generates bulk quantities of nanocrystals of noble
metals such as silver (Ag) and palladium (Pd) using coffee and tea extract at room temperature is
described. The single-pot method uses no surfactant, capping agent, and/or template. The
obtained nanoparticles are in the size range of 20-60 nm and crystallized in face centered cubic
symmetry. The method is general and may be extended to other noble metals such as gold (Au)

and platinum (Pt).

Introduction

Noble metal nanoparticles have found widespread use in several
technological applications,” and various wet chemical synthesis
methods have been reported.*™ There is a great interest in
synthesizing metal and semiconductor nanoparticles due to
their extraordinary properties which differ from when they are
in bulk. Recently, there is a renewed interest in using green
chemistry principles to synthesize metal nanoparticles.®'>* For
example, silver and gold nanoparticles produced from vegetable
oil can be used in antibacterial paints.”® Green chemistry is the
design, development and implementation of chemical products
and processes to reduce or eliminate the use and generation of
substances hazardous to human health and the environment.?
Strategies to address mounting environmental concerns with
current approaches include the use of environmentally benign
solvents, biodegradable polymers and non toxic chemicals.
In the synthesis of metal nanoparticles by reduction of the
corresponding metal ion salt solutions, there are three areas of
opportunity to engage in green chemistry: (i) choice of solvent,
(ii) the reducing agent employed, and (iii) the capping agent (or
dispersing agent) used. In this area, there has also been increas-
ing interest in identifying environmentally friendly materials
that are multifunctional. For example, the caffeine/polyphenols
used in this study functions both as a reducing and capping
agent for Ag and Pd nanospheres. In addition to its high
water solubility, low toxicity, and biodegradability, caffeine is
the most widely used behaviourally active drug in the world.
In North America, 80-90% of adults report regular use of
caffeine. However, there are no reports on preparation of noble
metals using caffeine, which also play a crucial role in many
medical applications. Hence, this paper reports, for the first time,
preparation of noble metals like Ag and Pd using tea/coffee
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extract. Caffeine/polyphenols can form complexes with metal
ions in solution and reduce them to the corresponding metals.
This approach therefore addresses several key requirements from
a green chemistry perspective.

Experimental

To prepare the coffee extract, 400 mg of coffee powder (Tata
Bru coffee powder 99%) was dissolved in 50 mL of water. Then
2 ml of 0.1 N AgNO; (AgNO;, Aldrich, 99%) was mixed with
10 ml of coffee extract and shaken to ensure thorough mixing.
The reaction mixture was allowed to settle at room temperature.
For the tea extract, 1 g of tea powder (Red label from Tata, India
Ltd. 99%) was boiled in 50 ml of water and filtered through a
25 um Teflon filter. A similar procedure was repeated for Pd
nanoparticles (using 0.1 N PdCl,, Aldrich, 99%). To evaluate
the source (tea and coffee extract) effect on morphology of the
Ag and Pd nanoparticles prepared, several experiments were
performed employing the above described procedure using the
sources as shown in Table 1.

For transmission electron microscopy (TEM), 0.1 mL of the
product was dispersed in 5 mL water. TEM grids were prepared
by placing a drop of the particle solution on a carbon-coated
copper grid and drying at room temperature. The samples for
UV-visible measurements were the reaction mixtures that were
dispersed in distilled water. TEM was performed with a JEOL-
1200 EX II microscope operated at 120 kV. XRD patterns were
obtained from Scintag X-ray diffractometer at 2 theta range 2—
60° using CuKa radiation. Open-circuit voltage potentials were
obtained using 1 M NaCl with reference to a saturated calomel
electrode (SCE).

Table 1 Various brands of tea/coffee used to generate nanoparticles

Brand Names

1 Sanka coffee

2 Bigelow tea

3 Luzianne tea

4 Starbucks coffee
5 Folgers coffee

6 Lipton tea

This journal is © The Royal Society of Chemistry 2008
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Results and discussion

TEM results show that Ag and Pd nanoparticles of varying
sizes were formed using coffee and tea extract (Fig. la—d).
At low magnification, a number of highly polydisperse Ag
nanoparticles of varying sizes were observed (Fig. la,b). It is
evident from the TEM image that Ag nanoparticles were well-
separated from each other with an apparently uniform inter-
particle separation. This indicates that the Ag nanoparticles were
capped by organic molecules, namely polyphenols and caffeine.
Pd nanoparticles seemed to be smaller than Ag nanoparticles
and the inter-particle distance was uniformly separated and well
aligned (Fig. 1c,d).

Fig. 1 TEM images of Ag and Pd nanoparticles in aqueous solutions
of coffee and tea extract cast on a Cu grid coated with carbon, (a-b)
Ag nanoparticles from coffee and tea extract, respectively, and (c-d) Pd
nanoparticles from coffee and tea extract, respectively. The inset shows
corresponding selected area diffraction patterns.

It is interesting to note that polyphenols acted as a reducing
agent as well as a capping agent for the ensuing nanoparticles
in the range of 20-60 nm. The control experiments carried out
with pure catechin yielded tennis ball-like structures for Au (see
Fig. 2) However, pure caffeine yielded wire-like structures for Au
(see Fig. 3). The reaction with AgNO; was very slow with less
yield, and Pd forms a complex without any definite structure.
This strategy was extended to different coffee and tea sources
(Table 1), and corresponding TEM images are shown in Fig. 4
and 5. The Ag and Pd nanoparticles were found to be mostly
spherical with sizes ranging from as low as 5 nm to 100 nm
depending upon the source of coffee or tea extract used (see
Fig. 4 and 5).

The control experiments carried out with pure catechin
yielded spherical structures for Ag and Pd (see Fig. 6).

The formation mechanism of Ag and Pd was studied using
UV spectroscopy, which has proved to be a very useful technique
for the analysis of nanoparticle formation over time. In order to
determine completion of the reaction, 0.1 N AgNO; was reacted
with tea extract and spectra were recorded every 20 minutes.
Initially, no characteristic plasma resonance peak was observed
at 1 minute. After 20 minutes of reaction, the plasma resonance

Fig.2 TEM images of gold nanoparticles (2 mL 0.01 N) reduced with
(a) 2 mL (b) 4 mL (c) 6 mL and (d) 8 mL of catechin (0.1 N) aqueous
solution. The inset shows corresponding selected area diffraction
pattern.

Fig. 3 TEM images of gold nanowires (2 mL of 0.01 N) reduced with
(a) with 25 mg (b) 100 mg (c) 200 mg and (d) 300 mg of pure caffeine.
The inset in (a—b) shows corresponding selected area diffraction pattern
and in (d) shows different magnification image.

peak at ~460 nm started appearing and became more prominent
at 60 minutes. The reaction was completed after 120 minutes,
as there was no increase in intensity of the plasma resonance
peak (see Fig. 7a—f). A strong absorption peak was observed
at ~340 nm corresponding to the absorption of polyphenol
compounds present in the tea.

UV spectra of Ag and Pd nanoparticles prepared from coffee
and tea extracts are shown in Fig. 8. The broad plasma resonance
peak at 460 nm corresponds to Ag nanoparticles prepared from
coffee and tea extract (see Fig. 8a,b). The continuous absorption
in the UV region was observed for Pd nanoparticles prepared
from coffee and tea extract as expected (see Fig. 8c,d). The
observation of strong but broad surface plasmon peaks is well
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Fig.4 TEM image of silver nanoparticles synthesized using (a) Bigelow
tea, (b) Folgers coffee, (c) Lipton tea, (d) Luzianne tea, (e) Sanka coffee
and (f) Starbucks coffee extract at room temperature in one step without
using any hazardous reducing chemicals or non-degradable capping
agents.

100%in ==

Fig. 5 TEM image of palladium nanoparticles synthesized using
(a) Sanka coffee, (b) Bigelow tea, (c) Luzianne tea, (d) Starbucks coffee,
(e) Folgers coffee and (f) Lipton tea extract at room temperature in one
step without using any hazardous reducing chemicals or non-degradable
capping agents.

Fig. 6 TEM images of Ag and Pd nanoparticles respectively prepared
in aqueous solution using catechin.

known in the case of various metal nanoparticles over a wide
range of 200-1200 nm.

The reduction potential of caffeine is ~ 0.3 V vs. SCE (see
Fig. 9) which is sufficient to reduce metals viz. Pd (reduction
potential 0.915 V vs. SCE) and Ag (reduction potential 0.80 V
vs. SCE), as well as Au*® to Au’ (reduction potential is 1.50 V vs.
SCE) and Pt (reduction potential 1.20 V vs. SCE). The formation
of Ag and Pd nanoparticles with caffeine/polyphenols takes

Absorbance (a.u.)

600
Wavelength (nm)

Fig. 7 Reaction profile of tea extract with AgNO; over the time;
(a) pure tea extract, after (b) 1 min (c) 20 min (d) 40 min (e) 60 min and
(f) 2 h.
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Fig.8 UV-Vis spectra of Ag and Pd nanoparticles in aqueous solution
of coffee and tea leaves extract. (a) Ag nanoparticles from coffee extract,
(b) Ag nanoparticles from tea extract, (c) Pd nanoparticles from coffee
extract and (d) Pd nanoparticles from tea extract. The inset shows UV-
Vis of (a) coffee and (b) tea extract.
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Fig. 9 Open-circuit potential for (¥ o) coffee extract in 1 M NaCl.

place via the following steps: (1) complexation with Ag and Pd
metal salts, (2) simultaneous reduction of Ag and Pd metal, and
(3) capping with oxidized polyphenols/caffeine.

Fig. 10a—d shows the XRD patterns of Ag and Pd nanoparti-
cles obtained from coffee and tea extracts, respectively, from
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Fig. 10 Representative XRD patterns of nanoparticles in aqueous
solution of coffee and tea extract casted on glass plate (a—b) Ag
nanoparticles from coffee and tea extract, respectively, and (c-d) Pd
nanoparticles from coffee and tea extract, respectively.

an aqueous solution drop-coated film on glass plate. From
the XRD patterns, prominent Bragg reflections at 26 values
of 38.3 and 42.6 were observed, which correspond to the
(111) and (200) Bragg reflections of face centered cubic (fcc)
Ag nanoparticles (Fig. 10a,b).> However, in the case of Pd
nanoparticles, layered structures of caffeine” remained, with
a well developed progression of intense reflections, which are
successive orders of diffraction with a large d spacing (see
Fig. 10c,d). It is clear that diffraction patterns can be interpreted
in terms of a crystal structure in which Pd and caffeine molecules
occurred in regularly stacked layers with a very large interlayer
lattice dimension, and that the interlayer two dimensional lattice
possessed relatively small distances. The presence of narrow
interlayer reflections indicates that there is crystallographic
registry of layers.

Conclusions

In summary, for the first time, we have synthesized Ag and
Pd nanoparticles using coffee and tea extracts. Specifically,
we describe an environmentally friendly one-step method to
synthesize noble nanoparticles, such as Ag and Pd, by reduction
of corresponding metal solutions using tea and coffee extract
without usage of any special capping agents at room tempera-
ture. This green approach may find various medicinal as well as
technological applications. The method is general and may be
extended to other noble metals such as Au and Pt.
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We report the horseradish peroxidase (HRP)-mediated inverse emulsion polymerisation of
water-soluble acrylamide in supercritical carbon dioxide (scCO,). The enzymatic polymerisation
takes place within water droplets formed in scCO,. These are either stabilised as reversed micelles
using perfluoropolyether ammonium carboxylate (PFPE-COO~NH,*) or in the absence of
stabiliser using very high shear. The viability of water-in-CO, (W/C) emulsion as a reaction
medium for in-situ enzyme-mediated polymerisation has been tested for the first time. There is
significant interest in enzymes as they have proven to be powerful and environmentally friendly
natural catalysts for the polymerisation of water-soluble monomers that can function under
milder reaction conditions than those used in traditional free radical polymerisation techniques.
Hence, the combination of scCO, and water as reaction medium is a significant advancement in

natural polymerisation process.

Introduction

Enzymes have proven to be powerful catalysts for the polymeri-
sation of a wide variety of monomers and macromonomers.!
Enzyme-mediated polymer synthesis has gained much attention
because it offers many advantages in comparison to polymeri-
sation catalysed by traditional catalysts, for instance: (i) high
selectivity under mild conditions, (ii) applicability to a very
wide range of solvents (e.g. water, organic solvents, micelles),
(iii)) and the potential to synthesise products in high yields.
They represent a family of “environmentally-friendly” natural
catalysts that might replace potentially toxic catalysts.!

Horseradish peroxidase (HRP) is well known to catalyse the
oxidation of organic substances (phenols and anilines) using
hydrogen peroxide (H,0,) and/or alkyl peroxide.? The generally
accepted mechanism involves the production of free radicals.?
The potential of HRP to catalyse free radical polymerisation
of vinyl monomers was first reported by Derango et. al*
Others have also exploited the enzymatic route, reporting HRP-
mediated free radical polymerisation of acrylamide in water>®
and in the presence of surfactants.”

Conventionally, the polymerisation is carried out by inverse
emulsion using a wide range of surfactants and solvents. Differ-
ent types of initiation have been used, from oil-soluble ATBN®®
and water-soluble ammonium persulfate’®!! to UV initiation."
More recently, RAFT inverse miniemulsion polymerisation of
acrylamide has been reported.’* However, to our knowledge,
an enzymatic route to an inverse emulsion has not been
reported.

A very promising solvent for polymerisation is supercritical
carbon dioxide (scCO,). Supercritical fluids exhibit liquid-like
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densities and gas-like mass transfer, which make them very
attractive solvents for polymerisation.”* ScCO, is among the
more attractive supercritical solvents because its critical point is
easy toreach (T, =31.1°C, P, =73.8 bar), it is inexpensive, non-
flammable, non-toxic and environmentally inert. Homogeneous
polymerisations in scCO, have been reported for the preparation
of fluoropolymers which are soluble in the CO, phase.’®> How-
ever, the majority of polymers are insoluble in scCO, and may
be dispersed by the addition of surfactant to support successful
heterogeneous polymerisation.'®!

