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HIGHLIGHT

851

Highlights

Markus Hölscher reviews some of the recent literature in green
chemistry.

PERSPECTIVE

853

Green chemistry and the biorefinery: a partnership for a
sustainable future

James H. Clark,* Vitaly Budarin, Fabien E. I. Deswarte,
Jeffrey J. E. Hardy, Fran M. Kerton, Andrew J. Hunt,
Rafael Luque, Duncan J. Macquarrie, Krzysztof Milkowski,
Aitana Rodriguez, Owain Samuel, Stewart J. Tavener,
Robin J. White and Ashley J. Wilson

By applying green chemical technologies to the transformation
of biomass feedstock in biorefineries, we can build up new
environmentally sustainable chemicals and materials
industries.

CRITICAL REVIEW

861

Biomass to biofuels, a chemical perspective

Leo Petrus and Minke A. Noordermeer*

Biofuels are an interesting sustainable option for the transport
sector. The preferred use of biofuels in the current car fleet, as
a blend with fossil fuels, has a large impact on the required
biofuel product characteristics.

COMMUNICATIONS

868

Simple and eco-friendly reduction of nitroarenes to the
corresponding aromatic amines using polymer-supported
hydrazine hydrate over iron oxide hydroxide catalyst

Qixun Shi, Rongwen Lu,* Kun Jin, Zhuxia Zhang and
Defeng Zhao

Polymer-supported hydrazine hydrate as a hydrogen donor
has been used in the reduction of nitroarenes, which efficiently
solves the problem of environmental pollution resulting from
the release of excess hydrazine hydrate.

This journal is � The Royal Society of Chemistry 2006 Green Chem., 2006, 8, 843–848 | 845
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COMMUNICATIONS

871

Transesterifications catalysed by solid, reusable
apatite–zinc chloride catalysts

Abderrahim Solhy,* James H. Clark,* Rachid Tahir,
Said Sebti and Mohamed Larzek

Hydroxyapatite and fluoroapatite materials are used for the
first time as effective catalysts in transesterification reactions.

875

Alternating CO/tert-butylstyrene copolymerisation using
soluble cationic palladium complexes in supercritical
carbon dioxide

Marta Giménez-Pedrós, Clara Tortosa-Estorach,
Amaia Bastero, Anna M. Masdeu-Bultó,*
Maurizio Solinas and Walter Leitner*

Polyketones (Mw up to 87 000 g mol21) with low
polydispersities have been obtained by CO/tert-butylstyrene
copolymerisation in supercritical carbon dioxide using Pd
complexes with perfluorinated bipyridine and phenanthroline
ligands.

PAPERS

878

Biomass-derived heat-resistant alicyclic hydrocarbon
polymers: poly(terpenes) and their hydrogenated
derivatives

Kotaro Satoh, Hiroko Sugiyama and Masami Kamigaito*

Naturally-occurring terpenes, such as (2)-b-pinene and
(2)-a-phellandrene, were cationically polymerized and
subsequently hydrogenated into stable alicyclic hydrocarbon
polymers with high glass transition and degradation
temperatures.

883

H2O2-Based oxidation of functionalized phenols
containing several oxidizable sites to p-quinones
using a mesoporous titanium-silicate catalyst

Olga V. Zalomaeva, Oxana A. Kholdeeva and
Alexander B. Sorokin*

The oxidation of different phenols bearing oxidizable
functional groups with aqueous H2O2 produces valuable
synthetic building blocks with good to moderate yields
keeping the other oxidizable sites intact.

846 | Green Chem., 2006, 8, 843–848 This journal is � The Royal Society of Chemistry 2006
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PAPERS

887

Transesterification of methylsulfate and ethylsulfate ionic
liquids—an environmentally benign way to synthesize
long-chain and functionalized alkylsulfate ionic liquids

Simone Himmler, Stefanie Hörmann, Roy van Hal,
Peter S. Schulz and Peter Wasserscheid*

A new environmentally friendly method to synthesize
long-chain and functionalized alkylsulfate ionic liquids is
reported. The reaction is halide-free, liberates methanol or
ethanol as the only by-products, is solvent-free and scale-up
is straight forward.

895

Microwave-assisted cationic ring-opening polymerization
of a soy-based 2-oxazoline monomer

Richard Hoogenboom and Ulrich S. Schubert*

Microwave-assisted cationic ring-opening polymerization
of a soy-based 2-oxazoline monomer led to the formation of
well-defined polymers. The unsaturated fatty acid side chains
of these polymers were applied to cross link the material.

900

An environmentally benign catalytic system for alkene
epoxidation with hydrogen peroxide electrogenerated
in situ

Kam-Piu Ho, Tak Hang Chan and Kwok-Yin Wong*

Hydrogen peroxide was electrogenerated in situ in bicarbonate
solutions for the epoxidation of various alkenes using Mn2+ as
the catalyst.

906

Comparative analysis of solvation and selectivity in room
temperature ionic liquids using the Abraham linear free
energy relationship

Michael H. Abraham and William E. Acree, Jr.*

The RTILs have solvation properties quite close to those for
polar aprotic organic solvents.

This journal is � The Royal Society of Chemistry 2006 Green Chem., 2006, 8, 843–848 | 847
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PAPERS

916

Eco-friendly and versatile brominating reagent prepared
from a liquid bromine precursor

Subbarayappa Adimurthy, Gadde Ramachandraiah,*
Ashutosh V. Bedekar, Sudip Ghosh, Brindaban C. Ranu*
and Pushpito K. Ghosh*

Facile bromination of various organic substrates with high
atom efficiency has been demonstrated with a 2 : 1
bromide : bromate reagent prepared cost-effectively from the
intermediate stream of bromine recovery by cold process,
thereby eliminating the formation and use of liquid bromine.

923

Lipase-mediated epoxidation utilizing urea–hydrogen
peroxide in ethyl acetate

Emanuel G. Ankudey, Horacio F. Olivo* and
Tonya L. Peeples

A practical and simple procedure for the epoxidation
of electron rich alkenes utilizes a catalytic amount of
Novozyme-435 and a stoichiometric amount of urea–hydrogen
peroxide in ethyl acetate.
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European Science Open Forum—ESOF2006
München, 15–18 July, 2006. Report on the
session. Green chemistry: a tool for socio-
economic development and environmental
protection
DOI: 10.1039/b611593b

Green chemistry claims success at the 2006 European Science Open Forum.
The session ‘‘Green chemistry: a tool for socio-economic development and
environmental protection’’ was a popular one as is described by Pietro Tundo,
Alvise Perosa and Alberto Procopio.

ESOF2006 was the second pan-European

General Science Meeting held in Munich

at the Forum am Deutschen Museum and

the Deutsches Museum from July 15th to

19th, 2006, whose purpose was to pro-

mote interaction and dialogue between

science and the general public.

Seven scientific themes were chosen to

reflect the sessions: Combining Cultures,

Dealing with Disasters, Earth and

Environment, Particles and Planets,

Science and Society, Fabric of Science,

Workings of Life.

Finally success for green chemistry! It

claimed its place on the same level as

other more popular scientific disciplines

and topical issues such as natural disaster

prevention, biodiversity, genomics, evolu-

tion, medical science, and astronomy.

Within the Earth and Environment

theme, green chemistry was indicated as

one of the main options for environmental

safeguarding, and this was highlighted on

the posters placed at the entrance of the

meeting. Plus, the session on green

chemistry that took place in Munich

represented the only session on chemistry.

‘‘Is green chemistry a real option?’’ This

question shows clearly what the press

and society ask of chemistry. And a posi-

tive answer to this question was given by

the panellists: Tundo, Poliakoff, Seddon,

Mours, and Sydnes during the 2.5 h

long session held on Sunday afternoon

entitled: ‘‘Green chemistry: a tool for

socio-economic development and environ-

mental protection’’.

The crowded event was moderated

by Barbara Schwerdtfeger, a science

journalist. Among the participants were

Francesco Fedi president of COST

(European Cooperation in the field of

Science and Technical Research), and

Howard Moore senior advisor of ICSU

(International Council for Science), and

of the press (Berliner Zeitung), all wanted

to know why green chemistry is an

option, and why they should care.

The definition of green chemistry

was illustrated by Martyn Poliakoff

from Nottingham, who also showed

how green chemistry is starting to move

from academic research to industrial

applications.

The international context, expecta-

tions, and philosophy were described in

depth by Pietro Tundo from Venice, who

placed emphasis on the need of green

chemistry to foster development in

developing nations, and on the newest

international networking initiatives (see

Box 1 and Box 2). Kenneth Seddon

from Belfast illustrated one of the most

recent and important networks, the

International Green Network, founded

by the G8 ministers of research, which is

now starting thanks to national govern-

ment funding of its activities.

Marian Mours of CEFIC (European

Chemical Industry Council) offered the

IGN The mission of the

International Green Network (IGN)

includes research, coordination and

sponsorship for scientific collabora-

tions, targeted training for a new

generation of scientists, and the

support of sustainable development.

IGN consists of eight research

centres, one in each of the G8

countries, and it will accelerate

movement towards a sustainable

energy and materials economy by

bringing together scientists, engi-

neers, research institutions, firms,

analysts and government regulators.

NEWS www.rsc.org/greenchem | Green Chemistry
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industrial perspective on green chemistry,

and Leiv Sydnes, past president of

IUPAC, from Bergen demonstrated

how green chemistry is needed in order

to address some of the major concerns

affecting humanity, such as poverty, lack

of resources in the developing nations,

and widespread pollution.

The presentations were followed by an

hour long discussion based on questions

from the audience. Both science policy

and research issues were addressed, as

well as possible actions on how to

improve the public understanding of

chemistry.

Later on the same day, an informal

and entertaining ‘‘round-up’’ of the day’s

sessions was presented by Quentin

Cooper, a BBC radio science journalist.

During this informal, and widely

attended event two of the five speakers

represented the green chemistry session:

Ken Seddon and Martyn Poliakoff. They

were targeted with numerous questions

by the audience and proved that the

green chemistry session was a large

success and that awareness for chemistry

is certainly rising.

The idea of this session was initiated,

proposed and supported by the

Interuniversity Consortium, INCA

(www.unive.it/inca). It is the latest of a

series of initiatives that are placing

Europe in the lead in green chemistry.

Pietro Tundo, Alvise Perosa and

Alberto Procopio

Consorzio Interuniversitario Nazionale

‘‘la Chimica per l’Ambiente’’ INCA,

Italy

MEGREC The Mediterranean

Green Chemistry Network con-

stitutes a platform for the develop-

ment of research and training in

green chemistry in the countries of

the Mediterranean basin, with focus

on water management, exploitation

of local natural resources, produc-

tion and use of fertilizers, and

monitoring and reducing the pre-

sence of toxic compounds in the food

chain. With a clear focus on local

priorities, but with the extended

know-how of all the partners.

850 | Green Chem., 2006, 8, 849–850 This journal is � The Royal Society of Chemistry 2006

D
ow

nl
oa

de
d 

on
 0

8 
N

ov
em

be
r 

20
10

Pu
bl

is
he

d 
on

 1
2 

Se
pt

em
be

r 
20

06
 o

n 
ht

tp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/B
61

15
93

B
View Online

http://dx.doi.org/10.1039/B611593B


Highlights
DOI: 10.1039/b612784n

Markus Hölscher reviews some of the recent literature in green chemistry.