Another major limitation to the broader use of scCO, is
its inability to dissolve a wide range of hydrophilic and ionic
compounds. An alternative strategy is the use of CO,-soluble
surfactants to emulsify monomers into the CO, phase. Hile
et al. reported the emulsion copolymerisation of D,L-lactide and
glycolide in scCO, using a fluorocarbon polymer as the emul-
sifying agent.'®® More recently, the emulsion polymerisation
of water soluble/CO, insoluble monomer N-ethylacrylamide
was effectively emulsified in CO, continuous phase using an
amphiphilic diblock copolymer consisting of a D-glucose con-
taining glycopolymer and a fluorinated block.*

A different approach is emulsion polymerisation in hybrid
CO,/water mixtures. This is based on the formation of aqueous
emulsion droplets in a carbon dioxide-continuous phase with
a non-toxic surfactant. The formation of reverse micelles and
microemulsions in scCO, has been reported by several research
groups.?*® The most popular emulsions systems in scCO,
are those based on ammonium carboxylate perfluoropolyether
(PFPE) surfactant.®* Several research groups have shown
that inorganic and organic reactions can be performed in a
PFPE/H,0/CO, system. Adamsky and Beckman first exam-
ined the emulsion polymerisation of acrylamide in CO,/water
mixtures using an amide-functionalised perfluoropolyether sur-
factant to stabilise the system: a homogeneous milky white latex
emulsion was observed during polymerisation.?
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Several research groups have shown that it is possible to carry
out enzymatic reactions directly in supercritical fluids such as
CO, by using immobilized enzymes or enzyme suspensions.?**
In addition, enzymatic catalysis within the water pool of a
reverse micelle formed in scCO, has been reported.®® The
W/C microemulsion have been shown to be able to solu-
bilize enzymes, particularly by using perfluoropolyether type
surfactants, providing a unique medium for enzyme-catalysed
biotransformations.®

In this paper, we report the enzymatic emulsion poly-
merisation of water-soluble acrylamide monomers in water-
in-CO, emulsion. These monomers generally show limited
solubility in pure CO,. Hydrophilic polymers, in particular
poly(acrylamide)s are widely used in industry as flocculants in
wastewater treatment applications, as additives in paper making
and for drug-delivery systems.

Experimental
Materials

Peroxide from horseradish donor: hydrogen-peroxidase oxi-
doreductase EC 1.11.1.7. Type II (50000 units) and Type
I, (50-150 units per mg solid) were purchased from Sigma—
Aldrich and used as received. Acrylamide (Aldrich), H,O, (30%
stabilised aqueous solution), 2,4-pentadione (Aldrich) were used
as received. The ammonium carboxylate perfluoropolyether
surfactant (PFPE-COO~NH,*) was prepared by neutralisation
of the commercially available acid (Krytox 157 FSL) with
ammonia.

Emulsion polymerisation of acrylamide in scCO,

Polymerisations in scCO, were performed in a 60 mL stainless
steel clamp sealed autoclave equipped with a magnetically
coupled overhead stirrer and a pressure relief valve.** In a typical
polymerisation, the reaction vessel was loaded with the desired
amount of enzyme dissolved in a specific amount of water, the
required amount of surfactant (5 wt% based on the monomer
and 0.45 wt% based on total weight of H,O and CO,) and
acrylamide monomer dissolved in water. The autoclave was
purged with a slow flow of CO, for 5 min to remove oxygen.
Hydrogen peroxide (30% (w/v) and 2,4-pentadione were added
to the water phase. The autoclave was then closed, heated to
35 °C and filled with the desired amount of CO, to achieve the
reaction pressure. The autoclave was stirred at 600 rpm. After
10 hours the reaction was stopped and the pressure released.

Characterisation

"H NMR spectra of poly(acrylamide) were obtained in CDCl;
and were recorded using a Bruker DPX-300 spectrometer
(300.14 MHz) referenced to chloroform at 7.28 ppm. Analyses of
the spectra was carried out using Mestre-C Software. GPC was
performed on a Viscotek “Evolution” instrument provided with
PL Aquagel guard plus 2 x mixed bed-OH column, pump and
autosampler. 0.2M NaNO;, 0.01M NaHPO, pH 7 was used as
the eluent at 30 °C and flow rate of I mL min~'. The GPC system
was calibrated with poly(ethylene glycol)/poly(ethylene oxide)
standards and the results are therefore expressed as “PEG/PEO

equivalent”. The instrument was fitted with an RI detector for
molecular weight analysis. A single solution of each sample was
prepared by adding 10 mL of eluent to 10 mg of sample and
leaving overnight to dissolve. The samples were then warmed
for 20 minutes at 40 °C before being cooled, thoroughly mixed
and filtered through a 0.45 pum PVDF membrane, with glass-
fibre prefilter, prior to chromatography.

Results

The HRP-mediated free radical polymerisation of acrylamide
was carried out in an inverse emulsion in water-in-CO, mixture.
Upon agitation, the enzyme was completely dissolved and the
reactor contents adopted a milky appearance similar to that
of conventional inverse emulsion polymerisation. The enzyme,
hydrogen peroxide and the oxidant 2,4-pentadione need to be
present for the polymerization to proceed. No polymer was
formed in the absence of enzyme, H,0O, or the B-diketone.
2,4-pentadione was selected as reducing agent as it is a good
substrate with respect to HRP and it gives radicals able to
initiate polymerisation of vinyl monomers. Free radical species
are generated along the HRP catalytic cycle and they can
be used as primary radicals to initiate vinyl polymerisations
according to Scheme 1. Two different commercial peroxidases
HRP Type I and HRP type II were evaluated to compare their
catalytic activities for acrylamide polymerisation. The yields of
poly(acrylamide) when using HRP Il and HRP I under the same
conditions were 85 and 51% respectively (Table 1, entry 1 and 2).
Therefore, HRP Type II was chosen to carry on further studies.

HRP .
2RH + H,0, ——— > 2R + 2H,0

R+ M ———> RM'

Scheme 1 Enzyme-mediated initiation assuming generation of primary
radicals by HRP-catalysed oxidation of a proton donor RH and reaction
on vinyl monomer M, where RH is 2,4-pentadione and M is acrylamide.

As previously reported in conventional solvent systems, the
optimal ratio of 2,4-pentadione to H,O, was found to be between
1.3-1.5. Initially, 2,4-pentadione and H,O, were used in the ratio
1.58 : 1.00 mol/mol. The ratio of acrylamide to 2,4-pentadione
was fixed at 24 : 1 (Table 1, entry 1-4). The effect of varying the
concentration of each component was studied. By increasing
the concentration of H,O, twofold, the yield decreased from 85
to 65% (Table 1, entry 3). It has been previously shown that
high concentration of H,0, causes enzyme degradation, leading
in our case to poor monomer conversion.** It is also shown
that the concentration of H,0O, does not influence the molecular
weight under the conditions of our study (Table 1, entry 3)
confirming that chain transfer to H,O, is negligible in our three-
component initiating system. The influence of 2,4-pentadione
was investigated by increasing the concentration of this com-
pound while keeping the monomer concentration constant

864 | Green Chem., 2008, 10, 863-867

This journal is © The Royal Society of Chemistry 2008


http://dx.doi.org/10.1039/B804080J

Downloaded by City College of New Y ork on 09 November 2010
Published on 10 July 2008 on http://pubs.rsc.org | doi:10.1039/B804080J

View Online

el
[a I IS A | .8
=
=9 o on o~ o\l S
(5]
=
-
5 :
©0 Ay =
7 0 =
o = §)
JL s
ENG) v = v ® 3]
Sg| <+ <+ S =]
< o — >N =
5
o
-
= &
3 :
3 >
= =
2Ll wvw - v = o 9
— 2] v o [e2) (e} b
5]
£
N &
~ e
S 0o o 5]
=20 g =]
=2 5 3=
HE_S S
S= = S
=S o [S)
AR~ @
Ssgg|l¥ & & = 3
S|l A Aa a —~ A s
=
2
o >~
<2 -
N fen a
.92 =
= S
2.2 5
- (\"
s s <
2 a =] =) =] v =] Py
S Vel e el — [ A
EQ — — — o — N
e
=
=
g g
o —_— —_— —_ —_— —_
B S © © [°) S ™
s E E E& & g %
E § £ 8,8 E 3
Bl el zodw O
I S0 30 I 0 3% @]
Tl oYoToTeaqoT o
| APochcroc=ocnmsS o
o0
=)
=
S © © © © é
E E E E £ 2
E _E & & & &
ol HooHw-wo-w-wx <
s o 2135 39 3= 320 38 o
=] A Y Y R R R T =
1) nomMoRoSmnmons &
2 5
- H
o ~ o g
Q Fo og
& i =%
0 ‘ =i
g Q 9
E3 =0 =5
=0 O
g S -
) Sm | e e oy &0 oo g2
Q
S| €| & & & & & ES
= [ 03
g S o o o <o <o o ©
= n | w A @A @ =
> — =
5 Sz
o — — — — — Eg
= 5] 5} 5] 5] ) @'é
g o S &5 5 &5 5 »E
= g meH DD[_‘ODFOD[_ 58
2 > ga gy g8 B3
— N G
) S| MRS T g
g 53 AL enmen Ten e T cog
= =2
& =i
B > =2
2
< [ =
5 SE =
g E ° .=
Q ] L BE]
g c=
; =N 28
A S o o0 Bn  BO By bD i)
4 SE| 4 - = = = ss
T
oo
=}
Q
) o mé
£ = &35
]
= 8} — N n < e} s &

(Table 1, entry 4). We observed lower molecular weight and much
higher polydispersity. It is believed that 2,4-pentadione acts as
the free radical initiator species for chain growth. Therefore,
the higher amount of initiator, the lower molecular weight of
polymer that is observed. Furthermore, the increased loading of
initiator tends to produce polymers of greater PDI (Fig. 1). In all
cases, upon stopping agitation, the material drops to the bottom
of the autoclave. The polyacrylamide comes out as a rubbery
material from the autoclave. After purification with acetone or
methanol the material becomes a brittle solid.

Entry 5

Entry 1

Entry 4

T T T T T T T
9 10 11 12 13 14 15 16 17 18
Retention Time (min)

Fig.1 GPCtraces for the HRP-mediated polymerisation of acrylamide
in water-in-CO, system.

As a result of the formation of carbonic acid, aqueous
solutions in contact with CO, at elevated pressures are acidic
with pH ~ 3.3 However, the pH optimum of HRP is in the
range of 6.0 to 6.5.%¢ It is worth noting that the inherent
conditions of low pH of the water droplets in the water-in-CO,
microemulsion did not inhibit the enzyme activity leading to a
very robust method. We also make the point here that we cannot
rule out other possible polymerisation mechanisms that might
occur due to the very low pH of the water droplets (e.g. proton-
mediated mechanisms). However, we believe that such processes
are probably minimal.

The polymerisation reaction was also performed in the
absence of surfactant to yield a very different hard material with
high molecular weight (Table 1, entry 5 compared to entry 1). In
this experiment, the water was dispersed throughout the scCO,
phase in small droplets by high shear. DeSimone and coworkers*’
reported a similar surfactant-free emulsion polymerisation
of methyl methacrylate in a hybrid carbon dioxide/aqueous
medium. They showed that poly(methylmethacrylate) latex par-
ticles were formed when water-soluble potassium persulfate was
used as initiator and a relatively high stirring rate was applied.
In our experiment, the inverse emulsion is formed and polymeri-
sation proceeds effectively in the absence of PFPE surfactant.
However, the recovery of latex poly(acrylamide) particles at the
end of the reaction was impossible because depressurisation
results in the agglomeration of poly(acrylamide) due to loss of
the dispersive solvent. Although well-defined, spherical particle
morphology was not obtained, the polymer still had high
monomer conversion leading to high molecular weight.

The kinetics of HRP-mediated polymerization of acrylamide
in the water-in-CO, system was monitored using 'H-NMR
(Fig. 2). The high-pressure autoclave used for the sampling of the

This journal is © The Royal Society of Chemistry 2008
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Fig. 2 Free-radical polymerization of acrylamide by HRP-mediated
initiation. Conversion-time plot for acrylamide polynerisation in water-
in-CO, mixture. An inhibition period of 200 minutes was observed. This
was caused by traces of oxygen in the mixture.

reaction has been described previously.* The conversion versus
time plot showed an initial inhibition period of 200 minutes,
after which propagation occurs quite rapidly. This phenomenon
was also observed by Lalot*® and Gross* in the HRP-mediated
polymerisation of vinyl monomers in water and in aqueous
medium with addition of surfactant, respectively. Lalot and
Gross reported an inhibition time between 45 and 100 minutes,
similar to those observed in our system. They postulated that
the inhibition period was caused by traces of residual oxygen
in the mixture. In our case, despite exhaustive attempts to
remove oxygen from the system, incorporation of some oxygen
is inevitable.

A comparison was made of the obtained molecular weight
with the results reported by Beckman?® in the inverse emulsion
polymerisation of acrylamide in scCO, using AIBN as initiator.
The molecular weight values reported by Beckman are 4.92 x
10° and 7.09 x 10° for two different surfactant concentration
1% and 2%, respectively. The values obtained for the enzymatic
polymerisation of poly(acrylamide) are an order of magnitude
lower, with molecular weight ranging from 1.45 x 10° to 4.05 x
10° for different experimental conditions (Table 1), but they are
certainly of commercial utility. The difference may be ascribed
to the different methodologies used to assess molecular weight,
or more likely to the higher initiator loadings (100 times increase
in the molar ratio of 2,4-pentadione experiments compared to
the AIBN loading®).

Conclusions

We have reported, for the first time, the HRP-mediated inverse
emulson polymerisation of acrylamide in scCO, with excellent
yields and high molecular weights. Inverse emulsion poly-
merisaton has not been yet thoroughly investigated, but we have
shown the potential to produce high-molecular-weight water-
soluble polymers. In general, the yields and molecular weights
obtained via polymerisation in CO, are comparable to those
generated in a conventional polymerisation in an alkane/water
medium. Enzymes have proven to be powerful green catalysts for
the polymerisation of a wide variety of monomers and represent
an alternative to the heavy metal and/or toxic substances often
used in traditional polymerisations. The use of just scCO, and
water opens up a the possibility of a very green, VOC free
system, though of course the challenge now is to identify more

environmentally acceptable surfactant materials that could be
used on the commercial scale.