CO2 and argon dependant
surfactant switch

The stabilization of emulsions at certain

stages of a variety of applications (i.e.

manufacturing, oil recovery, chemical

syntheses) is mandatory for the corre-

sponding process to work. However at

earlier or later stages it would be helpful

to simply demulsify the corresponding

emulsion, as these stages do not work or

are hindered in the presence of an

emulsion. If cleavable surfactants are

used the emulsion can be broken, how-

ever the single components of the surfac-

tant remain in solution, which again is

undesirable in terms of efficient separa-

tion, work-up etc. Switchable surfac-

tants, therefore, could help enormously

as they can be turned ‘‘on’’ at a certain

stage of the desired process and switched

‘‘off’’ at other stages, helping in this way

to create more efficient and also more

sustainable processes. Jessop et al. from

Queen’s University very recently investi-

gated the switchability of amidine based

surfactants which are tuned by using

environmentally benign gases (CO2,

air).1 Water–amidine or alcohol–amidine

mixtures in the presence of CO2 react to

form the corresponding bicarbonate or

alkylcarbonate salts.

When N2 or argon is bubbled through

the resulting solution the process is

reversed, re-generating the amidines.

The authors performed a variety of

checks of the applicability of the switch-

concept. Mixtures of hexadecane and

water in the presence of surfactant 1a

and after treatment with CO2 remained

stable for up to 3 hours, while the

emulsion began to separate immediately

when no CO2 was used prior to mixing.

When argon was bubbled through the

stabilized solution the phases separated

into two clear layers. The approach also

was applied for emulsion polymerisa-

tions. Styrene was polymerized in a

styrene–water emulsion, which was

stabilized by 2b under CO2. When argon

or nitrogen were bubbled through

the mixture at elevated temperatures the

surfactant was switched off and the

polymer separated and settled.

Without the Ar/N2 treatment the

polymer did not separate within a period

of 3 days. Nanoparticle synthesis, poly-

merisations and also applications in the

oil industry might benefit from this new

technique significantly.

Crystalline walls in a
mesoporous aluminosilicate

Microporous aluminosilicates are

interesting materials as e.g. hetero-

geneous solid acid catalysts or adsor-

bents, and as such can contribute

significantly to environmentally friendly

catalytic processes. However, in contrast

to their small pore counterparts the

zeolites, they have amorphous walls,

which are relatively unstable with regard

to thermal or hydrothermal treatment,

which severely limits their application. If

the walls of the mesoporous materials

could be altered from the amorphous to

the crystalline state the material would

retain its shape selective properties while

thermal and chemical stability should

increase. Accordingly the synthesis of

such materials has been investigated,

however one major step forward has

only recently been made by the group

of Hu from Dalian University of

Technology.2 The approach was to

synthesize the mesoporous material with

the mesopores filled by a carbon-based

template in the first step. In the second

step the amorphous walls are allowed to

recrystallize in the presence of a template

commonly used for zeolite synthesis,

while the chemically inert carbon-based

template remains in the mesopores.

Under hydrothermal conditions, the pre-

sence of the zeolite template should then

induce the formation/reordering of the

amorphous walls into crystalline, zeolitic

material. The authors used SBA-15/

CMK-5 nanocomposite material, which

was impregnated with tetrapropylammo-

nium hydroxide solution in the presence

of methanol. After evaporation of the

organic solvent the mixture was sealed in

an autoclave containing water to produce

steam during the heating period. After

cooling and work-up the carbon material

was removed by heating in N2 and O2,

and the template free material, named

OMZ-1, was subjected to the typical set

of analyses. XRD diffraction in the low

angle area showed the typical reflections

of hexagonally ordered materials with

wide diameters. Additionally the wide-

angle reflection data suggested the

ZSM-5 zeolite structure to be present in

the walls. The surface area was deter-

mined to be ca. 400 g m22, clearly

showing the accessibility of the inner

surface. Severe treatments to check the

thermal and hydrothermal stability were

applied to the OMZ-1 material showing

high stability of both the mesopore

and micropore structure. Catalytic

performance of zirconium containing

HIGHLIGHT www.rsc.org/greenchem | Green Chemistry
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Zr–OMZ-1 was tested in methylation

of 2-methylnaphthalene, yielding either

2,6- or 2,7-dimethylnaphthalene (DMN).

Conversion was determined to be 44%,

with a ratio of 2,6-DMN to 2,7-DMN

ranging between 2.6 and 2.7.

Ketone reduction with
‘‘designer cells’’ at high
substrate concentrations

The synthesis of optically active alcohols

can be accomplished by asymmetric

ketone reduction using alcohol dehydro-

genases. To make this environmentally

friendly technology competitive in com-

parison to the highly efficient metal

catalysed hydrogenation, it is mandatory

to achieve a high substrate concentration

in industrial applications and to be

able to work without an ‘‘external’’

cofactor. Gröger and May from

Degussa AG reported on such a novel

technology, in which ‘‘designer cells’’,

with high expression of the enzymes

required, are used with no ‘‘external’’

cofactor.3 Substrate concentrations

were higher than 100 g L21 and the

desired R- and S-alcohols were obtained

with conversions of higher than 90% and

ee-values of .99%.

The concept relies on the use of cells

which express the alcohol dehydro-

genase. The host organism was E. coli

DSM14459, while the genes coding for

S-selective alcohol dehydrogenase from

Rhodococcus erythropolis and glucose

dehydrogenase from Bacillus subtilis

were ligated into one plasmid

(pNO14c). The reaction can be per-

formed in water or aqueous buffer

solution. A variety of ketones could be

enantioselectively reduced, and very

interesting for further chemical modifica-

tions is the fact that substrates can be

used which carry another functional

group, such as acetophenones carrying

halogen atoms in the a-position.

Implementation Action Plan of
the European Technology
Platform for Sustainable
Chemistry

The European Technology Platform for

Sustainable Chemistry was founded in

2004 mainly by Cefic and EuropaBio,

but the partnership was quickly extended

to a number of partners, such as

Dechema, ESAB, the GDCh and the

RSC. The platform is devoted to creating

and maintaining highly competitive che-

mical research for sustainable industrial

chemistry production in Europe. After

publication of a vision document in

early 2005, the organisation developed a

Stategic Research Agenda (SRA) in

November 2005, which outlined the

future priorities for European research

efforts. In August 2006 an

Implementation Action Plan (IAP)

followed, that describes how the research

priorities can be implemented in practice.

The focus of this action plan is to

describe the steps that need to be taken

on the most important/urgent issues

defined in the SRA. Among others, the

platform defined the bio-based economy,

energy, nanotechnology and sustainable

product and process design to be the

most urgent topics that need to be

addressed. The IAP defines in high detail

the different topics that need investiga-

tion/realisation within an issue, and

shows how progress should be generated.

It is an ambitious plan, but the efforts

are worth it, as one of the central

ideas behind the platform is no less

than keeping Europe’s academic and

industrial chemistry competitive and

sustainable, to help prevent the danger

of Europe becoming a net importer

of chemical products by 2015. The

whole IAP can be downloaded from

www.suschem.org.

Carbon dioxide storage
testing in Ketzin

Since 1750 the burning of coal by

mankind has released ca. 150 gigatonnes

of carbon into the planet’s atmosphere.

Carbon dioxide levels in the atmosphere

should not get higher than 550 ppm, the

current level being ca. 380 ppm, while it

was about 280 ppm in the 18th century.

If the desired level is to be met, about a

third of the emissions expected in the

next 50 years must be avoided. How

could that be done? Among other ways,

one currently emerging technology is the

carbon capture and storage (CCS)

approach, by which carbon dioxide is

pumped back into the earth by injecting

the gas into water reservoirs far under

the surface of the earth.4 Ketzin, a small

village not very far away from Berlin, is

one of the testing areas for this new

technology in Germany. During the next

two years, it is planned to inject ca.

60 000 tons of CO2 into a water layer

700 m beneath the village, and it is, with

other spots on the earth, considered a

model case to evaluate the storage with

regard to leaking and other issues. If one

would like to lock away ca. 250 million

tonnes of carbon per year, which equals

about 4% of the yearly emissions, one

would need to inject 25 to 35 million

barrels per day. This is certainly a

technological challenge, however it only

accounts for approximately one third of

the flow of oil coming from reservoirs.

As a result it should be possible to put

this technology into practice. A good

start would be to build the 1400 giga-

watts worth of new coal plants needed to

satisfy the estimated increase in energy

demand (1.7% up to 2030) near appro-

priate reservoirs and directly inject the

combustion gas. Governments world-

wide have, by and large, been reluctant,

which makes scientists believe that the

new technology only will have a chance if

the price of carbon dioxide emission rises

substantially.

References

1 Y. Liu, P. G. Jessop, M. Cunningham,
C. A. Eckert and C. L. Liotta, Science,
2006, 313, 958–960.

2 Y. Fang and H. Hu, J. Am. Chem. Soc.,
2006, 128, 10636–10637.
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Research into renewable bioresources at York and elsewhere is demonstrating that by applying

green chemical technologies to the transformation of typically low value and widely available

biomass feedstocks, including wastes, we can build up new environmentally compatible and

sustainable chemicals and materials industries for the 21st century. Current research includes the

benign extraction of valuable secondary metabolites from agricultural co-products and other low

value biomass, the conversion of nature’s primary metabolites into speciality materials and into

bioplatform molecules, as well as the green chemical transformations of those platform molecules.

Key drivers for the adoption of biorefinery technologies will come from all stages in the chemical

product lifecycle (reducing the use of non-renewable fossil resources, cleaner and safer chemical

manufacturing, and legislative and consumer requirements for products), but also from the

renewable energy industries (adding value to biofuels through the utilisation of the chemical value

of by-products) and the food industries (realising the potential chemical value of wastes at all

stages in the food product lifecycle).

Introduction

While the 20th century saw the emergence and establishment

of an organic chemicals manufacturing industry based on

petroleum refining, the 21st century will see the development

of a new organics industry based on biomass refining.1–3 In

both scenarios the driver is energy. The enormous demand for

petroleum as a cheap, single-use fuel gave chemical manufac-

turing a large volume, low cost and continuous supply of

hydrocarbons from which the petrochemical industry was

built; chemical and engineering technology for cracking,

separating, rearranging, polymerising and functionalising

allowed us to take complex mixtures of simple chemicals and

transform them into a multitude of higher value molecules

with a seemingly never-ending range of applications from high

volume, low cost plastics to small volume but highly expensive

drugs. We are now at the beginning of an era where new,

renewable sources of energy are sought with increasing vigour;

biomass, renewable carbon, is guaranteed a place in the new

energy portfolio for the foreseeable future. The growth in the

bioenergy (e.g. biomass gasification) and biofuels (e.g.

biodiesel) industries will add to the food industries in the

consumption of renewable carbon.2 Food production is

wasteful—from the crop residues (e.g. wheat straw) through

the processing (where substantial losses occur) to sale and

consumption, we throw away an obscenely high proportion of

food. However, what is waste to food manufacturing can be

feed to the chemicals, energy and other industries. Wheat straw

contains significant quantities of valuable wax compounds

(fatty alcohols, alkanes, etc) and the lignocellulosic fraction

can be used to make paper or ethanol;4 rice husks from rice

farming can be burned to yield the energy needed to drive the

farm machinery, and the residues are rich in silica5 that has

diverse application value. Used food oils can be recovered and,

through chemical transformation, turned into biodiesel.6 The

same biodiesel manufacturing process, encouraged by tax

incentives and government targets for biofuel utilisation,

produces glycerol as a co-product, which, through the right

chemistry, can be turned into numerous higher value products.

Food wastes can no longer be landfilled due to health

concerns, so they ultimately need to be burned; alternatively

they could be gasified and used to drive a gas turbine to

produce electricity—combined heat and power units is an

exciting possibility for the destination of low value residues

and wastes. It may also be possible to gain chemical value from

the destruction of food (and other biological) wastes;

controlled pyrolysis can be used to produce small organic

molecules that may have value in their own right, or in making

polymeric materials, or as platform molecules for building up

larger and more valuable chemical products.7

The refining of nature’s daily bounty will provide a

treasure trove of chemical potential from pre-treatment to

incineration, as well as by devoting some of the raw material to

bioprocessing.

A biorefinery can be considered as an integral unit that

can accept different biological feedstocks and convert them to

a range of useful products including chemicals, energy and

materials (Fig. 1).8,9

Renewable resources research at York is directed at

chemical aspects of biomaterials and bioenergy as well as

Green Chemistry Centre of Excellence, Department of Chemistry,
University of York, York, UK YO10 5DD
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bio-chemicals (Fig. 2).10 Based on a wide range of renewable

feedstocks (including low value plants such as trees, grasses

and heathers; energy crops and food crops by-products;

marine resource wastes and food wastes) we research the

application of green chemical technologies (including super-

critical fluid extraction; microwave processing; catalytic

and other clean synthesis methods) with the aim of developing

new, genuinely sustainable, low environmental impact

routes to important chemical products, materials and bio-

energy. In this article, we will outline with some new examples

some of the key project areas in which we are currently

engaged.

Supercritical fluid extraction of secondary
metabolites from plant surfaces

Wheat straw is a good example of a low value, high volume

agricultural by-product that can be the basis for a biorefinery.

Materials, chemicals and bioenergy/fuels are all accessible

from this chemically interesting feedstock (Fig. 3).11

Fig. 1 The integrated biorefinery as a mixed feedstock source of

chemicals, energy, fuels and materials.

Fig. 2 Renewable Resources research at York: applying green chemistry to the biorefineries.

Fig. 3 The wheat straw biorefinery concept.
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We recently reported the first successful use of supercritical

fluid (SF) extraction and fractionation of waxes from wheat

straw.4 This can be considered as the first step in a biorefinery,

with no effect on the bulk structure of the straw. Plant waxes

are a complex mixture of linear compounds notably long chain

alkanes, fatty alcohols and acids, and cyclic compounds,

especially sterols, and while there is value in the mixture,

more refined fractions can have much greater value in areas

including cosmetics, insect semiochemicals and nutraceuti-

cals.4,12 Use of variable temperature and pressure (T/P) scCO2

allowed us to fractionate the waxes on the surface of wheat

straw, and to totally avoid contamination from more polar

unwanted compounds that are always present in solvent

extraction. The area has added appeal in countries such as the

UK where we import our plant waxes and where demand is

outstripping supply. An important additional factor is a

growing reluctance to use animal derived products (even

extending to lanolin from sheep’s wool).

The use of an environmentally low impact extraction

and fractionation method combined with a low or zero value

feedstock is clearly attractive on both environmental and

economic grounds. The potential for providing new business

opportunities to rural areas, where farming income, for

example, has been at a record low, completes the ‘triple

bottom line benefit’ through social advantage.13 We have

extended the methodology to another UK-abundant low value

plant material, heather (Calluna vulgaris). The new value in

heather has a potentially important added benefit in that

the poor economics of upland farming has been driving

businesses away from these regions. There is a danger that

these important regions will become unmanaged, with

potentially devastating effects on water management—in the

UK for example, some 70% of our fresh water supply comes

from the uplands.14 The surface waxes on the above ground

components of heather are typically complex.15 We demon-

strated that they were rich in valuable products such as

triterpenoids. The selectivity advantage of scCO2 is immedi-

ately evident when comparing a typical extract with a solvent

extract (Fig. 4). The chromatograms for these two mixtures

are significantly different and of particular importance, the

triterpenoids are almost absent from the former, both helping

the purity of the scCO2-derived extracts and also providing a

route to triterpenoid fractionation.

It is clear that applying a benign extraction/fractionation

technique to abundant and low value plants to generate

valuable products has multiple benefits, especially in regions

where land resource management needs better control and

where the wax products are largely imported. There is even the

added benefit of surface wax extraction adding to the value of

the materials for use in the bioenergy and paper industries. We

have taken this method up to large scale in collaboration

with industry, and new product formulations based on these

Fig. 4 Gas chromatograms of a solvent extracted sample from Calluna vulgaris (with triterpenoids present) and a supercritical carbon dioxide

extracted sample (with no triterpenoids present).

This journal is � The Royal Society of Chemistry 2006 Green Chem., 2006, 8, 853–860 | 855

D
ow

nl
oa

de
d 

on
 0

8 
N

ov
em

be
r 

20
10

Pu
bl

is
he

d 
on

 1
4 

A
ug

us
t 2

00
6 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/B
60

44
83

M
View Online

http://dx.doi.org/10.1039/B604483M


sustainable ‘‘green’’ chemicals are currently being developed

and tested.4,12

Trees as chemical factories

Trees represent an enormous renewable carbon resource in

many countries worldwide.2,16 In the UK for example, there

are 2.7 million hectares of woodland. The total volume

(standing biomass) of wood produced in the UK has been

increasing over the past decade and future predictions suggest

a continuing increase over the next twenty years. Trees planted

during the boom of the 1970s and 1980s will come to maturity

in the next decade, but prices for timber have slumped and the

decline is continuing. Increasing supply at a time of low prices

is likely to exacerbate current problems, and many plantations

are unlikely to be worth extracting for timber or pulp. Finding

ways of adding value to such wood resources will help

stimulate rural enterprises and maintain the rural economy.

This could include the utilisation of residues from the pulp and

board industries such as bark. Other sources of wood currently

not utilised include branches, although these can be widely

scattered and their collection and transportation will consume

resources. Alternatively, new wood-utilising industries could

compete with the existing timber-based industries. Some

examples of new applications include cellulose fibres for

textiles and sawdust resins as adhesives.

Overall, only about a quarter of felled wood in Europe is

converted to timber. The remainder is a rich composite of

primary and secondary metabolites that are a largely

unexploited resource for novel renewable products. Some of

the green chemical technologies that we are applying to this

challenge are shown in Fig. 5. In particular, we have been

studying the major UK tree species, Sitka spruce.

We have already discussed the use of SF extraction for

wheatstraw and heather. Trees are also rich in extractable

secondary metabolites including terpenes, flavonoids, sterols and

resin acids, as well as waxes. Some of these have been shown to be

valuable including polyphenolic flavonoids as antioxidants.17

Among the major compounds in trees we have focused our

attention on lignin and cellulose, each of which we will now

discuss in more detail.

Vanillin from lignin

Lignin represents nature’s greatest store of aromatic molecules

and one of the greatest challenges chemists and biologists face

is to find efficient and low environmental impact ways of

unlocking that store.18 Petroleum has provided us with a cheap

abundance of aromatic compounds from benzene upwards,

and aromatic products in pharmaceuticals, agrochemicals,

polymers and many other sectors have become well estab-

lished. We need to develop sustainable sources of aromatic

compounds that we can build up to help compensate for a

future shortfall and increasing costs of petro-derived aromatic

platform molecules such as phenol.

Vanillin is one useful aromatic compound that can be

obtained directly from lignin.2,7 We have carried out pre-

liminary studies comparing the yields of vanillin obtained by

different methods of activation—conventional heating with

base, microwave heating with base, and in the presence of

redox metal salts (Table 1). In addition to vanillin, up to 1.3%

vanillic acid was detected.

Clearly the use of microwave activation can have a dramatic

effect on the reaction kinetics, which is especially important

given how slow the reaction is under conventional heating.

Even the presence of redox metal catalysts only causes a

modest increase in the rate of reaction. We are currently

investigating sequential reactions with different clean techno-

logies, e.g. use of microwave activation to partly break down

the lignin structure followed by catalytic oxidation using air or

H2O2 as the two more environmentally friendly consumable

sources of oxygen.

Expanded biomaterials: high value applications for
cellulose and starch

We recently reported the first use of expanded starch as a

stationary phase for liquid chromatography.19 The physical

Fig. 5 Possible green chemical routes to exploit and add value to tree

metabolites.

Table 1 Lignin oxidation routes to vanillin

Method Conditions

% Vanillin (by
standardised
HPLC)

Conventional heating 2N NaOH/160 uC/24 h 3.5
Microwave 2N NaOH/160 uC/15 min 5.1
Conventional heating FeCl3 (0.5 wt%)/160 uC/24 h 5.8
Conventional heating CuSO4 (0.5 wt%)/160 uC/24 h 4.8

856 | Green Chem., 2006, 8, 853–860 This journal is � The Royal Society of Chemistry 2006
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expansion of starch is achieved by a gelatinisation–retro-

gradation–dehydration process, whereby natural starch

(potato, corn, pea, etc) with a surface area of ca. 1 m2 g21

is converted into a material with a surface area of 100–

200 m2 g21. As significantly, the starch is rendered mesoporous

and with a particularly high mesopore volume/micropore

volume compared to more traditional stationary phases, which

is advantageous for chromatographic applications.

The initial gelatinisation step is achieved by heating in

water, a process that causes swelling and then collapse of

the starch granules giving a gel. Rapid gelatinisation can be

achieved using microwave heating. There is even a rough

correlation between the intensity of microwave radiation (fixed

irradiation time but variable power) and the surface area of the

final expanded material, with 300 W for 2 min giving a surface

area of .190 m2 g21. The subsequent retrogradation occurs on

maintaining the gel at low temperatures (above the glass

transition temperature) that converts the amorphous state into

a more ordered state. The rate of retrogradation is dependent

on the amylose content of the starch, with high amylose

content materials retrograding in a few hours, while those with

higher proportions of the more structurally complex amylo-

pectin require longer periods. The final dehydration process

relies on controlled removal of the bulk of the water using

solvent exchange and/or exchange using supercritical CO2.

The complete process for preparing expanded starch using

ethanol in the solvent exchange is illustrated in Fig. 6. This

includes scanning electron micrographs, which reveal dramatic

differences between smooth, well-defined particles of normal

starch and the irregular porous continuum of expanded starch.

The expanded starches decompose at ca. 265 uC, but at

temperatures somewhat below that there is evidence (by

variable temperature diffuse reflectance IR spectroscopy) for

some chemical changes, with the appearance of a carbonyl

band probably indicative of some cleavage between glucose

units and the formation of aldehyde functions. Remarkably,

in the presence of a small quantity of acid, expanded starch

starts to decompose and form carbonaceous materials at

temperatures as low as 100 uC. We have nicknamed these

materials ‘‘Starbons’’ since they have a combination of

properties reminiscent of starch (high surface energy oxygen-

rich surfaces) and carbon (developing aromatic character,

insolubility), while maintaining largely mesoporous structures

even up to 700 uC.20

The expanded starch was originally prepared as a separation

medium for plant extracts—both to develop a more efficient

stationary phase for complex mixtures of natural products and

to keep a low environmental footprint for the whole process of

extraction and separation. Better separation compared to silica

has been achieved, for example in the separation of sterol

esters and waxes, which can both be extracted from the surface

of plants such as heather. The separation of the lipids extracted

from Calluna vulgaris was quicker and cleaner over expanded

starch compared to silica. The purification of these lipids, to

remove polar lipids, pigments and sugars could be achieved

using 100% hexane over expanded starch, while the equivalent

separations over silica required almost twice the volume of a

hexane–ether mixture (90 : 10 v/v). These observations are

Fig. 6 Diagrammatic representation of the preparation of expanded starch.
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consistent with the measured relative polarities of the two

stationary phases (silica . starch). Other, and less solvent-

demanding, separations over expanded starch have been

consistently observed for a number of complex plant extracts

in our laboratory.

Other proven applications for expanded starches include as

a catalyst support,21,22 and in composites.23 We are currently

studying other applications.

Increasing the surface area of cellulose

Cellulose, the most abundant polysaccharide on earth, consists

of long linear chains of glucose. Unlike starch, it does not

easily gel in water but we have found it possible to increase its

surface area by first heating in water and then removing the

water with ethanol. Cellulose can, however, be expanded into a

higher surface area form by ultrasonic activation. Surface

areas increase with time of extraction and with increasing

temperature up to ca. 50 uC, although the maximum value we

have been able to obtain is ca. 70 m2 g21 (Fig. 7). Ultrasonic

probe activation can give these values in a matter of minutes,

whereas activation in a bath is much slower.