High pressure polymerisations were also carried out in a view
cell fitted with sapphire windows in order to visually observe the
phase behaviour during the polymerisation and the emulsion
formation.
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A new palladium catalysis system has been developed for the Suzuki-Miyaura cross-coupling
reactions of heteroaryl bromides in aqueous media. The method allows the preparation of a
variety of heterobiaryls in good to excellent yields under mild reaction conditions without the use
of phosphine ligands. Silica gel is found to be crucial to the successful performance of the
reactions and the catalytic system can be reused eighteen times with high efficiency.

Introduction

Palladium-catalyzed cross-coupling reactions have become pow-
erful tools for carbon—carbon bond formation and have been
widely used in the organic synthesis.! In particular, the Suzuki—
Miyaura reaction has provided a general and applicable method
for the preparation of biaryls,”> which are the important interme-
diates and targets of natural products and functional materials.?
The Suzuki-Miyaura reaction involving heterocycles is of
interest to the pharmaceutical industry because of the special
biological activities displayed by the heterobiaryl compounds.*
However, it is reported that heteroaryl halides show a slower
reaction rate and are unsuitable coupling partners in the Suzuki—
Miyaura reaction, due to the potential binding nature of such
substrates to the metal center resulting in the formation of
inactive substrate-metal complexes.® Recently, highly active
catalysis systems have been pioneered for the Suzuki reaction of
heteroaryl halides, and significant improvements are achieved in
the presence of phosphine ligands.**°

Studies in our laboratory demonstrated that the Suzuki-
Miyaura reaction can be efficiently performed in the presence
of suitable additives, such as PEG and ionic liquids, without the
use of phosphine ligands in aqueous media under mild reaction
conditions." Though the phosphine-free processes in water
satisfy the demands of green chemistry,'? in the case of heteroaryl
halides as coupling partners, the reaction has been sluggish
and gave very low yields. These limitations prompted us to
investigate further new convenient methodology for heteroaryl
halides. Herein, we report a new efficient system for the Suzuki—
Miyaura reaction of heteroaryl bromides using Pd(OAc), as the
catalyst in the presence of PEG 2000 and commercially available
silica gel in aqueous media. The cross-coupling reactions of
heteroaryl halides with a variety of boronic acids were carried
out smoothly with short reaction times at 80 °C to give the
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heterobiaryl product in high yields. Notably, the catalysis system
can be reused eighteen times with small diminution of activity.

Results and discussion

The Pd(OAc), catalyzed Suzuki reaction between 3-bromo-
pyridine and phenylboronic acid was chosen as a model reaction
to evaluate the effects of the various conditions, and the results
are summarized in Table 1. It can be seen that the previous
efficient reaction conditions for aryl halides, including the mix-
ture of H,O-acetone, H,O-PEGs, and H,O-[BMIM]PF,,!**
were not suitable for 3-bromopyridine and only low yields were
delivered (Table 1, entries 1-3). It is noteworthy that the addition
of silica gel (1040 pum) significantly improved the Suzuki-
Miyaura reaction and a 100% conversion was obtained for 2 h
at 80 °C (Table 1, entry 4). The addition of Al,O; and diatomite
had a deleterious effect on the process (Table 1, entries 5-6).
High conversion was also obtained after the prolongation of
reaction time to 6 h when Na,CO; was employed as the base
(Table 1, entry 7). The optimized ratio of water and PEG was
3:3.5g(H,0: PEG).

Table 1 Optimization studies for the Suzuki reaction of heteroaryl
halides*

Br 0.5 mol % Pd(OAC),

X
| * QB(OH» 4 _\
N NaOH, 80°C, 2 h N
solvent, additive

Entry Solvent/g Additive Yield (%)”
1 H,O : [BMIM]PF, (1 : 3) Null 12
2 H,O : acetone (3.5: 3) Null 8
3 H,0 :PEG (3:3.5) Null 21
4 H,O:PEG (3:3.5) Silica gel 100
5 H,O0:PEG (3:3.5) AL O, 0
6 H,O : PEG (3:3.5) Diatomite 0
7 H,O:PEG (3:3.5) Silica gel 100¢

“ Reaction conditions: 3-bromopyridine (I mmol), phenylboronic acid
(1.5 mmol), Pd(OAc), (0.5 mol%), NaOH (2 mmol), additive (0.2 g),
PEG 2000, silica gel (1040 pm), 80 °C, 2 h. ® GC yields based on 3-
bromopyridine. ¢ Na,CO; as base, 6 h.
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The scope and limitations of this catalytic system Pd(OAc),—
H,0-PEG-silica gel for various heteroaryl bromides were
investigated and the results are presented in Table 2. Good
selectivity was observed when 2-chloro-3-bromo-pyridine was
employed as the substrate, and only 2-chloro-3-phenylpyridine
was isolated in 81% yield (Table 2, entry 2). It should be

Table 2 Suzuki-coupling of aryl bromides with phenylboronic acid”

0.5 mol % Pd(OAc),

ArBr + @—B(OH)z Ar—©

NaOH or Na,CO3, 80 °C
silica gel, HO-PEG 2000

Entry Aryl bromide Base Time/h Yield (%)®
1 @Br NaOH 2 98
N=
2 | ~ B NaOH 2 81
Nl
3 HZN@BF Na,CO; 24 85¢
N=
4 | - B Na,CO; 24 82
N” “NH,
5 2 . Na,CO; 24 777
=N
6 | N NaOH 24 90¢
B N Br
N
7 «N}Br NaOH 2 96
8 me NaOH 6 78
7
9 Br Na,CO; 24 64
7
.
10 (/D/Bf NaOH 24 82
N
H
11 S, NaOH 24 76
E}—Br
124 S\:\>»Br Na,CO; 24 35
13 Br NaOH 4 86
14 Br NaOH 4 87
15 NaOH 24 95

4

“ Reaction conditions: aryl bromide (1 mmol), phenylboronic acid
(1.5 mmol), base (2 mmol), Pd(OAc), (0.5 mol%), H,O : PEG 2000 =
3:3.5 g, silica gel (1040 pm, 0.2 g), 80 °C. * Isolated yields. ¢ Pd(OAc),
(0.9 mol%). Pd(OAc), (1.8 mol%),120 °C. ¢Pd(OAc), (0.9 mol%),
NaOH (4 mmol).

noted that 2-amino-5-bromopyridine and 2-amino-3-bromo-
S-methylpyridine, which are generally protected prior to the
cross-coupling reaction due to the retarding effect of the
amino group on the organometallic reaction,” smoothly pro-
duced the desired biaryls in high yields after 24 h at 80 °C
(Table 2, entries 3-4). 5-bromopyridin-2-amine gave the cor-
responding product in 85% yield (Table 2, entry 3), as good
as the results in the previous report using cis,cis,cis-1,2,3,4-
tetrakis(diphenylphosphinomethyl)cyclopentane as ligand in
xylene at 130 °C.%¢ 2-Bromopyridine was less active and gave
comparable yields at 120 °C for 24 h with more catalyst loading
(Table 2, entry 5). The bis-coupling product was obtained in 90%
yield with 2,6-dibromopyridine (Table 2, entry 6), far more effi-
cient than the silica supported heterogeneous palladium catalyst
in o-xylene at 120 °C in an N, atmosphere.*® 5-Bromopyrimidine
afforded 96% yield at the reaction conditions (Table 2,
entry 7). The coupling of 3-bromoquinoline with phenylboronic
acid produced the desired biaryl in 78% yield at 80 °C for 6 h,
while the reaction of 4-bromoisoquinoline gave a lower yield,
even after prolongation of the reaction time to 24 h, due to the
sterically hindered effect (Table 2, entries 8-9). 5-Bromo-1H-
indole coupled with phenylboronic acid to give the product in
82% yield (Table 2, entry 10). The sulfur-containing heteroaryl
bromides showed the reactivity under the reaction conditions
and a 76% yield was obtained using 2-bromothiophene as the
coupling partner (Table 2, entry 11). Again, the position of
halides on the heteroaromatic ring influenced the efficiency of the
reaction, and a low yield was obtained for 3-bromothiophene,
even though a higher temperature and more catalyst loading
were employed (Table 2, entry 12). 1-Bromonaphthalene and 2-
bromonaphthalene, which were inactive in our previous reported
reaction conditions''*, gave the desired products in high yields
(Table 2, entries 13 and 14). In addition, this catalytic process
allowed the combination of phenylboronic acid with alkenyl
bromides to provide (E)-1,2-diphenylethene in excellent yield
(Table 2, entry 15).

The coupling reactivity of various aryl boronic acids was
examined and the results were summarized in Table 3. The
results showed that the catalytic system could tolerate many
functional groups, such as OMe, Me, Cl, F, CN, CHO and
CF;, and the electronic property of the substituent group has
a poor influence on the reactivity of aryl boronic acid (Table 3,
entries 1-9). 3-Formylphenylboronic acid was coupled with
3-brompyridine to afford the target product in 85% yield in
2 h (Table 3, entry 8), which was comparable with the results
using a furancarbothioamide-based palladacycle catalyst in
DMA-H,0 at 100 °C for 2 h.% 2-Methylphenyl boronic acid
gave lower yield due to the sterically hindered effect after
24 h (Table 3, entry 4), while naphthalen-1-ylboronic acid
afforded the desired product in 84% yield (Table 3, entry 10).
Naphthalen-2-ylboronic acid gave the desired product in 97%
yield under the standard reaction conditions (Table 3, entry 11).
Nitrogen-containing and sulfur-containing heteroaryl bromides
also showed high reactivity and delivered good to high yields
(Table 3, entries 12-20).

The reusability of the catalyst was investigated because it is
very important to industrial and pharmaceutical applications.
Our previous studies revealed that the conversion of the fifth
cycle was reduced markedly in the Pd(OAc),-PEG-H,O
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Table 3 Suzuki-coupling of aryl bromides with various arylboronic
acids®

0.5 mol % Pd(OAc),

Ar-Br + @B OH Ar B 2
= (©OH); Na,COy, 80 °C,silica gel \ AR
H,0-PEG 2000,

Entry  Aryl bromide Boronic acid Time/h  Yield (%)*
1 7N 2 93
(N}Br /O—@—B(OH)Z
2 7N\ g, 2 94
B(OH
(e om,
3 A Qmomz 2 93
=
d
4 7N\ g BOH), 24 66
N e

82¢

[*)} w
ZTX ZTX
I/ I/
o] o]
= s
“\Q o
E
o
I @
N [e)
I
INg
[=)} (=)}
~
Nl

93

[ore] ~
ZTX S
I/ I/
o o
= =
P4
(@]
he
=2
[e] Jos)
g =
9
g
=
[\ (=)}
o)
W

OH i
9 7\ 2 84
(N:>—Br F30—©75(0H)21
10 7\ g B(OH), 24 84
11 7 \ B(OH), 2 97
12 mﬁf b 2 95
N
13¢ me i 6 78
N
14 m/Br 1 2 82
N
15¢ J Br b 4 89
oy
16 Br i 24 85
</ :
N
17 . 1 24 96
4
e
18 S, b 24 89
[/)—Br
19¢ S, i 24 90
E/)—Br
20 S, 1 24 92
II/\/)fBr

“ Reaction conditions: aryl bromide (I mmol), arylboronic acid
(1.5 mmol), Na,CO; (2 mmol), Pd(OAc), (0.5 mol%), H,O : PEG 2000 =
3:3.5 g, silica gel (1040 pm, 0.2 g), 80 °C. ®Isolated yields. < NaOH
(2 mmol).

catalysis system for the Suzuki reaction.'®* The Pd(OAc),—
PEG-H,O-silica catalytic system, however, showed much better
efficiency of reusability, and could be recycled eighteen times
with only a small decrease in activity without the need of
addition of catalyst or PEG or silica gel. (Scheme 1). To clarify
the role of silica gel, we performed the reaction in Pd(OAc),—
H,O-silica and Pd(OAc),-PEG-H,O-silica system. We found
that the level of activity of these two catalysis systems for the
coupling reaction was almost equal, indicating that the presence
of silica gel is essential to the excellent reactivity. However, the
palladium catalyst could not be maintained in an aqueous phase
and formed a mixture with the product in the organic phase
in the absence of PEG for the Pd(OAc),-H,O-silica system
(Fig. 1a). The subsequent recycling experiments showed that
the activity of the Pd(OAc),-H,O-silica system was drastically
decreased in the second run. In contrast, the [CP-AES analysis
of the solution obtained by extraction of Pd-PEG-H,O-silica
with diethyl ether established that palladium levels were around
0.2 ppm, indicating the very low leaching of the palladium
species into the organic phase. Undoubtedly, PEG played an
important role in maintaining the palladium into the aqueous
medium and made the separation process quite easy.

-0
.

0.5 mol % Pd(OAG),

N Br
| + QB(OH)Z
2 NaOH, silica gel, 80 °C

N
H,0-PEG 2000, 2 h

~——

Scheme 1

-4

J i1
foas e — -
————
"
T ——

a b

Fig. 1 The upper phase is extraction solution of diethyl ether. (a)
Pd(OAc),—H,O-silica gel system. (b) Pd(OAc),—~H,O-PEG 2000-silica
gel system.

The palladium nanoparticles were widely proved to be active
in the coupling reactions," and our previous studies proved
that nano-sized palladium was formed in PEGs."S Transmission
electronic microscopy (TEM) analysis indeed visualized the
nicely separated palladium nanoparticles, with an average size
of 5 nm, after the fifth run in the Pd(OAc),-PEG-H,O-silica
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Fig.2 TEM images in the Pd(OAc),-PEG-H,O-silica gel reaction system. (A) and (B): after the fifth run; (C) and (D): after the fifteenth run.

system (Fig. 2A and B), and surprisingly, the narrow sized
palladium nanoparticles were still maintained after the fifteenth
run in the Pd(OAc),-PEG-H,O-silica system (Fig. 2C and
D), although their dispersion was not as good as that in the
system after the fifth run. This result showed that silica played
a special role in the stability of nano-palladium. This is the first
example of silica being used as an additive in the Suzuki reaction.
The stabilized nanostructures of palladium might lead to the
excellent recycling properties in the Pd(OAc),-PEG-H,O-silica
system.