These expanded, high surface area forms of cellulose are less

stable than expanded starch with respect to water, and require

storage in a dry environment. We are currently studying

methods of stabilising the materials (e.g. in composites) and

investigating applications for these low cost, easy to prepare

and biodegradable porous solids. Initial results show separa-

tion abilities as a stationary chromatographic phase similar to

those achieved using expanded starches, as well as the ability

to trap organic molecules from solution. A detailed account of

the preparation and applications of expanded cellulose will be

published separately.

Chitosan

Chitosan is deacetylated chitin from the shells of crustaceans,

cell walls of fungi and exoskeletons and gut linings of insects,

and one of nature’s largest volume materials. It is therefore

truly sustainable, as well as being significantly different to

nature’s other large volume, renewable materials cellulose and

starch in that it offers a mixture of amino and hydroxyl

functions rather than hydroxyl groups alone.

The amino function opens up a number of interesting

possibilities including metal binding for the remediation of

toxic waste streams, applications as a solid base, and the

ability to bind metal complexes for catalytic applications.24–26

We have shown that chitosan forms stable (leaching-

resistant) complexes with palladium and nickel by borrowing

surface complexation developed for silica.27 The resulting

chitosan–metal complexes show comparable activity to the

original silica materials in Heck and Suzuki coupling reactions

(Pd catalysts) and in Baeyer–Villiger oxidations (Ni catalysts)

(Fig. 8).

The ability to cast thin films of catalytically active materials

can be very useful, for example in microreactors and in

intensive processing devices, such as spinning disc reactors. We

have had some success in casting chitosan films on aluminium

substrates, and were then able to modify this to achieve

promising catalytic activity, for example in Pd-catalysed

oxidations. We have also found it is possible to cast fibres of

chitosan mixed with expanded starch, further opening the way

for novel applications for these renewable raw materials.

Biomass platform molecules

We have already described our research with lignin, and

specifically with attempts to increase the selectivity of the

cracking of this complex natural material to vanillin. This is

one of a number of organic compounds that can be made in

large quantities from a renewable feedstock.7 These should

steadily replace the traditional platform molecules derived

from petroleum such as ethene, propene and benzene.

In green chemistry we need to apply our clean synthesis

methods, including heterogeneous catalysis, to building up

these new platform molecules into marketable products.

Only by following renewable feedstocks with green chemical

processing can we hope to build up a library of truly

sustainable and environmentally friendly chemicals.

Two other interesting and very promising biomass platform

molecules that we are currently studying are glycerol and

succinic acid. Both are readily and sustainably obtainable from

large volume raw materials, although the availability of one

(glycerol) has been rapidly accelerated by political drivers

(demand for biodiesel).6 Indeed, the availability and cost of

Fig. 7 Effect of temperature upon surface area of cellulose (sonicated

in EtOH for 30 min).

Fig. 8 Reactions catalysed by chitosan–Pd complex catalysts.
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these and other biomass platform molecules are likely to be

influenced as much by the complex politico-economic issues

associated with the inter-related food and bioenergy aspects of

the biorefinery as chemical markets.

Glycerol is the co-product in the production of biodiesel

(alcohol + triglyceride to ester + glycerol). Given the political

pressure and financial incentives to substantially increase the

production of biodiesel, the volume of glycerol coming on to

markets such as northern Europe will far exceed demand. At

the time of writing, in the UK alone, over 300 companies are in

the early stages of biodiesel manufacture. Reminiscent of the

start of ultra-large volume petroleum production in the 1930s,

the energy industry will again result in large volumes of low

cost chemicals becoming available, and with reasonable

expectancy of continued supply into the foreseeable future.

Glycerol has been traditionally manufactured in a multi-step

process starting from propene—clearly this will change as the

relative price of petroleum and biomass derived molecules

changes, although we must not underestimate the costs and

relative complexity of working with impure, biologically

derived compounds.

As a platform molecule, glycerol has good multiple func-

tionality and a number of immediately valuable or promising

products can be envisaged based on the exploitation of green

chemistry and green chemical technologies. Some of these are

shown in Fig. 9. This could include the use of fast and atom-

efficient chlorination using HCl under microwave activation

that we have recently described to products including 2,3-

dichloropropanol that can easily be converted to the valuable

industrial chemical, epichlorohydrin, (ironically an inter-

mediate in one traditional route to glycerol starting from

propene).28 Glycerol reacts with environmentally benign

dimethylcarbonate (prepared from the reaction of CO2 with

methanol) to form glycerol carbonate, that has been shown to

be a valuable intermediate en route to aliphatic polyethers.29

Amino acid-based cationic surfactants derived from glycerol

have recently been reported.30 More established chemistries

for glycerol are selective reduction to 1,3-propanediol and

selective oxidation to products including glyceric acid. It is

vital that we develop the most environmentally benign

technologies for doing this, and we are currently studying

the use of highly efficient, recoverable heterogeneous

catalysts, including supported metals and supported enzymes

to achieve this.

Succinic acid is currently produced largely from petroleum

in a multistep process (butane A maleic anhydride A maleic

acid A succinic acid), amounting to ca. 15 6 103 tpa. It has a

number of established markets but these are mostly speciality,

as its price excludes its use as a larger volume molecule (up

to J8 per kg).31 The potential for larger volume use to make

new biodegradable plastics, as well as solvents and large

volume intermediates is considerable. It has been shown that

bio-based succinic acid produced from glucose could be

considerably cheaper than the petro-based substance, with an

estimated operating cost as low as J0.5 per kg,31,32 easily

placing it in the commodity chemical price range as well as

having assured sustainability of supply (e.g. from bioproces-

sing of agro and food by-products). This would open up large

new markets, including polymers and solvents.

Examples of the green chemical technologies we are

currently studying in relation to succinic acid, in collaboration

with biochemical engineers (as well as other bio-platform

molecule acids), are shown in Fig. 10. Methodologies that are

tolerant of impure and dilute feeds are of particular interest to

us given the high energy costs that would be associated with

concentrating and purifying fermentation broths.

Conclusion

The rapidly escalating costs of petroleum and petrochemicals

are likely to accelerate the shift towards chemical products

derived from renewable, biological feedstocks. While the

majority of proven examples are low volume speciality

chemicals, the new Solvay process for manufacturing a

commodity chemical (epichlorohydrin) from bio-glycerine

shows the way to larger volume chemical production.28 We

can expect more and more biorefinery-type facilities where

some combination of chemical, energy and food processing

are used to add value to biomass feeds. The more use we can

make of food and bioenergy by-products to make chemicals,

the lower the cost of those chemicals and the quicker we can

expect their successful market entry. It is vital to the future of

sustainable chemical production that we employ only low

environmental impact chemistry to convert these by-products

into valuable chemicals and materials.33 This is likely to

include benign extraction technology (e.g. supercritical CO2),

physical and green chemical enhancement of cellulose, chitin

and starch (e.g. physical expansion), the use of highly efficient

heating methods (e.g. microwave activation), and the right

Fig. 9 Green chemical transformations of glycerol to valuable

products.

Fig. 10 Green chemical transformations for succinic acid.
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combination of biochemical and low environmental impact

chemical methods to build up biomass platform molecules.

Green Chemistry and the biorefinery is a partnership for a

sustainable future.
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Biomass is an interesting starting material for transportation fuels because of its renewable nature.

The main constituents of biomass are the carbohydrate polymers cellulose and hemi-cellulose, and

lignin. Current transportation fuels are mixtures of mainly hydrocarbons derived from crude oil.

Biomass derived biofuels are preferably used as blends with fossil fuels to avoid the need for

adaptations in the existing car fleet. The total blend then needs to meet the set fuel specifications

for fossil fuels. The conversion of biomass to biofuels therefore centres on the removal of oxygen

from carbohydrates to obtain hydrocarbons. Oxygen is preferably eliminated in the form of CO2

or H2O, because the heat of combustion of these molecules is zero and all energy is concentrated in

the remaining products. Based on gross chemical formulae, the conversion options from biomass to

biofuels have been investigated, and interesting intermediates have been identified. Conversion

routes from carbohydrates to hydrocarbons tend to proceed via C1-intermediates (CO, CH4 and

carbon). Gasification and subsequent Fischer Tropsch synthesis seems the logical processing route

to obtain hydrocarbons from biomass via these intermediates. If oxygen containing products are

allowed, conversion can proceed via larger intermediates. For blending with gasoline, ethanol

emerges as an interesting component. Longer carbon chain molecules are required for diesel. These

can only be obtained by at least two process steps, involving the combination of carbon chains (e.g.

by etherification or esterification), and reduction of polarity (by hydrogenation or oligomerisation).

The lignin present in biomass has a complex, highly cross-linked structure, and can probably best be

converted to syngas via gasification or applied directly as solid fuel.

Introduction

Fuels for transportation purposes are currently mainly crude

oil based. Gasoline and diesel fuels are used for vehicles

travelling over land, kerosene for aircraft and heavy fuel oils

for ships. Crude oil supply is finite, but there is still plenty of
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coal available, which can also be converted to transport fuels.

There is however an increasing demand for sustainable fuels,

especially in the land transport market. The main arguments

are the building-up of greenhouse gases, the Kyoto protocol,

the increasing dependency of the USA and the EU on imported

crude oil and the demand for cleaner fuels. In the global energy

market the main sustainable options are: solar, wind, hydro,

biomass and geothermal energy. None of these is very well

suited to be used directly for transport purposes, and these

primary energy sources need to be converted to energy carriers

such as electricity, hydrogen or biofuels. Electrical vehicles are

emerging, but efficient storage of large amounts of electrical

energy is still a challenge. Hydrogen is the ideal fuel for an

energy efficient fuel cell and generates only water as the waste

product. However, the conversion routes from primary energy

source to hydrogen are generally not very energy efficient,

although the efficiency of catalytic conversion of biomass (and

biomass-derived compounds) to hydrogen was substantially

improved recently.1,2 Furthermore, the storage of hydrogen

still requires further development, before being able to come

close to the energy densities (J L21) reached with fuels like

gasoline and diesel. Once these limitations for hydrogen have

been overcome, there is still the issue of building an infrastruc-

ture for the distribution of hydrogen. All these aspects leave an

interesting window for the use of biomass based liquid bio-

fuels. Biofuels may even facilitate a hydrogen economy as

these can be used to make hydrogen on board by catalytic

partial oxidation.3 Biofuels are already on the market in the

form of ethanol for gasoline engines and fatty acid methyl

esters (FAMEs) for diesel engines. Usually these components

are used for blending in crude oil derived gasoline and diesel.

Blending small amounts of biofuels, typically 2–10%, has the

advantage that existing engines and fuel systems can use such

blends without the need for modification. Furthermore, only

minor changes are needed in the distribution chain (fuel

transport and storage, filling stations etc.). On the other hand,

the total mixture then needs to meet the set specifications for

fossil fuels, which demands rather stringent biofuel product

properties (e.g. vapour pressure, viscosity, density, octane/

cetane number). Higher percentages of biofuels require adjust-

ments, for example of fuel/air ratios, because of the lower energy

content of such components. The development of dual-fuel and

multi-fuel cars shows that arbitrary mixtures of such fuels can

be accepted by adjusting the control systems of vehicles.

This paper focuses on possible routes from biomass to

biofuels as seen from a chemical perspective. Only the main

components and main conversion routes are considered, and

not much attention is paid to the actual processes and

conditions required. This simplified view might also be given

the title Carbohydrate to Hydrocarbon. A broader view on the

use of biomass for biofuels and biomaterials was recently

published by A. Ragauskas et al.4

Biomass

An overview of the components typically present in biomass is

given in Fig. 1. The main components are formed from CO2

and H2O using sunlight as energy source. Lignin and

(hemi)cellulose together form a sort of fibre reinforced

composite structure, in which cellulose is the fibre part and

lignin forms a cross-linked three-dimensional resinous struc-

ture. Such ligno-cellulose gives strength to trees and plants.

Cellulose is a polymer of glucose, hemi-cellulose is an oligomer

of both C6- and C5-sugars (mainly glucose and xylose). Lignin

is a highly cross-linked polymer built up of syringyl and

sinapyl units, both substituted phenols containing C3- and/or

methoxy substituents. Typically, dry ligno-cellulosic biomass

contains 40–50 wt% cellulose, 25 wt% hemicellulose and

25 wt% lignin. Especially in seeds and certain algae species,

energy storage compounds and building materials can be

found, such as lipids, sugars and starch. The energy content

per mass unit increases with decreasing oxygen content of the

building blocks. In the following series of materials the energy

content per component decreases: terpenes, vegetable oils,

lignin, sugars (including oligomers and polymers like hemi-

cellulose, cellulose and starch). In principle, materials high in

energy content and preferably liquid are the most interesting

starting compounds for the production of biofuels. However,

biomass usually contains only limited amounts of such

components like terpenes and triglycerides. The bulk of the

material is ligno-cellulose to build stems and leaves, required

for harvesting sunlight. Therefore, ligno-cellulose is the most

interesting source for large-scale production of biofuels.

Minerals are minor components in biomass, but an important

factor to consider. Current legislation does not always allow

the recycling of such components as fertilisers in the form of

ash, because ash is sometimes defined as chemical waste.

Transportation fuels

Current transportation fuels range from very low boiling to

high boiling mixtures of hydrocarbons, mainly produced from

crude oil. Table 1 gives an overview of conventional and

alternative/sustainable transport fuels, ranked according to

their boiling range.

Low boiling fuels are compressed natural gas (CNG) and

liquefied petroleum gas (LPG), both used in spark ignited Otto

engines. Alternative components, having a similar volatility,

are hydrogen and dimethyl ether (DME). The latter compo-

nent has a vapour pressure in the same range as LPG, but can

best be applied as fuel for diesel engines, because of its high

cetane number.5 DME can be produced from methanol via

dehydration or directly from synthesis gas. The debate on the

Fig. 1 Biomass components.
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possible additional risk related to fuels stored under pressure is

still on-going. Obviously CNG is, among the fossil fuels, the

most benign fuel with respect to CO2 emission.

Gasoline, kerosene and diesel (gasoil) are the most popular

transportation fuels. They are all stored at ambient conditions

as liquids having a high energy density, around 40 MJ kg21.

Gasoline is mostly used in passenger cars with an Otto engine,

kerosene in aircraft having jet engines, and gasoil in trucks

having diesel engines. Gasoline is a mixture of paraffins,

olefins, naphtenes and aromates in the C5–C10 range (boiling

point up to y220 uC). The overall composition of gasoline

varies between [–CH–]n and [–CH2–]n, and the overall octane

number should be around 95. Components having a high

octane rating are (highly) branched and aromatic components:

2,2,4-trimethylpentane or ‘‘iso-octane’’ has an octane number

of 100, n-heptane has an octane number of zero, by definition.

The ignition of gasoline in an engine is started by a spark, and

early ignition, the harmful ‘‘knocking’’ of an engine, should be

avoided. High octane components such as branched alkanes

and aromatic structures are more resistant to auto-ignition,

forming more stable tertiary and aromatic radicals as inter-

mediates. Alternative fuels in the gasoline range are ethanol

and ethers such as ethyl tertiary butyl ether (ETBE). Ethanol

and the ethanol part of ETBE are usually derived from crops

rich in sugar or starch, via fermentation. Both ethanol and

ETBE are octane boosters, which can replace the environmen-

tally unfriendly anti-knocking agents methyl tertiary butyl ether

(MTBE) and lead complexes.6 The amount of ethanol that can

be used in blends is limited by the flash point specification. The

tendency to form vapour bubbles in the fuel suction lines from

the tank to the fuel pump (‘vapour lock’), especially on hot

summer days, sets an upper limit to the vapour pressure of the

total mixture. ETBE has a lower vapour pressure and can be

used up to higher percentages than ethanol.

Diesel fuels are usually characterised by their cetane number

(around 45) and a boiling range of y250–360 uC (C12–C20

hydrocarbons). The cetane number is a measure of ignition

quality. A diesel engine does not have spark ignition but com-

pression ignition and, in contrast to gasoline, easily igniting

compounds such as straight chain hydrocarbons are preferred

in diesel. Cetane is the old name for a straight C16 alkane

(hexadecane), which has a cetane number of 100 by conven-

tion. The compound 1-methylnaphthalene has been given a

cetane number of zero. The overall composition of diesel is

thus much closer to [–CH2]n than in the case of gasoline.

Alternative fuels in the diesel range are fatty acid methyl esters

(FAMEs) and GTL products. Vegetable oils are too viscous

and usually have a too high free fatty acid content (causing

corrosion) to be used directly. FAMEs can be obtained via

trans-esterification of (vegetable) oils or fats with methanol.

The trans-esterification lowers the molecular weight and

viscosity by converting triglyceryl esters of fatty acids to their

methyl esters and glycerol. The overall molecular formula of a

typical component in FAMEs, the methyl ester of oleic acid, is

C19H36O2. Due to the oxygen content of FAMEs, their density

is higher than that of corresponding alkanes. In view of the

often tight density specifications for diesel fuels, to limit

the amount of aromatic components, the higher density of

FAMEs can only be accommodated by selecting the proper

(low) density base fuel or by adjusting the density using for

instance kerosene. Instead of methyl esters, the fully bio-

derived fatty acid ethyl esters (FAEEs) can also be used.7 The

viscosity of these FAEEs is slightly higher than the viscosity of

the corresponding FAMEs. FAMEs (and FAEEs) can replace

the environmentally unfriendly sulfur containing compounds

in fuel as lubricating agents for the fuel pump and engine. GTL

(gas to liquids) products are produced from syngas in the

so called Fischer Tropsch process.8 Current GTL-plants use

natural gas or coal as feed to gasification reactors. The

catalysts used in the Fischer Tropsch process are very sensitive

to impurities in the syngas. When using biomass as a

feedstock, removal of impurities is still an important issue,

and therefore this is not applied on industrial scale yet.9,10 The

syngas produced requires extensive cleaning and/or difficult

gasification conditions (e.g. high temperatures to reduce tar

formation). The crude GTL product is a mixture of high

molecular weight paraffins, which need to be cracked to the

desired carbon number range to obtain hydrocarbons in the

kerosene or diesel range.11

Low volatility heavy fuel oils are often used in diesel engines

of ships. The viscosity of these oils may require heating of the

fuel before use, to make it pumpable. Alternatives based on

biomass might be pyrolysis oil or HTU (Hydro Thermal

Upgrading) oil. Pyrolysis oil is obtained as the liquid fraction

after condensation of the pyrolysis products of relatively dry

ligno-cellulosic biomass. Typical pyrolysis conditions are:

residence time in the order of seconds, pressures around

atmospheric pressure and temperatures around 500 uC. The

HTU process, invented by Shell in Amsterdam in the 1980’s,

converts biomass in liquid water at high temperature and

pressure to a two phase mixture.12 The oil-like top layer is

HTU oil, the lower layer is rich in water. Typical HTU con-

ditions are: residence times of several minutes, temperatures

around 300 uC and pressures enabling liquid full operation

(100–200 bar). Neither pyrolysis oil nor HTU oil can be used

directly as substitute for heavy fuel oils or other transport

fuels. Research on methods to upgrade these biomass derived

crude oils is still on-going.

In this paper, we focus on the bulk transport fuels

gasoline and diesel in which the introduction of bio-derived

components such as ethanol and FAMEs is already taking

place. Introduction of oxygenates in kerosene is less desirable,

Table 1 Overview of conventional and alternative transportation
fuels. (CNG = compressed natural gas, LPG = liquefied petroleum
gas, DME = dimethyl ether, ETBE = ethyl tertiary butyl ether, GTL =
gas to liquids, FAME = fatty acid methyl esters, FAEE = fatty acid
ethyl esters, HTU = hydrothermal upgrading)

Conventional Alternative components

CNG H2

LPG DME (in diesel)
Gasoline Ethanol, ethers (ETBE)

others
Kerosene GTL-kerosene
Diesel FAME, FAEE

GTL-diesel
others

Heavy fuel oils Pyrolysis oil
HTU oil

This journal is � The Royal Society of Chemistry 2006 Green Chem., 2006, 8, 861–867 | 863

D
ow

nl
oa

de
d 

on
 0

8 
N

ov
em

be
r 

20
10

Pu
bl

is
he

d 
on

 1
5 

A
ug

us
t 2

00
6 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/B
60

50
36

K
View Online

http://dx.doi.org/10.1039/B605036K


due to the fact that the presence of oxygen lowers the energy

density of a fuel. It does not make sense to carry oxygen, in the

form of an oxygenated fuel, to a height where oxygen for

combustion is still abundantly available.

From cellulosic biomass to transportation fuels: from
carbohydrate to hydrocarbon

The main differences between cellulosic biomass and gasoline

or diesel are shown in Table 2. The underlying cause of a large

number of differences between fossil fuels and biofuels is the

oxygen present in the latter. In view of this, emphasis will be

put on techniques to eliminate oxygen from biomass. Another

difficulty is the chain lengthening required for components in

the diesel range.

Removal of all oxygen from carbohydrate-rich biomass and

upgrading to higher alkanes

Elimination of molecular oxygen from cellulosic biomass to

form hydrocarbons would be very unfavourable as it is the

opposite of partial combustion of hydrocarbons, and thus

highly endothermic. To retain almost all energy in the

remaining products, removal of oxygen in the form of CO2

or H2O is preferred. Both compounds are final products of full

combustion processes and have a combustion enthalpy equal

to zero. The formation of carbon dioxide as the oxygen

carrying molecule from a C6– hydrocarbon would result in

[C3H12], a hypothetical molecule too rich in hydrogen (Fig. 2).

The [C3H12] species would most likely split into three methane

(CH4) units. Alternatively, they might split into e.g. propane

and two hydrogen molecules: C3H8 + 2H2. In the case of H2O

as the oxygen carrier, carbon (e.g. charcoal) would be the final

product. Another option for complete removal of oxygen is

in the form of carbon monoxide, which would result in the

co-formation of hydrogen. Starting from a carbohydrate, the

synthesis gas would have a 1 : 1 H2/CO molar ratio, and

the overall reaction would be mildly endothermic.

Methane, charcoal or synthesis gas cannot be blended with

liquid transport fuels, so conversion to higher alkanes is

necessary. In the case of methane (biogas) as product, after

eliminating all oxygen from biomass as CO2, the option exists

to form higher alkanes via the methane coupling reaction.