Conclusions

In summary, we have developed an environmentally benign
and recyclable catalytic system for cross-coupling of het-
eroaryl bromides and arylboronic acids, avoiding the use
of phosphine ligands. The simple experimental and product
isolation procedures combined with the ease of recovery and
reuse of the reaction medium is expected to contribute to
the development of a green strategy for the preparation of
hetero-aryl compounds. Further research to utilize the catalytic

system in wide synthetic applications is progressing in our
laboratory.

Experimental

General procedure for the Suzuki reaction: a mixture of NaOH
(0.80 g, 2 mmol) or Na,CO; (0.212 g, 2 mmol), Pd(OAc),
(1 mg, 0.5 mol%), silica gel (10-40 um, 0.2 g), aryl bromide
(1 mmol), arylboronic acid (1.5 mmol), distilled water (3 mL)
and PEG 2000 (3.5 g) was stirred at 80 °C for the indicated
time. Afterward, the reaction solution was cooled to room
temperature and extracted four times with diethyl ether (4 x
15 mL). GC and GC-MS was used to analyze the combined
organic phase. The further purification of the product was
achieved by flash chromatography on a silica gel column.

In the recycling experiment, the residue was subjected to
a second run of the Suzuki reaction by charging it with the
same substrates (3-bromopyridine, phenylboronic acid, NaOH)
without further addition of Pd(OAc), or PEG 2000 or silica gel.
In the third, fifth, seventh, ninth and eleventh run, 0.5 ml distilled
water was added to the reaction mixture. In the thirteenth,
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fifteenth and seventeenth run, 1.0 ml distilled water was added
to the reaction mixture.
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The Knoevenagel condensation of malononitrile with various arylaldehydes was studied as an

uncatalyzed reaction at ambient temperature. This study was prompted after discovering that a

reaction mixture left standing for extended times after mechanochemical treatment would
continue to react to significantly higher yields. We report that a mixture (solid/solid or
solid/liquid) of reactants converts in some cases quantitatively to the target product in the absence
of any solvent at room temperature. The yields can be increased if the mixture of reactants is

seeded with the target product. It is also possible to carry out the condensation reaction in

solution at room temperature without any stirring. Depending on the aldehyde and the polarity of

the solvent yields can be quantitative as well.

Introduction

External energy, sometimes in large quantities over extended
periods of time, is usually needed for an organic synthetic
reaction to proceed. Conventionally, one uses convective heating
devices such as heat baths or electric heating mantles. In the
1980’s the first microwave-assisted syntheses were reported'?
where reaction times can be considerably shortened through
dielectric heating® with same or even better results. The amount
of external energy applied to the reaction mixture is thereby
reduced as well. A multitude of reports from microwave-assisted
reactions in solutions as well as “solvent-free” were published
in the ensuing years. It was not until the 1990’s that solvent-
free reactions were also carried out mechanochemically, at first
only on support materials.** Since 2000 Toda and Tanaka’
and Kaupp® have extensively reported on solvent-free syntheses
procedures without the use of any support materials or catalysts
using stoichiometric amounts of solid reactants which were
converted mechanochemically or as a melt under vacuum at
elevated temperatures using convective heating. Since no solvent
was used and conversions were quantitative, these procedures
circumvented any work-up after completion of the reaction.
Kaupp’s group® has also conducted quantitative stoichiometric
Knoevenagel condensation reactions of aldehydes with various
methylene components mechanochemically as well as in the
melt. As also reviewed by Rodriguez et al.," relevant studies
by Wada and Suzuki'' and Wang’s group,'>"® have appeared
as well. However, various catalysts were used in these studies.
Because Kaupp et al. showed only results for a limited number
of quantitatively converted aldehydes, we explored in a previous
study™ whether the underlying reaction scheme can be general-
ized to a wider range of aromatic aldehydes. We found that a
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quantitative conversion depends on the chosen aldehyde, and
the reaction procedure cannot be generalized. Furthermore,
the mechanochemical conversion proved to be advantageous
over the microwave-assisted reaction in the melt with respect to
handling of the synthesis, product isolation and purity of the
product. The electric power consumption of microwave systems
is also 300 to 600 times the consumption of milling systems.
However, the most unexpected finding of our previous study
was the observation that the reaction mixture, both solvent-free
and when dissolved in a solvent, continued to react, leading
at times to quantitative yields when left standing for extended
time periods. This prompted us to further investigate in detail
this surprising finding, and we wish to share the results of our
investigations in this report.

Experimental

Synthesis details

The Knoevenagel condensation with malononitrile (2) shown in
Scheme 1 was studied with the same ten substituted aldehydes
(solid as well as liquid) of type 1 and type 2 used in our previous

investigation.'
CN
X
DR

CHO oN
2 + <
CN

-H,0
R 1 2 R 3
CHO X _CHO
R R? R R?
R? R?
type 1 type 2
Scheme 1

The stoichiometric reaction mixtures, each containing one
of the aldehydes listed in Table 1, were generally converted
at room temperature without any catalysts or water absorbing
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Table 1 Substituents of the aldehydes used

RCHO R! R? R3 mp/°C*
la H H H -26

1b NO, H H 104-106
Ic (CH,),N H H 71-73
1d OH OCH; H 82

le H OCH; OCH; 48-52
1fb H H -9

1g cl H H 44-47
1h H H Cl 9-11

1i OH H 112-116
1j H H OH 1-2

“ Melting points were taken from the literature of the chemical supplier
(Aldrich). ® Aldehyde 1f is of type 2, all others are of type 1.

agents under the same defined reaction conditions. The reactants
were directly weighed into sealable reaction vessels. Any coarse-
grained or crystalline components were ground with a mortar
and pestle prior use. The aldehydes 1a, 1f, 1h and 1j were freshly
distilled. All other aldehydes as well as 2 were used as received
(Aldrich, Germany) and were of purity >98%. The reaction
mixtures were left standing under nitrogen for defined times
expressed in days, where 1 day (1 d) means 24 h. Great care
was taken to avoid an inadvertent input of external energy in
handling the reaction mixture. To initially mix solid reactants
they were stirred briefly for a few seconds with a spatula.
Likewise for the experiments in solution, stirring was minimal
until the weight-in reactants, each in 10 mmol amounts, were
dissolved in 20 ml of solvent. For experiments where reactants
were first pre-converted mechanochemically with a mill as
described in our previous report,* the stoichiometric amounts
of reactants were 20 mmol in consideration of the physical size
of the mill. The mill used was the planetary mill Pulverisette
7, Fritsch, Germany with 45 mL stainless steel reaction vessels
and five balls of 1.5 cm diameter made from the same stainless
steel material (Fe87Cr13). After mechanochemical treatment,
the reaction mixture was either left standing in the mill itself
for pre-determined times upon which the entire contents were
dissolved for analysis or, for the continuation experiments in
solution, dissolved into 40 ml of the corresponding solvent. The
solvents tetrahydrofuran (THF), dimethylformamide (DMF),
dimethyl sulfoxide (DMSO), acetone, absolute ethanol (water
content < 0.1%), toluene, ethyl acetate and dichloromethane
used in this study were of puriss purity, and no impurities were
indeed detectable with GC.

For the experiments where the effect of exposure to visible
and microwave irradiation on the Knoevenagel reaction in
solution was tested, a microwave (brand Discover from CEM
(USA)) equipped with fiber optic sensors was used. The reaction
experiments were carried out for 1 h at 100 W power level and
70 °C under ambient pressure under reflux in a 50 ml glass
flask. The UV-light (235 nm) was introduced into the reaction
vessel using non-ozone forming, electrode-less lamps which are
directly immersed into the reaction vessel and are activated
by the microwave light.” Thus, the solutions were exposed in
these reaction experiments simultaneously to both UV-vis and
microwave irradiation.

For the Knoevenagel condensation in ethanol the following
typifies the synthesis procedure. 10 mmol of aldehyde 1a, 1b,

1g or 1h and 10 mmol malononitrile are weighed into a 30 ml
sealable glass container and dissolved into 20 ml (1b: 40 ml) of
absolute ethanol and briefly agitated with a magnetic stir bar.
The solution is left standing for 1 day and the supernatant is
analyzed by GC. If reactant is still found then the solution is left
standing and analyzed again after a total of 7 days. The product
of the quantitatively converted reaction mixtures is retrieved
by vacuum filtration after cooling for 1 h in a refrigerator
and subsequently dried at ambient air. The products obtained
this way are GC pure, although some traces of impurities are
sometimes indicated by slight discoloration.

Measurement and analysis details

The GC examinations were carried out on Hewlett-Packard
instruments (FID: series 5890, Mass-selective detector series
5972) using columns HP 5 (30 m, id 0.32 x 0.25 mm).
Temperature program: 3 min isotherm at 50 °C, followed by
a temperature ramp of 8 K min' to 320 °C. The detector
temperature was set to 300 °C and the column inlet pressure
was entered as 0.7 bar (10 psi), the split-valve setting was
150 : 1. The entire reaction mixture was dissolved in 2 mL
solvent per mmol substance, and 1 puL of the obtained solution
was injected. The retention times of the target products were
between 15-25 min. GC analysis was conducted immediately
after the pre-determined reaction times. If products precipitated
out of solution the remaining liquid was analyzed for product
as well using internal standards. Depending on the respective
retention times of reactants and products, hexadecane (a, d, e,
f, i, j) or mesitylene (c, g, h) were used as internal standards.
It was found after some test measurements with known analyte
quantities that measurements of clear solutions do not require
a correction to the chromatographic peak areas. All stated
% vyields are referred to the conversion of aldehyde to the
target product. No remaining educt could be detected for
yield entries stated as “(100)”. Yields greater than 98% are
considered as “quantitative”. Each reaction experiment was
repeated, usually with essentially identical results. Additional
experiments were conducted if yield deviations were greater than
5%. Other experimental details pertaining to the interpretation
and discussion of the results are provided where appropriate in
the results and discussion section.

Results and discussion

The first series of experiments was the investigation of continued
conversion of the aldehydes 1c, 1d, le, 1f, and 1j after they
were mechanochemically treated as described in our previous
report.* Yields from aldehydes 1a, 1b, 1g, 1h and 1i were
already greater than 95% and thus these aldehydes were not
included in this series of experiments. The reaction mixtures were
completely dissolved after milling in either THF or DMF and
immediately analyzed by GC to determine the initial product
yield y,. These original solutions were left standing at room
temperature and were analyzed after 1 day. If yields increased,
the reaction mixture was re-analyzed after 7, 14 and 28 days.
The results are summarized in Table 2.

Except for 1f, where apparently y, for 3f was already the
maximum obtainable yield, all other aldehydes continued to
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Table 2 Yields from continued reaction of the Knoevenagel condensa-
tion after initial mechanochemical conversion

Yield 3(%)
RCHO  Solvent  yo(%)" 1d 7d  14d  28d
1c THF 69 [ — - —
DMF 69 7278 — 81
1d THF 5 12 28 61 73
DMF 5 80 92 96 98
Te THF 94 L — — 97
DMF 94 100 — . —
1f THF 95 95 - —
DMF 95 L S— — —
1 DMF 63 84 o4 97 100

“The initial product yield y, is obtained from GC analysis immedi-
ately after initial mechanochemical conversion. ® For aldehyde 1j the
Knoevenagel product 3j reacted completely further to benzofuran-2-
carbonitrile.

react. The reaction ensued faster and to higher yields in the more
polar solvent DMF as can be seen especially for aldehyde 1d.

In additional experiments we tested how far the reaction
mixtures continue to convert after initial mechanochemical
treatment when left standing in the mill solvent-free under
nitrogen atmosphere to avoid autoxidation. As an additional
test to exclude light as a possible source of external energy for
the continued conversion, one portion of the reaction mixture
was left in the dark. The yields from GC analysis after 1 and
7 days shown in Table 3 were identical regardless of exposure to
light or not.

Again all aldehydes continued to react except for 1f where
the y, of 95% seems indeed to be the maximum achievable
equilibrium yield. The yields were significantly higher compared
to the corresponding results in Table 2 for 1¢ after 7 days and 1d
after 1 day, where a similar yield for 1d is only achieved in DMF
after 7 days. In the case of 3j, the stated yields in Tables 2 and 3
are to be understood as conversions of 1j rather then the yield
of 3j, since 3j reacted further to form benzo-2-carbonitrile.

The observed continued reactions in the absence of any solvent
after initial mechanochemical treatment can be attributed to
a direct crystallization process, which is described in the
literature'® but has not yet been observed for the reaction of
aldehydes with malononitrile. Direct crystallization processes
between solid and liquid reactants, as indicated for the liquid
aldehydes in this study, have also not yet been reported. While

Table 3 Yields from solvent-free continued reaction of the Knoeve-
nagel condensation after initial mechanochemical conversion

Yield 3(%)

RCHO Yo%) 1d 7d
1c 69 78 96
1d 5 89 93
le 94 97 99
1f 95 95 —
1j 59 77 87

“The initial product yield y, from GC analysis immediately after
initial mechanochemical conversion. ® For aldehyde 1j the combined
product yields from Knoevenagel condensation and further reaction to
benzofuran-2-carbonitrile are stated.

recent reports in the literature show that the Knoevenagel
reaction can be pursued at room temperature in ionic liquids,'”®
the ionic liquid acted in these cases both as a base and a catalyst
and, furthermore, needs to be removed after completion of the
reaction.

In a next set of experiments we intended to discern if the
Knoevenagel reaction can ensue at room temperature solvent-
free even without the presence of an initial amount of target
product. Stoichiometric amounts of aldehyde and malononitrile
were briefly mixed with a spatula or, in the case of a liquid
aldehyde, by brief swirling of the vessel and then left stand-
ing under nitrogen at room temperature. A portion of each
reaction experiment was also left standing again in darkness.
Furthermore, in additional experiments solid aldehydes were
also homegeneously mixed with malononitrile by dissolution in
THF followed by immediate removal of THF under vacuum at
room temperature. Homogenization was not attempted for 1c
and le because these form a eutectic with 2 resulting in a liquid
mixture at room temperture. After 1 day each reaction mixture
was analyzed with GC and the results are shown in Table 4.

The yields shown in Table 4 were again identical for the runs
with and without exposure to light. The experiments with the
solid aldehydes 1b and 1i resulted in very good yields, but 1g,
which is usually considered as a reactive aldehyde, converted
only marginally. The less reactive aldehydes 1¢, 1d, and 1e also
converted only slightly if at all. The 95% yield for 1i seems to
be a limiting chemical equilibrium value. In comparison to the
results in Table 3 this set of experiments shows the significance
of the presence of some seed target product for the less reactive
aldehydes. For instance, while 1d reacted only to a yield of
7% in the absence of any initial 3d, the Knoevenagel reaction
proceeded readily at room temperature solvent-free to a yield of
89% within 1 day when 5% of 3d is initially present. A similar
behavior could also hold for 1e and 1f but y, was already very
high in these cases, precluding an unambiguous comparison of
the results in Tables 3 and 4.

The results for the liquid aldehydes in Table 4 are overall
low. To further investigate the reactivity of the liquid aldehydes,
1 mol% of pure product was added into the obtained liquid reac-
tion mixtures from 1a and 1h and left standing for an additional
1 day. Interestingly, the yields as determined by GC increased
for 1a from 13% to 99% as fully crystallized product but the

Table 4 Yields from Knoevenagel reaction by direct crystallization

Yield 3(%) after 1 d

RCHO Mixture of reactants Homogenized (THF)”
la 13 —
1b 92 99
1c 0 —
1d 7 7
le 4 —
1f 13 —
1g 5 6
1h 18 —
1i 95 95
1j 0 —

“ Homogenization in THF was only attempted for reactant mixtures
which are solid at room temperature.
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reaction mixture remained as a homogenous oil for 3h, and
yields increased only marginally from 18% to 23%. As a further
test, a fresh mixture of 1a with malononitrile was impregnated
with 1 mol% 3a and left standing for 1 day at room temperature.
No reaction occurred. Thus, there appears to be a substrate
dependent minimum level of impregnation with pure target
product which is needed to achieve high, near quantitative yields.

We further investigated more carefully whether light may have
an influence on the Knoevenagel reaction in solution. Equimolar
amounts of 1a and 2 were dissolved in 20 ml THF and were
irradiated with an electrode-less UV-lamp* (235 nm) under
concurrent microwave irradiation and solvent reflux for 1 h. No
product could be detected. As a representative of an impregnated
reaction mixture we also dissolved a portion of the reaction
mixture with 23% of 3h present in 20 ml THF and exposed it
for 1 h to the same concurrent UV and microwave irradiation.
No further reaction was observed here as well. Therefore, there
is strong evidence that light did not serve as an external source
of energy for the Knoevenagel reaction.

In the following we describe results from studying the
Knoevenagel reaction in solution at room temperature. In a
first experiment series, stoichiometric amounts of aldehyde and
malononitrile were dissolved in either THF or DMF and let
stand at room temperature to be analyzed by GC after 1 day
and 7 days. If no products were detected after 1 day further GC
inspection was omitted. The results are summarized in Table 5.

As already seen with the reaction experiments in THF
and DMF after mechanochemical treatment, the Knoevenagel
reaction proceeds significantly better in DMF than in THF. The
aldehydes 1¢, 1d, 1j do not react in THF. Even after 7 days, only
the most reactive aldehyde 1b converted quantitatively to 3b. In
contrast to THF, 1a, 1b, 1e, 1h and 1i reacted to very high yields
and no left-over reactants could be detected after 7 days in each
case. While for 1d no reaction occurred in THF a yield of 97%
was obtained after 7 days in DMF. 1¢ and 1j reacted to some
extent in DMF as well where, as expected, 3j partially continued
to react to benzo-2-carbonitrile. It is somewhat surprising that
also in these experiments the usually rather reactive aldehyde 1g
converted in DMF to 3g only to a yield of 80%. As for 1f, it only
converted partially at room temperature in DMF solution.

Table 5 Knoevenagel reactions of aldehydes with malononitrile in
THF and DMF at room temperature

Yield 3(%)

THF DMF
RCHO 1d 7d 1d 7d
Ia 6 15 97 (100)
1b 35 97 99 (100)
Ic 0 . 26 49
1d 0 - 75 97
Te 10 12 96 (100)
1f 3 14 41 50
1g 16 80 80
1h 21 77 >99 (100)
1i 32 68 93 (100)
1 0 - 59 81

No remaining reactants could be detected with GC for entries with
“(100)”.

Table 6 Knoevenagel results with the PM at 400 rpm, lh

Yield 3(%)
Solvent 1d 7d
DMF 99 (100)°
DMSO 98 99
THF 35 97
Acetone 23 34
Ethanol (abs.) >994 (100)°
Toluene 18 40°
Ethyl acetate 10 17
Dichloromethane 10 17

“Obtained from considering the amount of precipitated product and
product remaining in the supernatant solution. * No 1b detected in
solution. ¢ After 14 d the yield was 42% in solution but some additional
product precipitated.

The next series of experiments was conducted with the most
reactive aldehyde 1b to elucidate further the influence of the
solvent on the Knoevenagel reaction. Equimolar 1b and 2 were
dissolved in 20 ml of the respective solvent and let stand at room
temperature. The yields from GC determination after 1 day and
7 days are shown in Table 6. In the case of ethanol as a solvent,
3b precipitated out of solution shortly after the start of the
reaction, and the yields for 3b in Table 6 are the combined yields
of precipitated 3b and 3b left in the supernatant as determined
by GC.

There are clearly solvent effects discernable from the yields
listed in Table 6. The water liberated from the Knoevenagel
condensation can be bound as a hydrate by DMF and DMSO
as well as through hydrogen bonding by ethanol. The liberated
water is thereby removed from the chemical equilibrium, and
the quantitative Knoevenagel reaction is complete within 1 day.
The possibility that the reactions were promoted by the liberated
heats of hydratization of the reaction water can be disregarded
because only a maximum of 0.18 g water is generated and
dissolved into the 20 ml of solvent, and the generation of
water proceeds only gradually in time. For THF and acetone
the liberated water is freely dissolved along with the reactants.
While the reaction is nearly quantitative after 7 days in THF, the
reaction is surprisingly slow in acetone. 3b is only poorly soluble
in ethanol compared to malononitrile (good) and 1b (fair),
and the rapid precipitation also shifts the equilibrium favorably
towards the product side. The nonpolar solvents toluene, ethyl
acetate and dichloromethane can barely accept any liberated
water and the reaction stops at a low product level. The observed
40% yield after 7 days in toluene appears to be at the solubility
limit of 3b. When left standing for additional time, 3b begins to
precipitate out of solution after 14 days, and after 28 days the
yield of 3b after vacuum filtration was 90%. Unlike for toluene,
the in ethyl acetate and dichloromethane generated 3b at 17%
was below the solubility limit in each case, and a precipitation
of 3b was not observed.

Because of the encouraging good yields of 3b for the Knoeve-
nagel reaction in ethanol at room temperature, the Knoevenagel
reaction of malononitrile was also attempted in ethanol at room
temperature with all of the ten aldehydes, and the results are
summarized in Tables 7 and 8.
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Table 7 Knoevenagel reaction in ethanol at room temperature

Conversion of 1(%)*

RCHO 1d 74
1a 97 >99
1b =99 (100)
Ic 8 67
1d 64 93

le 77 82
1f 2 40
1g 72 (100)
1h 98 (100)
1i 87 93

1j 18 37

“ Entries are based on amount of 1 left in solution from GC analysis.

Table 8 Yield budget for the Knoevenagel reaction in ethanol after
7 days at room temperature

Isolated yield
after 7 days (%)

———  Unrecovered
RCHO m“ my’ product (%) ¥ Yield 3(%)
1a 74 20 5.5 >99
1b 94 — 6 (100)
1c 66° — 1 67
1d — — — 93¢
le 79 9 10 98
1f — — — 40¢
1g 89 2 9 (100)
1h 63 5 32 (100)
1i — — — 93¢
1j 324 — 5 37

“m; is the yield from the directly precipitated product. ® m, is the addi-
tional yield obtained from isolating the product left in the supernatant.
¢The precipitate also contained an additional 13% of unconverted
malononitrile. “ The precipitate also contained unconverted 1j. ¢ No
precipitation of product observed, isolation of 3 not attempted.

Solid product precipitated within 1 day from solution in
the cases of 1a, 1c, le, 1g, 1h, and 1j, but the reaction
solution stayed clear for 1d, 1f, and 1i even after 7 days.
The yield analysis is somewhat more complicated for reactions
where precipitation occurred since the amount of precipitated
product was only determined after 7 days when the product
was isolated by vacuum filtration. Thus, we report in Table 7
the conversion of 1 based on how much aldehyde remains in
solution as per GC analysis using internal standards as described
in the Experimental section. In Table 8 is shown an itemized
yield budget which includes the yield contributions from the
precipitated product, m,, and further product isolation from
the supernatant, m,, by adding twice the volume of water
to induce additional product precipitation. Since 3d, 3f, and
3i did not precipitate out of solution, product isolation after
7 days was not attempted for these reaction solutions. Further
product isolation from the supernatant was also not attempted
for 3b because 94% precipitated already out of solution and
for 3c and 3j because these were contaminated with reactant.
Although product isolation from the reaction solution was not
quantitative, overall, the results in Tables 7 and 8 show that
the Knoevenagel reaction proceeded well in ethanol at room

temperature with quantitative conversions for 1a, 1b, le, 1g,
and 1h. The conversions after 7 days are similar to the results in
Table 5 for using DMF as the solvent. Since 3i did not precipitate
from ethanol, this explains the 93% yield compared to the 100%
yield in DMF. In turn, 3g precipitated from ethanol but not from
DMF, and the yield in DMF was only 80%. Yields were similar
for 1d and 1f which precipitated neither from ethanol nor from
DMEF. If the reaction proceeds slowly then not only the product
may precipitate but also the aldehyde, as was the case for 3¢, or
the malononitrile, as was the case for 3j. From the GC analysis
of the reaction solutions the lowest solubility in ethanol was
observed for 3¢ with about 8% and thus precipitation occurred
already at very low concentrations, similar to what was observed
during the solvent dependent reaction studies (Table 6) for 3b in
ethanol as well as in toluene. The product recovery is therefore
also facilitated when product solubility is low. For products
which were more soluble in ethanol, a quantitative isolation
became difficult. Even when twice the volume of water was added
to the separated supernatant to induce further precipitation the
theoretical yields could not be obtained and some of the product
remained in solution. This was the case for 3a, 3e, 3g and 3h
where respectively 94%, 88%, 91% and 68% of the product could
be obtained even though conversion was in each case greater
than 97%.

According to GC analysis, the products 3a, 3b, 3e, 3g, and
3h from both, the precipitate from reaction solution and the
precipitate from the supernatant mother liquor induced by
the addition of water, were 100% pure, although some slight
discoloration was noticed in some cases. Interestingly, in the
case of 1j nearly pure 3j was obtained. The GC analysis, where
a small sample of the white, crystalline solid was dissolved in
THF and immediately analyzed, showed only slight traces of
benzo-2-carbonitrile. The difference in reactivity of 3j towards
the continued reaction to benzo-2-carbonitrile can also be
confirmed by visual observation. When the dissolved 3j is left
standing in THF, an orange precipitate of benzo-2-carbonitrile
over a dark orange-red solution is observed within 1 day.
In contrast, the precipitating product 3j, which forms in a
solution of 1j and 2, turns only slightly yellow within the
first two days and yellow orange after 7 days at which point
the supernatant solution has turned into a red—orange color.
Most likely, intermolecular interactions of 3j with the hydroxyl
group of ethanol as well as perhaps of salicylic aldehyde makes
the liberation of HCN and thus the ring closure to benzo-2-
carbonitrile more difficult.

Since the solubility of the product in ethanol is a key
factor in obtaining quantitative results, some exemplary reaction
experiments with more concentrated solutions were attempted.
Instead of dissolving 10 mmol of each reactant in 20 ml of
solvent, only 10 ml of alcohol was used. As before, the solution
was left standing at room temperature and GC samples were
taken after 1 day and 7 days. If precipitation of the product
occurred then it was isolated and the amount was included in
evaluating the total yield. While 3d and 3i still did not precipitate
out of solution, 3f did precipitate and 52% of the product
could be isolated. The combined conversion from precipitate
and product remaining in solution increased from 40% (Table 7)
to 77%. In the case of 1a, the same results as in Table 7 were
obtained.

This journal is © The Royal Society of Chemistry 2008

Green Chem., 2008, 10, 873-878 | 877


http://dx.doi.org/10.1039/B808265K

Downloaded by City College of New Y ork on 09 November 2010

Published on 10 July 2008 on http://pubs.rsc.org | doi:10.1039/B808265K

View Online

Finally, another reaction experiment was performed dissolv-
ing 1b in 40 ml ethanol, that is, twice the amount of solvent. The
clear solution becomes cloudy after 10 min and after 1 h solution
is completely filled with the voluminous reaction product 3b. No
reactant could be found by GC analysis in the supernatant after
1 day indicating quantitative conversion. The final yield of the
isolated product was 94%, and no impurities could be detected
by GC analysis.