In practice this reaction is never used, because no suitable

catalysts have been discovered yet. Oxidative complexing of

methane to C2H4/C2H6 is still a challenge.13

nCH4 + KnO2 ) [–CH2–]n + nH2O

Charcoal, the main product after eliminating all oxygen in

the form of H2O, can theoretically be hydrogenated to higher

alkanes. However, also for this reaction there are no suitable

catalysts available yet.

n[C] + nH2 ) [–CH2–]n

Usually methane and charcoal are converted to higher

alkanes via syngas as an intermediate, which can be formed by

partial oxidation and/or steam reforming:14

nCH4 + KnO2 ) nCO + 2nH2 (main route)

nCH4 + nH2O ) nCO + 3nH2

(endothermic, used to adjust the CO/H2 ratio)

n[C] + nH2O ) nCO + nH2

From synthesis gas, hydrocarbons are usually formed by

the Fischer Tropsch reaction, which requires an approximately

2 : 1 H2 to CO ratio to form alkanes [–CH2–] and water

according to the equation:

nCO + 2nH2 ) [–CH2–]n + nH2O

However, as shown in Fig. 2, syngas from carbohydrates has

a 1 : 1 molar ratio of hydrogen and CO. This mismatch in the

hydrogen to CO ratio can be adjusted by the water gas shift

reaction:

CO + H2O u CO2 + H2

The energy balance of the overall reaction can be adjusted,

and even be made exothermic, by oxidizing part of the feed or

products using oxygen, either in pure form or diluted as air.

Elimination of all oxygen from carbohydrates in biomass

thus automatically leads to a conversion route with synthesis

gas as intermediate from which higher alkanes for diesel can be

derived by the Fischer Tropsch reaction.

Partial elimination of oxygen from carbohydrates as CO2 or H2O

Another option for upgrading biomass to biofuel components

is the elimination of less than the maximum amount of

CO2 and H2O. Starting from the carbohydrate C6H12O6 a

maximum of three CO2 molecules can be obtained when

eliminating all oxygen (Fig. 2). If just two CO2 molecules

are released, the hypothetical product [C4H12O2] results.

[C4H12O2] is too rich in hydrogen, but if split into two equal

parts, two C2H6O molecules are obtained. In anaerobic

fermentation of sugars, executed at a large scale, ethanol

(C2H6O) is usually the main product together with CO2.

Table 2 Main differences between the composition of a carbohy-
drate-rich biomass and gasoline or diesel

Carbohydrate Gasoline
Gasoil/
diesel

Carbon chain length [5–6]n 5–10 12–20
O/C molar ratio 1 0 0
H/C molar ratio 2 1–2 y2
Phase behaviour

[at ambient T]
solid liquid liquid

Polarity polar non polar non polar
Preferred structure linear/cyclic branched/aromatic/

cyclic/unsaturated
linear/

saturated

Fig. 2 Elimination of oxygen species from carbohydrates.
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Another product having the same gross formula is dimethyl

ether. An asymmetric split of [C4H12O2] might lead to

combinations of products like methanol + (1- or 2-) propanol,

or ethane + ethanediol.

C6H12O6 ) 2CO2 + [C4H12O2] ) 2C2H6O

Elimination of two CO2 molecules and one H2O molecule

from C6H12O6 gives C4H10O. The gross formula C4H10O

corresponds for instance with 1-butanol, the main product of

anaerobic fermentation of sugars by Clostridia bacteria.

Acetone and ethanol are co-products in this fermentation.

Diethyl ether, which is usually formed by dehydration of two

ethanol molecules, is another compound having the same

overall composition. Other possible products are 2-butanol,

2-methyl-1-propanol, methyl-propyl ether, methyl isopropyl

ether. Splitting of C4H10O should also be considered, resulting

in methanol + propene, methane + acetone etc.

C6H12O6 ) 2CO2 + H2O + C4H10O

C4H8 is obtained if two CO2 and two H2O molecules are

released from C6H12O6. The gross formula corresponds to that

of ‘‘butenes’’, such as 1- or 2-butene and 2-methylpropene

(isobutene). Using the splitting analogy, it can also represent

two molecules of ethene, for instance obtained by the

dehydration of ethanol.

C6H12O6 ) 2CO2 + 2H2O + C4H8

Elimination of only one molecule of CO2 together with

increasingly larger amounts of water is illustrated below. Overall

reaction equations are given with examples of possible products

formed with and without splitting of the carbon chain.

C6H12O6 ) CO2 + C5H12O4

Tetrahydroxypentanes. With split: lactic acid + ethanol,
acetic acid + propanediol.

C6H12O6 ) CO2 + H2O + C5H10O3

Hydroxypentanoic acid, ethyl lactate. With split:
succinic dialdehyde + methanol, acetic acid + acetone.

C6H12O6 ) CO2 + 2H2O + C5H8O2

Ethyl lactate, c-valerolactone. With split: ethyl acrylate.

C6H12O6 ) CO2 + 3H2O + C5H6O
Methylfuran

C6H12O6 ) CO2 + 4H2O + C5H4

Pentadiyne

If no CO2 is removed, the starting compound C6H12O6 can

give the following products by splitting of the carbon chain:

succinic acid + ethanediol, two lactic acid, three acetic acid or

three glycolaldehyde molecules. Production of lactic acid by

microbial conversion of glucose or sucrose is executed on a

fairly large scale. Microbial formation of succinic acid is

feasible as well, e.g. from wood hydrolysates.15 Glycolaldehyde

was found as the main product after hydrothermal treatment

of glucose (340 uC, 27.5 MPa, 120 s), and a recent patent

claims yields of over 50% of glycolaldehyde upon thermolysis

of glucose at 520–560 uC with short residence times.16,17

If no CO2, but increasing amounts of H2O, are eliminated

the following products can be formed:

C6H12O6 ) H2O + C6H10O5

2,3 Dimethyl malate. With split: levulinic acid + formic acid,
succinic acid + acetaldehyde.

C6H12O6 ) 2H2O + C6H8O4

Lactide, 3-hexene-1,6-dioic acid. With split:
furanone + acetic acid.

C6H12O6 ) 3H2O + C6H6O3

Trihydroxy benzene (1,2,4-isomer), hydroxymethylfurfural
(HMF)

C6H12O6 ) 4H2O + C6H4O2

Benzoquinone

Further elimination of water leads to the production of charcoal

with loss of all oxygen.

Generally speaking, the elimination of water from carbohy-

drates is much easier than the elimination of CO2. An

interesting situation occurs upon the elimination of three

water molecules from the C6-carbohydrate, which seems to

be a fairly easy process.18 The main products formed are

1,2,4-trihydroxybenzene (THB) or hydroxymethylfurfural

(HMF).16,18,19 Both components have the same overall

formula: C6H6O3. When looking at the carbon chain it is

clear that the terminal carbon atoms (number 1 and 6) have

formed a bond in THB, whereas the carbon chain in HMF

remained relatively straight. This has consequences for further

reaction paths. In view of the stability of the aromatic ring in

THB, this product is unlikely to release CO2. It can either

remain unchanged or it can lose additional water, going into

the direction of quinones, polycyclic aromatics and charcoal.

The stability of HMF is lower than that of THB, and HMF

can still release CO2. During conversion steps involving the

dehydration of a C6-carbohydrate, hydroxymethylfurfural

(HMF) seems to be the kinetically preferred product and

trihydroxybenzene (THB) the thermodynamically preferred

compound. The formation of charcoal from biomass rich in

carbohydrates, such as wood, is therefore preferably carried

out at modest temperatures and may take about one week.

An overview of the main products obtained by partial

elimination of oxygen from C6-sugars is shown in Fig. 3. In

this scheme, the loss of CO2 is plotted on the horizontal axis

and the loss of H2O on the vertical axis. Fig. 4 illustrates

the elimination of CO2 and/or H2O from C5-carbohydrates.

The effects observed are similar to those in Fig. 3 for

C6-carbohydrates. Differences are caused by the fact that

these C5-carbohydrates have an odd number of carbon atoms.

Upon elimination of two CO2 molecules from C5H10O5 the

resulting species is [C3H10O], which cannot split into two or

three equal parts. This species may split into CH4 and C2H6O

(ethanol or dimethyl ether) or into CH4O (methanol) and

C2H6 (ethane). These products do also appear in the top right

corner of Fig. 3 for the C6-carbohydrates. Elimination of

three molecules of water from C5H10O5 leads to C5H4O2,

best known as furfural, the main product often observed in
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the (acid catalysed) conversion of C5-sugars.20 Starting from a

C5-carbohydrate, an aromatic C6-species cannot be formed

easily. The structure of furfural, containing only 5 carbon

atoms and three conjugated double bonds, is thermodynami-

cally the next best option (‘‘pseudo aromatic’’).

Applicability of partially deoxygenised biomass products in

transport fuels

Starting at the carbohydrate, it is clear that this component has

a medium chain length (5 or 6 carbon atoms) and a cyclic

structure in equilibrium with a small amount (,1%) of linear

structural isomers. Upon elimination of CO2, the structure of

components formed remains linear and saturated. Some of the

products near the top right corner of Fig. 3 and 4 may be

suitable as components for gasoline. Examples are alcohols,

lactones and furans. However, the reduction in chain length is

a major disadvantage, especially for the use in diesel fuel.

Introduction of too small components in diesel leads to a

considerable increase in vapour pressure. As a consequence,

the vapour pressure of the total mixture (i.e. the diesel fuel) can

be raised to a value above the lower explosion limit, in the

middle of the explosive regime. For safety reasons—cars

sometimes collide—this effect is not acceptable. In gasoline

cars an increase in vapour pressure can be accepted from a

safety point of view, because the vapour pressure of gasoline in

the ullage of the tank is above its higher explosion limit and

therefore in a safe area, but is limited to prevent formation of a

vapour lock.

If H2O is released, the carbon chain length remains intact.

Progressively more unsaturated, aromatic and cyclic structures

are obtained. Such structures are not attractive for diesel,

and the amount of aromatic components in gasoline is strictly

regulated and has been recently reduced (for example through

EN228 in Europe). The elimination of both CO2 and H2O

leads away from the carbohydrate starting point towards

the components near the bottom right diagonal in Fig. 3 and 4.

These products are usually rather non-polar, a desired

property. However, the substantial loss of oxygen has also

resulted in ‘‘unsaturation’’: double and triple carbon-carbon

bonds and aromatic structures. None of the positions in

the scheme gives components directly suited as blending

components in diesel, because the products are either too

polar, too short, too unsaturated or too aromatic. Another

important boundary condition for the application of a

new bio-component is the miscibility with the fossil fuel.

Measures to further reduce polarity and increase carbon chain

length are required. Interesting processes to achieve both

effects are:

N etherification

N esterification

N aldolisation

N formation of acetals and ketals

N formation of anhydrides and ortho esters

N dehydration

The first three of these processes, etherification,

esterification, and aldolisation lead to fairly stable products.

Fig. 3 Decarboxylation and dehydration of C6-carbohydrates, over-

view scheme.

Fig. 4 Decarboxylation and dehydration of C5-carbohydrates, over-

view scheme.
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The unsaturation introduced by dehydration can be

reduced by:

N hydrogenation

N oligomerisation and cyclisation

Hydrogenation is a universally applicable technique to

reduce unsaturation, but requires the availability of hydrogen.

Hydrogen can be produced from biomass, for instance via

gasification and fermentation routes. Other sustainable energy

sources, such as solar, wind and tidal energy, can also be used

to generate hydrogen, for example by electrolysis of water.

Recently, formation of liquid alkanes in the range of C7–C15

from carbohydrates was described.21 This was achieved by

successive acid-catalysed dehydration, aldol condensation

over solid base catalysts and dehydration/hydrogenation over

bifunctional catalysts. Oligomerisation is mainly interesting for

ethene, since straight chain hydrocarbons (the most interesting

ones for diesel) can only be obtained from this alkene.

Oligomerisation of other alkenes leads to branched structures,

which may be interesting for gasoline (e.g. the dimer of iso-

butene). Cyclisation gives naphtenes, which as cyclic structures

are less interesting for diesel. In the case of olefins having

three or more carbon atoms, these cyclic alkenes will also be

branched.

From lignin to fuels

When plants are considered as ‘‘fibre reinforced structures’’,

cellulose is the fibrous material and lignin the resin that

‘‘glues’’ everything together. Lignin is a three dimensional

cross-linked network, having a chemical structure resembling

that of ‘‘Bakelite’’, a phenol-formaldehyde resin. The repeating

unit of lignin contains a phenol group, optionally substituted

with one or two methoxy groups at the ortho-position and a

C3-group at the para-position. The C3-group may carry oxygen

atoms as hydroxy-, aldehyde- or carboxylic acid groups.

Carbon–carbon double bonds may be formed by the loss of a

hydroxy group. An approximate molecular formula of the

basic unit in lignin is C10H12O3. Trans coniferyl alcohol gives

the approximate chemical structure of the basic unit of lignin.

Lignin is a very stable solid material, due to its chemical

structure and highly cross-linked nature. As a result lignin is a

difficult building block for chemical conversion steps. In view

of its relatively low oxygen content and therefore large energy

content, it is usually applied as fuel. It can either be burnt

directly or converted to synthesis gas. Other applications include

oxidation to vanillin and production of dimethyl sulfoxide.

Conclusions

The easiest way to convert ligno-cellulosic biomass into

hydrocarbons in the transport fuel range is via routes involving

C1-building blocks (syngas).

Routes not involving C1- or C2-building blocks usually give

polar, unsaturated or aromatic components, which often need

further conversion steps to become suitable as (blending)

components for transport fuels.

The production of (blending) components for transport

fuels requires careful selection of process routes and process

conditions.
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Aromatic amines were conveniently, rapidly and, importantly,

environmentally benignly prepared in excellent yields through

chemoselective reduction of the corresponding aromatic nitro

compounds with polymer-supported hydrazine hydrate in the

presence of iron oxide hydroxide catalyst.

Introduction

In recent years, with the increasing interest in human health and

environmental protection, the need for clean and easily recycled

reagents in organic synthesis has meant that solid-supported

reagents and scavengers have received more and more attention

from organic chemists.1 Compared to the traditional solution-

phase reactions, the use of solid-supported reagents and scavengers

simplifies the work-up operations by allowing simple filtration,

and avoids release of excess reactants or by-products into the

environment.2 Furthermore, the reclaimed solid-supported

reagents and scavengers can be reused through simple regeneration

in most cases.

Aromatic amines are an important class of compounds fre-

quently used as key intermediates in the synthesis of pharmaceu-

tical products, dyestuffs and polymers. Various methods have

been reported for the preparation of aromatic amines from the

corresponding aromatic nitro compounds. The methods employed

generally are metal–acid reduction3 and catalytic hydrogenation.4

However, these two approaches need either strong acid medium

which erodes the reaction equipment seriously or hazardous

molecular hydrogen and high-pressure reactors. In order to

overcome these shortcomings, catalytic transfer hydrogenation,

as a safer and greener way, has been developed.5 Hydrazine

hydrate is usually used as hydrogen donor in catalytic transfer

hydrogenation because the hydrazine reduction produces harmless

by-products such as nitrogen gas and water.6 Nevertheless, the

excess hydrazine hydrate used for the sake of shortening reaction

time and driving reactions to completion is normally dissolved in

water during the disposal and drained into environment. In view of

the well-known toxicity of hydrazine hydrate, the release of excess

hydrazine hydrate may create many serious problems.

With the development of solid-supported chemistry, a solid-

supported strategy has also been adopted in the reduction of

aromatic nitro compounds.7 However, most of the research is

focused on solid-supported nitroarenes. Herein, we report the use

of polymer-supported hydrazine hydrate employed as a solid-

supported hydrogen donor for preparing aromatic amines from

the corresponding nitroarenes. To our knowledge, this is the first

report about the use of polymer-supported (macroporous weak

acidic resin) hydrazine hydrate in the reduction of nitroarenes. In

consideration of the broad application of hydrazine hydrate in

many reactions as a known excellent reductant, the strategy

described here may be a good alternative to reduce the pollution

resulting from the release of excess hydrazine hydrate.

Experimental

Preparation of polymer-supported hydrazine hydrate

The D113 (macroporous weak acidic ion-exchange resin, exchange

capacity: 10 mmol g21, Dandong Dongfang Resin Factory,

Dandong, China) was washed with a 50% solution of hydrazine

hydrate in methanol. Then the resulting polymer was washed

thoroughly with methanol and dried under vacuum. The resin

obtained8 was ready for further application for catalytic transfer

hydrogenation.

General procedure for the preparation of aromatic amines

A mixture of aromatic nitro compound (1 mmol), polymer-

supported hydrazine hydrate (2.0 g), propan-2-ol (10 mL) and

iron oxide hydroxide catalyst (0.2 g), prepared according to the

literature,9 was stirred under reflux for several minutes. After

completion of the reduction (monitored by TLC), the reaction

mixture was filtered and the solid was washed thoroughly with

methanol. Then the filtrate was evaporated in vacuo. The crude

product was purified by column chromatography on silica gel

using n-hexane and ethyl acetate as eluent. For recycling purposes,

at the end of the reaction the resin was separated from iron oxide

hydroxide and washed completely with methanol, a 50% solution

of hydrazine hydrate in methanol and finally methanol again.

Then the activated resin was dried under reduced pressure and

reused for the subsequent cycles.

Results and discussion

Reduction of aromatic nitro compounds was carried out by using

polymer-supported hydrazine hydrate and iron oxide hydroxide

State Key Laboratory of Fine Chemicals, Dalian University of
Technology, Dalian, 116012, P. R. China. E-mail: lurw@dlut.edu.cn;
Fax: +86 411 88993800; Tel: +86 411 88993829
{ Electronic supplementary information (ESI) available: Experimental
details and powder X-ray diffraction pattern of iron oxide hydroxide
catalyst, as well as analytical data for products. See DOI: 10.1039/
b606705k
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catalyst in refluxing propan-2-ol (Scheme 1). The results of

reduction of various nitroarenes were shown in Table 1. From

Table 1 we could see that the reaction proceeded very smoothly

and the yields were almost quantitative. The azoxy, azo and

hydrazo compounds as the usual side products of reduction of

nitroarenes under basic condition were not observed in the final

reaction system. At the same time, it was also noteworthy that the

present method was highly chemoselective and some sensitive

functional groups such as –Cl and –COOC2H5 did not undergo

any change under the reaction conditions. Moreover, many other

substituted groups, such as –CH3, –OH, –NH2 and –OCH3, were

intact during the reaction.

Control experiments were performed according to general

procedure; but by replacing polymer-supported hydrazine hydrate

with D113 or without the use of iron oxide hydroxide the reactions

did not produce any desired product. This clearly indicated that

the hydrazine hydrate and iron oxide hydroxide were indispensable

for the reduction of nitroarenes in our reaction system. For the

purpose of checking the regeneration and reuse of polymer-

supported hydrazine hydrate, consecutive reaction/regeneration

cycles were executed and the results, summarized in Table 2,

showed that the yield was unaffected for up to eight recycle runs.

The role of iron oxide hydroxide in this type of reaction has

been investigated in detail by R. Prins et al.10 and P. Rys et al.9

Mössbauer spectroscopy showed that Fe(III) in iron oxide

hydroxide was first reduced to Fe(II) by hydrazine hydrate during

the reaction, then the Fe(II) was immediately reoxidized to Fe(III)

by nitroarenes. Thus, R. Prins et al. suggested that this type of

reaction proceeded by a Mars–van Krevelen mechanism, and the

iron oxide hydroxide played the role of hydrogen transfer catalyst

in the reaction. Owing to the similarity of the reaction system, we

assumed that iron oxide hydroxide in our reaction played a similar

role with that suggested by R. Prins et al. and P. Rys et al.

Conclusions

In conclusion, we report here a novel approach for the preparation

of aromatic amines from the corresponding aromatic nitro

compounds using polymer-supported hydrazine hydrate over iron

oxide hydroxide catalyst. This method is mild, exceedingly efficient

and highly chemoselective. In comparison to the traditional

hydrazine hydrate reduction, where an excess of hydrazine hydrate

is used for driving the reaction to completion, the most important

novelties are that (1) the present approach avoids the release of

toxic hydrazine by being bound to the D113 ion-exchange resin

and (2) it simplifies the handling procedures, and the separation of

the products from the reaction system can be achieved by simple

filtration followed by solvent removal. In addition, it is also worth

noting that, once the polymer-supported hydrazine hydrate has

been prepared, the exposure of operating personnel to hydrazine

hydrate, which is a universal problem with the use of the liquid

hydrazine hydrate, can be minimized. Therefore this method is

‘green’ to both the environment as well as workers.
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Table 1 Reduction of nitroarenes with polymer-supported hydrazine
hydrate/iron oxide hydroxidea

Entry Substrate Time/min Productb
Yieldc

(%)

1 C6H5NO2 44 C6H5NH2 98
2 o-CH3C6H4NO2 48 o-CH3C6H4NH2 97
3 m-CH3C6H4NO2 44 m-CH3C6H4NH2 98
4 p-CH3C6H4NO2 43 p-CH3C6H4NH2 97
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We report for the first time the use of low cost and safe

to handle fluoroapatite and hydroxyapatite supported zinc

chloride reagents as solid and reusable catalysts for a wide

range of transesterification reactions

Introduction

Transesterification is an important organic reaction that can be

used to synthesize various intermediates in the synthesis of

complex natural products, pheromones and paint additives.1 Its

value has been considerably enhanced by its use as a key step in the

manufacture of biodiesel, one of the more environmentally friendly

and sustainable fuels we have available today. The enormous and

growing volume of this ‘‘green’’ fuel in regions such as Northern

Europe should make us especially conscious of all aspects of its

production (along with all other stages in its lifecycle) and, in the

context of this article, we need to strive towards the greenest

catalytic system for the key transesterification stage.

Transesterification can be catalysed by strong acids2 and by

soluble bases such as caustic soda,3,4 neither of which is ideal from

a green chemistry perspective. Rather, we should seek safe-to-

handle and store, environmentally benign and reusable, typically

solid, catalysts. This has led to reports of a number of active

synthetic basic solids as transesterification catalysts, including

mixed metal hydrotalcites5 and zeolites.6 Drawbacks with such

catalysts include the use of hazardous reagents in the preparation

of the catalyst (e.g. KOtBu) and pore blockage with larger

substrates (for zeolite materials). Hydroxyapatite (HAP;

Ca10(PO4)6(OH)2) is a highly abundant, natural material, being

the major component of teeth and bones. It is also considered to

have durable acid–base properties and high adsorption capacity,

making it a promising support material. This has been demon-

strated in the use of HAP-supported Lewis acids in Friedel–

Crafts alkylations7, and more recently in Michael addition of

indoles to electron-deficient olefins.8 Here we report for the first

time the use of ZnCl2–HAP, along with its fluorinated equivalent,

as a highly effective, reusable and cheap solid catalyst for

transesterifications.

Experimental

Hydroxyapatite

Hydroxyapatite was synthesised by the co-preciptation method

(Scheme 1). 250 ml of a solution containing 7.92 g of diammonium

hydrogen phosphate, maintained at a pH greater than 12, by

addition of ammonium hydroxide (BDH) (60–70 ml), was

dropped into 150 ml of a solution containing 23.6 g of calcium

nitrate [Ca(NO3)2?4H2O], with constant stirring. The suspension

was refluxed for 4 h. Doubly distilled water (DDW) was used to

prepare the solutions. The HAP crystallites were filtered, washed

with DDW, dried overnight at 80 uC and calcined in air at 700 uC
for 30 min. before use.

The structure of obtained apatite was confirmed by X-ray

diffraction (Fig. 1), infrared spectra and chemical analysis.