Conclusions

It was shown that the Knoevenagel reaction of stoichiometric
amounts of aldehyde and malononitrile in the absence of
catalysts can be achieved at room temperature with quantitative
conversions. In confirmation to our previous findings, the
conversions are highly dependent on the reactivity of the chosen
aldehyde. In the absence of any solvent only the reactive
aldehydes 1b and 1i converted as a mixture of reactants with
malononitrile to yields >90%. Homogenization of the solid
mixture through dissolution in THF and subsequent immediate
removal of THF improved the yields only for 1b. While high
conversions can be achieved with some aldehydes if the solid
reaction mixture is left standing at room temperature after initial
mechanochemical treatment, the direct solvent-free conversion
without impregnation leads at best to only marginal results.
For reactions in solution at room temperature, quantitative
conversions could be achieved in DMF and ethanol for a number
of aldehydes, where ethanol is an attractive solvent because
it is inexpensive, toxicologically benign and biodegradable. A
study of the solvent dependence of the Knoevenagel reaction at
room temperature allowed for the interpretation of some of the
solvent effects. DMF and DMSO (hydratization) and ethanol
(hydrogen bonding) can bind water liberated from the reaction
and thereby shift the chemical equilibrium towards the product
side. The reaction proceeds less effective in polar solvents where
the water is dissolved but not bound. In addition, the chemical
equilibrium is further shifted to the product side when the
product precipitates out of solution because of low solubility.
Overall, the findings of the study show that the Knoevenagel
condensation can principally proceed on its own at room

temperature in solution and, albeit less effective, solvent-free
as a mixture of reactants. It is conceivable that a number of
other organic synthesis reactions could proceed quantitatively
as well at room temperature. Our findings also explain why yields
stated in the literature can oftentimes not be reproduced because
the reaction may continue to proceed in the samples from the
reaction mixture prepared for yield analysis.
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Absorption/desorption of CO, by ionic liquid (IL) where both cation and anion are from
renewable materials, (2-hydroxyethyl)-trimethyl-ammonium (S)-2-pyrrolidine-carboxylic acid salt
[Choline][Pro], and [Choline][Pro]/polyethylene glycol 200 (PEG200) mixture, were studied in the
308.15 K to 353.15 K range at ambient pressure. It was demonstrated that both the neat ionic
liquid (IL) and the IL/PEG200 mixture could capture CO, effectively and could be easily
regenerated under vacuum or by bubbling nitrogen through the solution, and the molar ratio of
CO, to the IL could exceed 0.5 slightly, which is the theoretical maximum for absorption of CO,
chemically, indicating that both chemical and physical absorption existed. Addition of PEG200 in
the IL could enhance the rates of absorption and desorption of CO, significantly. The solubility of
CO, in [Choline][Pro]/PEG200 at different pressures from 0 to 1.1 bar was also measured, and the
enthalpy and entropy of solution of CO, were calculated from the solubility data. At all the
conditions, the enthalpy and entropy of solution were large negative values, indicating that the

absorption process is exothermic.

1 Introduction

The increasing accumulation of CO, in the atmosphere has
resulted in the global warming effect and serious environmental
problems. The development of efficient methods to capture CO,
from industrial flue gases has become an important issue in
recent years. Various technologies for CO, capture can be used,
including absorption, adsorption, membranes, and hybrid appli-
cations of these three. Currently, capture with aqueous amines
seems to be the leading candidate in industrial processes."?
Although these aqueous amine solutions are effective, there
are some serious drawbacks inherently connected to them. For
example, the concurrent loss of the volatile amines and the
uptake of water into the gas stream causes intensive energy
consumption, cost increase, and corrosion problems. Therefore,
it is desirable to seek new agents with favorable characteristics
such as a negligible vapor pressure and high stability, without
additional water.>*

It is known that 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 variety of chemical compounds.*® Applica-
tion of supercritical CO,/IL biphasic system has a promising
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In7. See DOI: 10.1039/b801948g

future in separation”® and chemical reactions,*® which can
avoid cross-contamination at suitable conditions. Therefore,
much research on the solubility of CO, in ILs has been studied
at elevated pressure."™ Absorption of acidic gases, such as
H,S,” SO,,2* and CO,,>** at ambient pressure using basic
ILs have attracted much attention in recent years. Davis and
coworkers studied the capture of CO, using an ionic liquid
consisting of an imidazolium cation with a primary amine
moiety and tetrafluoroborate anion. They found that the IL
was very effective for absorption of CO, and molar uptake
of CO, per mole of IL could approach 0.5, which is the
theoretical maximum for CO, sequestration as an ammonium
carbamate salt.? Zhang et al.?? studied the absorption of CO, by
tetrabutylphosphonium amino acids supported on porous silica
gel, and they found that fast and reversible CO, absorption
could be achieved when compared with bubbling CO, into the
bulk of the ionic liquids. Sanchez ef al.** studied the solubility of
CO, in different imidazolium-based ILs with and without basic
groups. The results showed that the efficiency of CO, absorption
could be enhanced significantly by the attached functional
groups. Xie et al. reported that chitin and chitosan dissolved in
1-butyl-3-methyl-imidazolium chloride could capture CO,
effectively.

Some ILs have been proven to be toxic, and the toxicol-
ogy of most ILs is unclear and needs to be evaluated.>?
In recent years, synthesis of ILs using renewable raw ma-
terials has become attractive.®**3! In previous work, we
synthesized IL (2-hydroxyethyl)-trimethyl-ammonium (S)-2-
pyrrolidinecarboxylic acid salt ((Choline][Pro]),** and it was used
to catalyze direct aldol reactions. The feature of this IL is that
both cation and anion are from renewable materials.
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Polyethylene glycol (PEG), which has the molecular formula
HO-(CH,CH,0),—H, has been used widely in pharmaceutical,
cosmetics and food industries. PEGs have some unusual proper-
ties, such as nonvolatile, nontoxic, biodegradable, inexpensive,
widely available, and their properties can be tuned by changing
molecular weight. Recently, PEGs have also been used as
environmentally benign solvents to replace volatile organic
solvents in different processes.****

In this work, we studied the ability of [Choline][Pro] and
[Choline][Pro]/PEG200 (PEG with an average molecular weight
of 200 g mol™") to capture CO,. It was found that both the
neat IL and the IL/PEG200 mixture were very effective for
capturing CO,, and the absorbent could be easily regenerated
under vacuum or bubbling nitrogen through the solution.
Addition of PEG200 in the IL could enhance the absorption
and desorption rates of CO, significantly. We believe that
this green and nonvolatile adsorbent has potential application.
The solubility CO, in [Choline][Pro]/PEG200 at equilibrium
condition was also measured, and the enthalpy and entropy
of solution of CO, were calculated from the solubility data
and thermodynamics theory. The solubility and thermodynamic
data are of importance from both fundamental and practical
points of view.

2 Experimental
Materials

CO, with a purity of 99.995% was supplied by Beijing Analytical
Instrument Factory. N, with a purity of 99.99% was sup-
plied by Beijing Tailong Electro-technology Corporation Ltd.
Choline hydroxide solution (~45% in methanol) was supplied
by ALDRICH. L-proline (99%) was produced by Chinese Na-
tional Medicine Corporation Ltd. PEG200, which had average
molecular weights of 200 g mol~!, was analytical grade produced
by Beijing Chemical Reagent Plant. The chemicals were used
as received. The procedure to synthesize the IL [Choline][Pro]
(Scheme 1) was similar to that described previously.*> The IL was
obtained by neutralization of choline hydroxide and L-proline.
The IL and PEG200 were dried under vacuum at 353 K for 48 h
before use.

Apparatus and procedures to study the absorption of CO,

The apparatus and procedures were similar to that reported
previously.® In the experiment CO, of ambient pressure was
bubbled through about 3.0 g of the IL or [Choline][Pro]/PEG200
solution in a glass tube with an inner diameter of 12 mm,
and the flow rate was about 60 mL min~'. The glass tube was
partly immersed in a water bath of desired temperature. The
weight of the IL solution was determined at regular intervals

L-Proline

N - oH
N

by the electronic balance (OHAUS Corp. AR2140, USA) with a
resolution of 0.1 mg. Nitrogen was bubbled through the solution
to regenerate the absorbent.

Apparatus and procedures to determine the solubility of CO,

The schematic diagram of the apparatus is shown in Fig. 1. It
consisted mainly of a stainless steel cell (6 mL) with a magnetic
stirrer, a constant temperature air bath, a Heise pressure gauge
which could be accurate to 0.002 bar in the pressure range of
0-2 bar. The temperature of the air bath was controlled
to £ 0.1 K of the experimental temperature. In a typical
experiment, a suitable amount of IL/PEG200 mixture was
charged into the stainless steel cell and degassed at 40 °C under
vacuum for 2 h. The mass of the liquid in the stainless steel
cell was determined by an electronic balance (OHAUS Corp.
AR2140, USA). CO, was then charged into the cell after thermal
equilibrium had been reached. The stirrer in the cell was started
to enhance the dissolution of CO, in the liquid. It was assumed
that equilibrium was reached after the pressure of the system
had been constant for 5 h. The valve of the equilibrium cell
was closed and the mass of the cell was determined. The total
amount of the CO, in the cell was known easily from masses
of the cell with and without CO,. Most of the CO, in the cell
was dissolved in the IL, and a small portion existed in the vapor
phase. In this work, the amount of the CO, in the vapor phase
was calculated accurately using the Peng—Robinson equation of
state,* and the amount of CO, in the liquid phase was known
from the total amount of CO, and that in the vapor phase. The
solubility of CO, in the liquid was calculated from the masses of
CO, and the liquid in the liquid phase.

H

TH
8

|z|4
[ Os

Fig. 1 Experimental apparatus to determine the solubility of CO,
in liquid 1. CO, cylinder; 2. Vacuum pump; 3. Stainless steel cell;
4. Constant temperature air bath 5. Magnetic stirrer; 6, 7, 8. Valves;
T. Temperature controller and temperature display; P. Pressure gauge.

In this work, we determined the solubility of CO, in the liquid
at equilibrium condition, which was confirmed by the fact that
the solubility was independent of equilibration time at fixed
temperature and pressure.

Choline Hydroxide

Scheme 1

L
HO™ @™ N CO0~

[Choline][Pro]

Schematic illustration to synthesize the IL [Choline][Pro]
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Fig. 2 Cycles of CO, absorption by [Choline][Pro] and [Choline][Pro]/PEG200 mixtures. (a) W chotinepro)/ Wercaoo = 1:0, 323.15 K (b) W chotineypro/
Woecao = 21 1, 308.15 K; (¢) Wichotineprol/ Wercaoo = 11 1, 308.15 K (d) Wichotinapro/ Wrecao = 113, 308.15 K.
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3. Results and discussion with [Choline][Pro] to PEG200 weight ratios of 1 : 0, 2 : 1,
1 : 1, and 1 : 3. For the [Choline][Pro]/PEG200 mixtures,
the absorption and desorption at 308.15 K were investigated.
In this work we studied the absorption and desorption of For the neat IL, the experiments were conducted at 323.15 K
CO, in [Choline][Pro] and [Choline][Pro]/PEG200 mixtures because the IL became very viscous after absorbing enough

Absorption of CO,

Table 1 The solubility of CO, (x,, mole fraction) in [Choline][Pro]/PEG200 and the molar ratio of CO, to the IL (M o,/ M)

Wi/ Wee =1:1 Wi/ Wegg =1:2 Wi/ W =1:3
T/K P/bar X Mo,/ My P/bar X Mo,/ My P/bar X Mo/ My
308.15 0.051 0.108 0.253 0.050 0.074 0.253 0.041 0.055 0.243
0.089 0.125 0.297 0.102 0.090 0.313 0.120 0.073 0.334
0.262 0.176 0.446 0.251 0.122 0.441 0.301 0.099 0.469
0.503 0.206 0.540 0.501 0.145 0.540 0.509 0.114 0.548
0.601 0.217 0.580 0.652 0.154 0.580 0.598 0.118 0.573
0.736 0.223 0.600 0.724 0.157 0.592 0.749 0.123 0.601
0.802 0.226 0.609 0.848 0.162 0.613 0.832 0.125 0.611
323.15 0.049 0.082 0.188 0.055 0.056 0.188 0.051 0.042 0.188
0.095 0.106 0.248 0.105 0.076 0.263 0.089 0.053 0.241
0.252 0.150 0.367 0.211 0.097 0.340 0.225 0.075 0.346
0.365 0.171 0.431 0.404 0.124 0.451 0.351 0.091 0.427
0.650 0.202 0.530 0.636 0.142 0.525 0.648 0.110 0.530
0.877 0.216 0.575 0.809 0.151 0.566 0.795 0.116 0.558
1.042 0.220 0.590 1.050 0.156 0.590 1.046 0.121 0.590
338.15 0.099 0.080 0.183 0.089 0.053 0.179 0.101 0.041 0.183
0.265 0.128 0.307 0.255 0.088 0.305 0.250 0.066 0.302
0.439 0.159 0.396 0.405 0.105 0.373 0.446 0.085 0.396
0.591 0.174 0.441 0.597 0.123 0.444 0.654 0.098 0.462
0.698 0.184 0.472 0.748 0.132 0.483 0.801 0.103 0.491
0.865 0.195 0.505 0.853 0.137 0.504 0.947 0.106 0.508
1.072 0.199 0.520 1.078 0.141 0.522 1.074 0.109 0.520
353.15 0.101 0.052 0.114 0.080 0.030 0.099 0.052 0.013 0.054
0.249 0.098 0.228 0.209 0.060 0.203 0.201 0.043 0.191
0.425 0.134 0.322 0.472 0.097 0.342 0.399 0.067 0.308
0.699 0.159 0.396 0.753 0.112 0.400 0.588 0.080 0.374
0.852 0.168 0.421 0.850 0.117 0.421 0.812 0.089 0.417
1.001 0.171 0.431 0.952 0.119 0.428 1.013 0.092 0.431
1.052 0.173 0.436 1.060 0.122 0.436 1.054 0.093 0.436
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CO, at lower temperature. All the results are presented in
Fig. 2.

Fig. 2 shows that the CO, absorbed by the IL could be
released by bubbling N, through the solution. The recovered
ionic liquid has been repeatedly recycled for CO, absorption
without observed loss of efficiency, indicating that the process
of CO, uptake is reversible. On the basis of the reaction for the
ILs with amine to absorb CO, reported by other authors,>*
we can propose the reaction of CO, absorption by the IL in
this work, which is shown in Scheme 2. Our experiment showed
that the CO, absorbed could also be removed under vacuum at
313.15K.

| 1@ © COZ

2 [Ho >N Q‘Coo
H N2

IS
| 1®
[Ho/\/N\ @‘coo
Jo | 006 NG o0 0
2

Scheme 2 Proposed reaction for absorption of CO, by [Choline][Pro].

The data in Fig. 2 indicate that the time required for the
absorption to approach equilibrium depended strongly on the
composition of the absorbent. For the neat IL, the times
required for absorption and desorption to approach equilibrium
323.15 K were longer than 240 min and 260 min, respectively.
The absorption and desorption rates increased significantly with
increasing content of PEG200 the in absorbent even at lower
temperature. For example, for the mixture with [Choline][Pro]
to PEG200 weight ratio of 1 : 1, the absorption and desorption
could approach equilibrium in about 50 min at 308.15 K. This
demonstrates that addition of a suitable amount of PEG200 is
kinetically favorable to the absorption and desorption.

The effect of PEG200 content on the molar ratio of CO,
to IL was not considerable, as shown in Fig. 2. This indicates
that the contribution of PEG 200 to the uptake of CO, is very
limited. This is easy to understand because the solubility of CO,
in PEG200 at ambient pressure is very small.*® In other words,
PEG200 acted as the solvent for the IL and could enhance the
absorption rate dramatically.

Chemically, one mole IL can absorb half a mole of CO,.?
Fig. 2 illustrates that the molar ratio of CO, to the IL could
exceed 0.5 slightly. This suggests that physical absorption also
contributes to the uptake of CO,. It is known from the molecular
weights of CO, and the IL that the mass ratio of CO, to the IL
was 0.12 as the molar ratio was 0.6.

Solubility of CO, in [Choline][Pro] + PEG200

The study of absorption at equilibrium condition is of im-
portance both fundamentally and practically. In this work we
determined the solubility of CO, in [Choline][Pro]/PEG200 at
308.15 K, 323.15 K, 338.15 K and 353.15 K at pressures up to
1.1 bar. The weight ratios of [Choline][Pro] to PEG200 selected
were 1:1,1:2,1: 3, respectively. Table 1 lists the solubility data
at different conditions determined in this work. In the table,
x, stands for the mole fraction of CO, in the liquid phase. It
is estimated that the uncertainty of x, values in the table is

=+ 1.0%. Fig. 3 demonstrates the dependence of the solubility on
temperature and pressure. The solubility of CO, in the mixtures
increased with increasing pressure, and the solubility is more
sensitive to pressure in the low-pressure range. It can also be
seen that the solubility of CO, in the mixtures decreased with
increasing temperature at all the pressures.
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Fig. 3 Dependence of solubility of CO, in [Choline][Pro]/PEG200
mixture on temperature and pressure; (a) W/ Wege = 1: 1, (b) Wi/
Woeg=1:2,(c) Wi/ W =1:3;B308.15K,2323.15K, A338.15K, x
353.15K.

Itisknown from the data in Fig. 3 that at the same temperature
and pressure the solubility of CO, in [Choline][Pro]/PEG200
mixture decreased with increasing PEG200 content. The reason
is that, as discussed above, the solubility of CO, in PEG200 is
very low. In order to show the role of the IL. and PEG200 in
the dissolution of the gas clearly, Fig. 4 illustrates the molar
ratio of CO, to the IL (Mco,/ M) in the system at different
[Choline][Pro] to PEG200 weight ratios. Clearly, the effect of
the weight ratio of [Choline][Pro] to PEG200 on the Mo,/ M
is very limited. In other words, the gas is mainly absorbed by the
IL. The reason is that the interaction between the basic group
in [Choline][Pro] and CO, is very strong.
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Fig.4 The effect of temperature and pressure on the molar ratio of CO, to the IL (M o,/ My.); (a) 308.15 K, (b) 323.15K, (c) 338.15K, (d) 353.15K;

MW/ Wee=1:1,x Wi/ Wpeg =1:2, A Wi/ W =1:3.

Enthalpy and entropy of solution

The enthalpy AH, and entropy AS,, of solution are important
parameters of the system because they are related to strength of
interaction between the liquid and the gas. AH,, and AS|, can
be evaluated from the dependence of the solubility of CO, on
temperature using the following well-known equations.!

AH, _ olnp )
Bl
AS, dlnPp

R (amTll @

where x, is the mole fraction of CO, in the liquid phase. For
the system studied in this work, InP, is a linear function of 1/T
and InT at fixed x, within experimental error. As an example,
Fig. 5 shows the dependence of InP, on 1/7 at x; = 0.108 and
Wi/ Wpeee = 1 : 1. All other plots of InP, vs. 1/T and InP,
vs. InT are given in the ESI.T Therefore, the AH,, and AS|,
can be calculated from the slopes of the curves AH,, and AS,,
values at different compositions are listed in Table 2. Under all
the conditions, the enthalpy of solution is a large negative value,
i.e., a large amount of heat is released during the absorption
process, which should be considered in the process design. This
also indicates that the interaction between the IL and CO, is
very strong. The entropy of solution is also negative, indicating
a higher ordering degree when CO, is dissolved in liquid.
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Fig. 5 Dependence of InP, on 1/T and InT at x;, = 0.108 and
Wi/ Wpe =1:1.
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Table 2 Enthalpy (kJ mol™') and entropy (J K~! mol™") of solution of
CO, in [Choline][Pro]/PEG200 mixtures (7' = 308-353K; x, stands for
mole fraction of CO, in the liquid phase)

Wi/ Weeg=1:1 Wi/ Weeg =1:2 Wi/ Weee=1:3
X1 —AHy —ASy X —AHy —ASy X —AH —ASq,

0.108 40.3 121.9  0.073 40.3 122.0 0.053 34.8 105.4
0.125 31.7 96.1 0.085 30.4 922 0.065 29.3 88.7
0.150 24.8 752 0.100 26.2 79.6  0.080 25.3 76.7
0.170 25.5 774 0.115 253 76.7 0.090 25.5 71.4

4. Conclusion

The IL synthesized from renewable materials [Choline][Pro]
and the [Choline][Pro]/PEG200 mixture could absorb CO,
effectively and the molar ratio of CO, and the IL can reach 0.6.
The CO, can be released under vacuum or bubbling nitrogen
through the solution, and can be reused. Both chemical and
physical absorption exist in the system. PEG200 in the system
IL enhances kinetics of the absorption and desorption of
CO, significantly. The solubility CO, in [Choline][Pro]/PEG200
increase with increasing pressure of CO, and is more sensitive
to pressure at lower pressures. The absorption is an exothermic
process.
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Huang’s preparation of chiral imidazolium salts by means of a Zincke-like process was
re-investigated. It was shown that treatment of 1-(2,4-dinitrophenyl)-3-methylimidazolium
chloride with L-alaninol gives rise to complete decomposition of the starting salt via an SyAr
reaction and that the material described by Huang was not the claimed chiral imidazolium salt,
thus questioning the occurrence of the ionic liquids reported in the original work.

Introduction

In the 90’s, Marazano and ourselves demonstrated that the
Zincke’s reaction was a unique and versatile synthetic tool for
the preparation of chiral pyridinium salts bearing an asymmetric
centre directly attached to the heterocyclic nitrogen (Scheme 1).!

NO,
Scheme 1

This route basically relies on the reaction of a highly activated
(2,4-dinitrophenyl)pyridinium chloride with various chiral pri-
mary amines. From a mechanistic standpoint, the overall process
involves nucleophilic attack onto the C-2 of the pyridinium
nucleus by the primary amine, ring opening/electrocyclisation
and finally re-aromatization driven by the elimination of 2,4-
dinitroaniline. This approach has found widespread application
in the field of asymmetric synthesis in Marazano’s group.? It
was also recently used for the preparation of the first pyridinium
type chiral ionic liquids by Lauth-de Viguerie and ourselves.?
Lately we further exploited this route for the preparation of
a phenyl glycinol-derived chiral ionic liquid. Access to salt 3
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1 Electronic supplementary information (ESI) available:'H and "“C
NMR spectra for all compounds. 'H NMR spectra of 4 in DMSO-
ds/D,0. 2D NMR (COSY/HSQC) experiments and MS/HRMS for
10. For ESI see DOI: 10.1039/b804650f

was secured in a practical two-step sequence avoiding the use
of any column chromatography thanks to the solubility of the
pyridinium salt in water for the chloride 2 and in CH,Cl, for the
bistrifluoromethanesulfonimide 3 (Scheme 2).

LiCl
| AN
+ LINTE,  Work-up Aqueous layer
o Y
H20, RT Organic layer
NH, Ph )
X
| Ph OH AN
+
i~ Aqueous layer | +
2> OH  Work-up ~
¢l NN
NO2 p-Butanol, Organic layer 2
reflux, 20h P,
NH, OH
NO, NO, 61% overall yield

NO,

Scheme 2

In 2006, Huang and Ou reported the use of a Zincke-like
process for the synthesis of three chiral aminoalcohol-derived
imidazolium salts, their transformation into the corresponding
chiral ionic liquids through counter-anion metathesis and the
use of these salts as phase-transfer catalysts.* The discrepancy
between these results and our own attempts to develop a Zincke-
like reaction in the imidazolium series prompted us to re-
investigate this chemistry. We wish to report here the results
of this study.

Results and discussion
Background

In 2005, we reported a synthetic route to chiral imidazolinic
entities, their transformation into chiral ionic liquids and
preliminary attempts to use these salts in asymmetric phase-
transfer catalysis.’ In line with this work, we had also naturally
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tried to apply Marazano’s approach to the imidazolium series.
Indeed, one might expect an initial nucleophilic attack onto
the C-2 position of the imidazolium nucleus which could
trigger a Zincke-like process. However, preliminary experiments
with 1-(2,4-dinitrophenyl)-3-methylimidazolium chloride and o-
methylbenzylamine soon indicated that the process was not
directly transposable. The reaction was run under Marazano’s
standard conditions (1.1 eq of amine, 20 h in refluxing n-butanol)
and the crude mixture partitioned between CH,Cl, and water.
The material resulting from the concentration to dryness of
the aqueous phase could, at first glance, be confused with the
expected imidazolium salt on the basis of its "H NMR analysis.
However we had already prepared the corresponding iodide salt
using our own route and it was noticed that the proton carried
by the stereogenic centre (typically around 5.90 ppm) was far
too shielded (observed below 4.50 ppm). We thus concluded
that the aqueous phase was composed of an equimolar mixture
of a-methylbenzylamine hydrochloride and 1-methylimidazole
hydrochloride. The formation of these products was attributed
to the decomposition of the starting imidazolium chloride
(vide infra) which was further confirmed by mass spectroscopy
analysis.

Re-investigating Huang’s results

In 2006, Huang and Ou reported the reaction between three
aminoalcohols and 1-(2,4-dinitrophenyl)-3-methylimidazolium
chloride in refluxing n-butanol to give the corresponding
chiral imidazolium salts, according to a Zincke-like process
(Scheme 3).

NH,
Me’ ’/"‘ —
OH + S
Me/N\7N\\‘ oHt
n-Butanol, CI_ Me
reﬂux 20h
/N /N NHz =)\
* Me— N NH
2 | e” N\
Cl
OH
Me "’/| A |
o Work-up queous layer
n-Butanol, Organic layer
reflux, 20h Me
Me
OH
0 HN
NO, NO, [\
+ + Me= NN
NO2 NOZ
30% 51%

6 (isolated yields) 7

Scheme 3

We were intrigued by the fact that only poorly sterically
demanding amino alcohols were used, the classical phenyl

glycinol, for example, being omitted. Wondering if this might not
be a key parameter, we re-investigated the reported results. We
selected L-alaninol as a representative reactant, being the least
bulky starting aminoalcohol. However, the claimed formation
of a chiral imidazolium salt was not observed upon reproducing
the published procedure with this substrate. Careful analysis
of the crude reaction mixture by means of LC-MS did not
allow detection of the cation corresponding to the expected
imidazolium (m/z 141). On the contrary, complete degrada-
tion of the 1-(2,4-dinitrophenyl)-3-methylimidazolium chloride
through an SyAr process involving either a molecule of »n-
butanol or amolecule of the starting aminoalcohol was observed
(Scheme 3). Column chromatography allowed isolation of the
known aromatic ether 6 and the aniline 7 in 30% and 51%
yields respectively (81% combined yield).* A more complete
analysis of the crude reaction mixture was carried out by
partition between CH,Cl, and water. "H NMR analysis of the
organic phase clearly showed the presence of the aromatic ether
6 and the aniline 7 (in a 37 : 63 ratio) along with a small
amount of 1-methylimidazole. Consistently, the aqueous phase
contained only L-alaninol hydrochloride and 1-methylimidazole
hydrochloride. It thus appeared that, in our hands, the Zincke-
type starting imidazolium salt exclusively underwent the so-
called exocyclic attack, in opposition to the expected endocyclic
pathway, the imidazolium moiety thus acting as an efficient
nucleofuge. In the pyridinium series, this side reaction was only
observed when the heterocyclic nucleus was substituted with
electron-donating alkyl groups. However, 1-(2,4-dinitrophenyl)-
3-methylimidazolium chloride appeared so susceptible to such
an SyAr reaction that L-alaninol smoothly attacked the highly
activated phenyl ring at RT in CH,Cl,. In this case, a gummy
material accumulated after 48 h of reaction. '"H NMR analysis
of the bright yellow supernatant revealed the major presence
of the 2,4-dinitroaniline 7 and the 1-methylimidazole. The solid
precipitate was essentially composed of the remaining 1-(2,4-
dinitrophenyl)-3-methylimidazolium chloride and the generated
L-alaninol hydrochloride. Column chromatography of the whole
crude reaction mixture gave a 38% yield of the aniline 7 (for a
maximum of ca. 50% yield owing to the in situ protonation
of the primary amine by the generated HCI). Interestingly, we
observed in '"H NMR that the H-2 of 1-(2,4-dinitrophenyl)-3-
methylimidazolium chloride is highly exchangeable, and, con-
trary to what has been mistakenly described by Huang, cannot
be observed in CD;OD but appears at 10.2 ppm in DMSO d-6.
Progressive disappearance of this signal was observed after
addition of D,0O and gentle warming of the sample (see ESIT).
This further indicated the powerful electron-withdrawing effect
exerted by the 2,4-dinitrophenyl nucleus.

Preparation of the imidazolium hexafluorophosphate and
comparison of the spectral data

Thus, to unequivocally show that the compounds described
by Huang were not the claimed chiral imidazolium salts, we
independently prepared the imidazolium hexafluorophosphate
10 as a representative example (Scheme 4).

The sequence reported by Bao et al. was used to synthesise the
required imidazole intermediate.” From there, quaternarisation
with methyl iodide followed by anion metathesis gave the desired
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N Mel, CH;CN /57\ H,.\OH
NVN\\@ H Me/_NVN\{\
g Me X @_
60.2 ppm

9, X=1
HPFe, H;0 I:. 10, X = PFg
Scheme 4

chiral ionic liquid. This unusually hydrophilic hexafluorophos-
phate salt was fully characterised: 1D and 2D 'H and *C NMR,
IR, [a]p, MS and HRMS. The NMR spectral data obtained
for our sample were in contradiction with that reported by
Huang. Noteworthy is the NMR chemical shift of 4.52 ppm
for the proton carried by the stereogenic centre, the carbon itself
appearing at 60.2 ppm in *C NMR. These characteristic signals
were absent from Huang’s description of compound 10 (vide
infra). As a matter of fact, none of the nine similar imidazolium
derivatives described in Huang’s article displayed a 'H signal
between 4-5 ppm.

So, if the sample described by Huang was not the claimed
imidazolium salt, what could it be? The NMR data reported for
the proposed L-alaninol-derived imidazolium chloride showed
the proton carried by the center of chirality notably up-field (ca.
3.35 ppm). In fact, the whole set of 'H signals corresponding
to the chiral appendage was highly reminiscent of that of the
alaninol hydrochloride. However, the signals associated with the
I-methylimidazolium moiety did not correspond to that of the
free base or to that of the hydrochloride. Reasoning that the
reaction was producing a mixture of 1-methylimidazole and 1-
methylimidazole hydrochloride (vide supra) we analysed a ca. 50 :
25 : 25 mixture of L-alaninol hydrochloride, 1-methylimidazole
and 1-methylimidazole hydrochloride. The resulting 'H and
BC NMR spectra were surprisingly consistent with the one
reported by Huang for the L-alaninol-derived imidazolium
chloride (Fig. 1 and Fig. 2). In particular, the proton around
3.35 ppm and the carbon at 49.5 ppm associated to the center of
chirality were present. Such a mixture (possibly obtained upon
washing of the chromatography column with MeOH) might
therefore have been, in the absence of mass spectroscopy analysis,
erroneously taken for the desired imidazolium salt.}

Conclusions

It was thus shown that, contrary to what had been reported
by Huang and Ou, the treatment of 1-(2,4-dinitrophenyl)-3-
methylimidazolium chloride with a chiral primary amine did
not lead to a Zincke-like process but only to the decomposition
of the starting material via an SyAr reaction due to the strong
nucleofugal behaviour of the imidazolium nucleus. Spectral
data reported herein for the representative L-alaninol-derived
ionic liquid 9 further demonstrate that Huang did not describe
this chiral imidazolium salt and therefore casts doubt on all
the imidazolium-based ionic liquids reported in the original
article.

1 Eluting the silica gel chromatography column with wet MeOH at the
end of the purification gave us a similar mixture.

841
741

389
129
127

9.0
ppm (t1)
Fig. 1 'H NMR spectra (300 MHz, CD;OD) of a mixture of
L-alaninol hydrochloride, 1-methylimidazole hydrochloride and 1-
methylimidazole.

137,1
1242

T—— 1221

49,6
33,9

|
|
| ‘}
[ B B B B T B B B B |
opm (t1) 125 100 75 50 25

Fig. 2 “C NMR spectra (75 MHz, CD;OD) of a mixture of
L-alaninol hydrochloride, 1-methylimidazole hydrochloride and 1-
methylimidazole.

Experimental

1-[(2R)-1-hydroxy-2-phenyl-2-ethanyl|pyridinium
bistrifluoromethanesulfonimide (3)

To a suspension of 1-(2,4-dinitrophenyl)pyridinium chloride
(2.25 g, 8.00 mmol) in n-butanol (80 cm?) was added (—)-(R)-2-
phenylglycinol (1.10 g, 8.00 mmol) and the resulting mixture
was refluxed for 20 h. After cooling to room temperature,
the solvent was removed under reduced pressure and to the
residue obtained was added water (60 cm®). The aqueous
solution was washed with dichloromethane (3 x 80 cm?®) and
concentrated to dryness in vacuo to give a light brown oil, which
was used in the following step without further purification.
Then, this residue was dissolved in water (50 cm?®) and lithium
bistrifluoromethanesulfonimide (2.53 g, 8.80 mmol) was added
at once. The resulting suspension was heated at 70 °C for 2 h and
allowed to stand at room temperature overnight. The insoluble
oily material was extracted with dichloromethane (3 x 80 cm?)
and the combined organic layers were washed with water (6 x
50 cm?), dried over anhydrous Na,SO,, filtered and concentrated
to dryness to give the expected bistrifluoromethanesulfonimide
salt 3 (2.34 g, 61% for the 2 steps) as a light brown liquid.

This journal is © The Royal Society of Chemistry 2008
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[a]¥ —34.0 (¢ 1.70 in CH;O0H); vy, (film)/cm™" 3521, 3136, 3093,
1633, 1486, 1352, 1196, 1138, 1058, 791 and 741; 6, (300 MHz,
CD;0D) 9.05 (2 H, dd, J 1.3 and 6.8, arom. H), 8.63 (1 H,
tt, J 1.3 and 7.9), 8.13 2 H, t, J 7.0, arom. H), 7.56-7.47 (5
H, m, Ph), 6.04 (1 H, dd, J 4.1 and 8.6, CHCH,OH) and 4.46
(2 H, AB of an ABX, Ad 0.15, J 12.4, 8.6 and 4.1, CH,OH);
dc (75 MHz, CD;0D) 147.8, 145.6, 135.2, 131.5, 130.9, 129.6,
129.5,121.4(q, J 320.5, SO,CF;), 77.8 and 63.6; m/z (ESI*) 200
(M+, 100%); (EST~) 280 (Tf,N-, 100%); HRMS (ESI*) 200.1096
(M*, C3H,NO requires 200.1075).

1-(2,4-dinitrophenyl)-3-methylimidazolium chloride (4)

To a solution of 1-methylimidazole (2.50 g, 30.50 mmol) in
acetone (20 cm?®) was added 1-chloro-2,4-dinitrobenzene (6.20 g,
30.60 mmol) and the resulting mixture was refluxed for 6 h.
After cooling to room temperature, the precipitate was filtered,
washed with acetone and dried under reduced pressure to give
the Zincke-type salt 4 (7.04 g, 81%) as an off-white powder.
Mp 235 °C (dec.); Vmux (KBr)/cm™" 3076, 2927, 1607, 1583, 1536,
1356, 1221, 1089, 954, 859 and 770; éy (300 MHz, DMSO-d¢)
9.90 (1 H,s,2-H),9.03 (1 H, d, J 2.5, arom. H), 8.87 (1 H, dd, J
2.6 and 8.7, arom. H), 8.28 (1 H, d, J 8.7, arom. H), 8.19 (1 H,
t,J 1.8, 4-H or 5-H), 8.06 (1 H, t, J 1.8, 4-H or 5-H) and 4.04
(3 H, s, 3-CH,); dc (75 MHz, DMSO-d,) 148.4, 143.8, 138.5,
132.5,131.8, 129.6, 124.1, 123.8, 121.5 and 36.3; m/z (ESI*) 249
(M*, 100%), HRMS (ESI*) 249.0614 (M*, C,,H;N,O4 requires
249.0624).

1-butoxy-2,4-dinitrobenzene (6) and
(S)-2-(2,4-dinitrophenylamino)propan-1-ol (7)

L-Alaninol (145 mg, 1.93 mmol) in solution in n-butanol
(0.50 cm?®) was added to a stirred suspension of imidazolium
chloride 4 (500 mg, 1.76 mg) in n-butanol (5 cm?®) at room
temperature. A rapid yellow color of the supernatant ensued.
The reaction mixture was then gradually heated and was
maintained under reflux for 20 h. Upon heating, the reaction
mixture turned to a black homogenous solution. After cooling to
room temperature, the solvent was evaporated off under vacuum
and the resulting residue was purified by flash chromatography
over silica gel (CH,Cl,/EtOAc, 100 : 0, 90 : 10 and 80 : 20) to
give the aromatic ether 6 as a colourless liquid (125 mg, 30%)
and the aniline 7 (218 mg, 51%) as a yellow-orange solid.

1-butoxy-2,4-dinitrobenzene (6)

Vimax (film)/cm~" 3117, 2962, 2875, 1608, 1526, 1343, 1287, 1152,
1069, 962, 833 and 744; 6, (300 MHz, CDCl;) 8.69 (1 H, d, J
2.8, arom. H), 8.40 (1 H, dd, J 9.3 and 2.8, arom. H), 7.21 (1 H,
d,J9.3,arom. H),4.24 (2H,t,J 6.3,0CH,), 1.91-1.81 2 H, m,
CH,CH,), 1.59-1.46 2H, m, CH,CH,)and 0.97 3H, d, J 7.3,
CH,); ¢ (75 MHz, CDCl,) 156.9, 139.7, 138.8, 129.0, 121.7,
114.2, 70.5, 30.6, 18.9 and 13.5; m/z (ESI*) 503 (2M + Na*,
79%) and 263 (M + Na*, 100%).

(S)-2-(2,4-dinitrophenylamino)propan-1-ol (7)

Mp 69-70 °C; [a]2 + 16.0 (¢ 1.20 in CHCL); v, (KBr)/cm™!
3350, 3089, 2939, 1625, 1585, 1504, 1422, 1342, 1274, 1124,
1082, 995, 827 and 743; &, (300 MHz, CDCl,) 9.06 (1 H, d, J

2.7,arom. H),8.72 (1 H, brd, J 7.1, NH), 8.21 (1 H, ddd, J 9.6,
2.7 and 0.6, arom. H), 7.02 (1 H, d, J 9.6, arom. H), 4.04-3.92
(1 H, m, CHCH,OH), 3.82 (2 H, AB of an ABX, AJ 0.10, J
11.0, 5.4 and 4.1, CH,OH), 2.35(1 H, br s, OH) and 1.38 (3 H,
d, J 6.5, CH;); 6 (75 MHz, CDCl;) 148.1, 135.7, 130.2, 124 .4,
114.6, 65.6, 50.5 and 16.9; m/z (ESI*) 505 (2M + Na*, 46%), 264
(M + Na*, 100%), 242 (M + H*, 26%); HRMS (ESI*) 505.1295
(2M + Na*, C3H,,N¢O,;Na requires 505.13006).

1-Methyl-3-[(2.5)-1-hydroxy-2-propanyl]imidazolium iodide (9)

To a solution of the imidazole 8 (0.52 g, 4.10 mmol) in acetoni-
trile (9 cm?) was added iodomethane (0.28 cm?, 4.51 mmol) and
the resulting mixture was stirred for 20 h at room temperature.
The solvent was removed under reduced pressure giving the
desired imidazolium iodide 9 in quantitative yield (1.10 g) as
a light yellow powder. Mp 71-72 °C; [a]y + 5.81 (c 0.86 in
CH,O0H; v, (KBr)/cm™' 3331, 3140, 3105, 3074, 2969, 1572,
1560,1341,1171,1047,827,753 and 651; 0y (300 MHz, CD,;0D)
9.09 (1 H, s, 2-H), 7.75 (1 H, t, J 1.8, 4-H or 5-H), 7.63 (1
H, t, J 1.8, 4-H or 5-H), 4.62 (1 H, dquintet, J 3.7 and 7.0,
CHCH,OH), 3.98 (3H, s, CH;), 3.81 (2 H, AB of an ABX,
AS 0.11, J 12.0, 7.0 and 3.7, CH,OH) and 1.59 3 H, d, J
7.0, CHCH;); dc (75 MHz, CD,0D) 137.5, 124.8, 122.4, 65.5,
60.1, 36.9 and 16.9; m/z (ESI*) 141 (M*, 100%); (ESI") 127
(I7, 100%); HRMS (ESI*) 141.1053 (M*, C,H;N,O requires
141.1028).

1-Methyl-3-[(2S)-1-hydroxy-2-propanyl]imidazolium
hexafluorophosphate (10)

To a solution of the imidazolium iodide 9 (175 mg, 0.65 mmol)
in water at 0 °C (5 cm®) was added hexafluorophosphoric acid
(0.2 cm® of a 60% aqueous solution, 1.31 mmol) and the mixture
was stirred in the dark at room temperature for 24 h. The
resulting yellow solution was then concentrated in vacuo. The
residue was taken up in water and the mixture was concentrated
in vacuo. This operation was repeated until a colourless crude
mixture was obtained. The residue was then dissolved in water
and the acidic solution was neutralized by addition of solid
NaHCO;. The residue was then filtered over C18 silica gel eluting
with water to give the desired imidazolium hexafluorophosphate
10 (145 mg, 78%) as a colourless materiel. [a]? + 0.62 (¢ 1.94
in CH;CN); v, (film)/cm™" 3399, 3152, 2950, 1573, 1543, 1461,
1171, 1052, 839 and 558; dy (300 MHz, CD;0D) 8.83 (1 H, s,
2-H), 7.64 (1 H, t, J 1.8, 4-H or 5-H), 7.52 (1 H, t, J 1.8, 4-H
or 5-H), 4.52 (1 H, dquintet, J 3.7 and 7.0, CHCH,OH), 3.92
(3H,s,CH;), 3.77 (2H, AB of an ABX, Ad 0.11, J 12.0, 7.0 and
3.7, CH,OH) and 1.55 (3 H, d, J 7.0, CHCH,); . (75 MHz,
CD,OD) 137.2, 124.7, 122.2, 65.5, 60.2, 36.4 and 16.6; m/z
(EST*) 141 (M*, 100%); (EST") 145 (PF,~, 100%); HRMS (ESI*)
141.1026 (M*, C;H;N,O requires 141.1028).
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