The hydroxyapatite crystallizes in the hexagonal system with the

space group P63/m. The lattice parameters of the prepared HAP

are in excellent agreement with standard data: a = 6.883 Å and

aDto. Quimica Aplicada. Edificio los acebos. Campus Arrosadia.
Universidad Publica de Navarra, Pamplona, 31006, Spain.
E-mail: solhyabderrahim@unavarra.es; Fax: +34 948 169606;
Tel: +34 658198369
bClean Technology Centre, Department of Chemistry, University of
York, York, UK YO10 5DD. E-mail: jhc1@york.ac.uk;
Fax: +44-1904-432705; Tel: +44-1904-432559
cLaboratoire de Chimie Organique Catalyse et Environnement.
Université Hassan II, Faculté des Sciences Ben M’Sik B.P. 7955,
Casablanca, 20702, Morocco. E-mail: saidsebti@yahoo.fr;
tahirrachid@yahoo.fr; Fax: +212 22 24 96 72; Tel: +212 61 46 48 19
dLa Société MAFER, 36 Boulevard Grande Ceinture, Hay Mohammadi,
Casablanca, Morocco. Tel: +212 22 60 25 20/21

Scheme 1

Fig. 1 XRD patterns of (a) HAP, (b) ZnCl2–HAP.
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c = 9.422 Å. The surface area of calcined HAP was determined by

the BET method from the adsorption–desorption isotherm of

nitrogen at 77 K, and was found to be S = 38.26 m2 g21. The total

pore volume was calculated by the BJH method at P/P0 = 0.98

(VT = 0.157 cm3 g21).

Fluoroapatite was synthesised by the co-precipitation method

(Scheme 2). 250 ml of a solution containing 7.92 g of diammonium

hydrogen phosphate and 1 g of ammonium fluoride, maintained at

a pH greater than 12 by addition of ammonium hydroxide (15 ml),

was dropped into 150 ml of a solution containing 23.6 g of calcium

nitrate, with constant stirring. The suspension was refluxed for 4 h.

DDW was used to prepare the solutions. The FAD crystallites

were filtered, washed with DDW, dried overnight at 80 uC and

calcined in air at 700 uC for 30 min before use

ZnCl2–HAP

The preparation of 1 mmol g21 ZnCl2–HAP was as follows:

10 mmol of ZnCl2 and 10 g of HAP were mixed in 100 ml of

water and then evaporated to dryness and dried for 2 h at 150 uC
before use.

General procedure for transesterification

Ester 1 (2 mmol), alcohols 2 (11 mmol) and catalyst (HAP 100 mg,

and ZnCl2–HAP 50 mg) were refluxed with thorough mixing in

toluene. Work-up by simple filtration followed by evaporation

under reduced pressure and purification by column chromato-

graphy (hexane–ethylacetate 95 : 5) gave the desired product,

which was analysed by 1H NMR and IR.

Results and discussion

The XRD patterns of ZnCl2–HAP are similar to that of HAP as

shown in Fig. 1. The modification of the HAP by ZnCl2
impregnation does not change the crystalline structure of the solid

material. The intensity of typical diffraction peaks did not

significantly change, indicating no disorganisation of the crystalline

structure of HAP. It should be noted that no ZnCl2 phases were

detected on the doped material in all cases, indicating that ZnCl2
was highly dispersed in the solid HAP.

The ZnCl2–HAP and HAP alone were used as heterogeneous

catalysts in the transesterification reaction between methyl

benzoate and 1-butanol used as a model reaction (Scheme 3).

The supported Lewis acid is a much more active catalyst in this

reaction even when used in smaller quantities (Fig. 2).

The ZnCl2–HAP catalyst is reusable in the reaction with

comparable activity simply by filtration followed by drying at

150 uC; only a 3% reduction in yield is observed by the third run.

We were able to successfully extend the use of the catalyst to a

series of transesterifications (Table 1). In all cases the supported

Lewis acid is considerably more active than the support itself

although the latter does show some activity.

The efficiency of the catalyst in transesterifications seems largely

insensitive to changing from aromatic to aliphatic esters, from

short chain to long chain alcohols, or to cyclic and aromatic

Scheme 2

Scheme 3

Fig. 2 Transesterification reaction between methyl benzoate and butanol

using HAP and ZnCl2–HAP.

Fig. 3 XRD patterns of (a) FAP, (b) ZnCl2–FAP.
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Table 1 Transesterification reactions catalysed by HAP and ZnCl2–HAP

Entry Substrate 1 Substrate 2 Product

Yield(%) (Time/h)

With HAPa With ZnCl2–HAPb

1 Et–OH 33 (24) 76 (6) 89 (9)

2 Bu–OH 51 (24) 85 (6) 99 (9)

3 55 (24) 95 (6)

4 60 (24) 92 (6)

5 58 (24) 97 (6)

6 49 (24) 93 (6)

7 60 (24) 75 (3) 94 (6)

8 Bu–OH 50 (24) 94 (6)

9 57 (24) 93 (6)

10 50 (24) 90 (6)

11 23 (24) 52 (6) 93 (12)

12 29 (24) 58 (6) 90 (12)

13 Bu–OH 53 (24) 89 (6)

14 59 (24) 92 (6)

a Determined by 1H NMR b Yields of pure isolated products

This journal is � The Royal Society of Chemistry 2006 Green Chem., 2006, 8, 871–874 | 873
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systems, demonstrating the considerable versatility of ZnCl2–HAP

as an active and simple and safe to use transesterification

catalyst, as well as one that can be easily recovered and reused.

In a parallel investigation we also studied the use of fluoroapatite,

Ca10(PO4)6F2 and ZnCl2 supported on the material as catalysts

in the same reactions. The XRD pattern of FAP and ZnCl2–FAP

are shown in Fig. 3. As with the HAP analogues, no significant

differences are seen between the patterns for the support and

supported reagent, consistent with a non-disorganised FAP

crystalline structure, and a well dispersed ZnCl2. No significant

difference in the activity of these catalysts compared to the

hydroxyl analogues was detected. This suggests that the primary

origin of the activity of ZnCl2–HAP is the well dispersed

Lewis acid. We were able to further confirm this by analysing

the reaction mixtures for the presence of Zn2+ ions and obtained

no detectable metal ions in solution by atomic absorption

spectroscopy.
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Polyketones (Mw = 56 000–87 000 g mol21) with very narrow

molecular weight distributions have been obtained by CO/tert-

butylstyrene copolymerisation in supercritical carbon dioxide

using palladium complexes with perfluorinated bipyridine and

phenanthroline ligands.

Introduction

In the past few years there has been a growing interest in

the synthesis of alternating polyketones of general formula

[C(O)CH(R)CH2]n from carbon monoxide and olefins

(Scheme 1).1–4 These polyketones represent a class of low-cost

thermoplastics whose synthesis, properties and applications are

still the object of intense fundamental and applied research. The

copolymerisation of styrene and its derivatives with CO requires

the use of cationic palladium catalyst associated with N,N-

chelating ligands and weakly coordinating anions to be effectively

accomplished. Enantioselective copolymerisation can also be

achieved by the use of P,N-chelating ligands, and only relatively

few examples using P,P-ligands have been reported.3,5 Among the

Pd–N,N-donor ligand catalyst precursors, the systems reported

by Brookhart et al. based on Pd(II) complexes with bipyridine or

phenanthroline are one of the most active.6–9 The copolymerisa-

tion reactions are carried out using conventional organic solvents,

such as methanol, 2,2,2-trifluoroethanol (TFE) or chlorobenzene.

During the past years, supercritical carbon dioxide (scCO2) has

received growing attention as an alternative reaction media for

homogeneous catalysis. Supercritical carbon dioxide is an environ-

mentally friendly and cheap solvent combining liquid-like

solubility properties with gas-like mass transport properties.10–12

ScCO2 is highly miscible with gases such as carbon monoxide,

allowing for the adjustment of single phase reaction mixtures with

liquid substrates. Furthermore, the medium is highly compressible,

has low viscosity and thus high diffusivity. Polymers of sufficient

molecular weight are generally insoluble in scCO2, allowing

catalytic precipitation polymerisation without the use of organic

solvents.13 Despite these possible advantages, only a limited

number of studies have been reported using scCO2 as a reaction

media for transition metal complex catalysed polymerisation

reactions.14 This is at least partly due to the low solubilising

power of scCO2, which makes ligand modification necessary to

increase the solubility of organometallic catalytic systems. The

presently most successful option to overcome this hurdle is the

introduction of perfluorinated chains in the ligand.11

Herein we describe the alternating CO/tert-butylstyrene copoly-

merisation in supercritical carbon dioxide as a reaction media

using new palladium cationic complexes of general formula

[Pd(CH3)(NCCH3)(N,N-donor)]X containing monochelated

bipyridine and phenanthroline ligands with perfluorinated chains,

1 and 2 (Fig. 1).

Results and discussion

The synthesis of perfluorinated ligand 1 was described by Pozzi

et al.15 and 2 was prepared following a similar procedure.16 The

palladium neutral complexes [PdCl(CH3)(L)] (3: L = 1 and 4: L =

2) were prepared by stoichiometric reaction of [PdCl(CH3)(cod)]

(cod = 1,5-cyclooctadiene) with the corresponding ligand in

anhydrous dichloromethane (Scheme 2). Cationic palladium

complexes [Pd(CH3)(NCCH3)(L)]BARF (5: L = 1 and 6: L = 2,

aDepartament de Quı́mica Fı́sica i Inorgànica, Universitat Rovira i
Virgili, c/Marcel?lı́ Domingo, s/n, Tarragona, 43007, Spain.
E-mail: annamaria.masdeu@urv.net; Fax: +34 977559563;
Tel: +34 977558779
bInstitut für Technische und Makromolekulare Chemie, Worringerweg 1,
Aachen, D-52074, Germany. E-mail: leitner@itmc.rwth-aachen.de;
Fax: +49-(0)241-80 221 77; Tel: + 49-(0)241-80 264 80
{ Electronic supplementary information (ESI) available: Detailed experi-
mental procedures for the preparation of 2–6. See DOI: 10.1039/b607610f

Scheme 1 CO/tert-butylstyrene copolymerisation.

Fig. 1 Ligands 1 and 2.
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BARF = B(3,5-(CF3)2C6H3)4
2) were prepared by reaction of

NaBARF in presence of CH3CN and CH2Cl2.
17

Catalytic runs in scCO2 were performed using the preformed

complexes in a 10 ml stainless steel autoclave equipped with

thick-wall borosilicate windows. The solubility behaviour of the

palladium complexes in supercritical carbon dioxide was examined

by visual inspection. Both catalyst precursors and tert-butylstyrene

were soluble in supercritical carbon dioxide at the catalytic

conditions studied. As expected, the polyketone is not soluble in

scCO2, and precipitated during the reaction. The polymers

obtained were characterised by 1H and 13C{1H} NMR, and are

consistent with a high syndiotactic copolymer structure (Fig. 2).6

Table 1 gives an overview of the polymerisation experiments in

scCO2 under various conditions. Experiments using dichloro-

methane or TFE as solvent are included for comparison.

Productivities and molecular weight measurements were found

to be reproducible within ¡4% for selected experiments. Using

carbon monoxide at 1 bar partial pressure (entries 1 and 2), low

productivities were obtained using either dichloromethane or

supercritical carbon dioxide as a solvent, although higher

molecular weights were obtained in scCO2. Increasing the partial

pressure of carbon monoxide lead to an enhancement of both

productivity and molecular weight (entries 2, 3 and 5). Most

significantly, a strong increase in the molecular weight (MW) was

observed upon increasing the total pressure of scCO2 from 170 to

250 bar, retaining at the same time a very narrow distribution

(entries 7 and 5). Carrying out the polymerisation without stirring

gave similar productivities and PDIs, but the molecular weight

decreased to half the value (entry 8 vs. 7). Presumably, this reflects

a less efficient mass transfer between the precipitated polymer

and the scCO2 phase in the non-agitated system. Catalyst pre-

cursor 6 gave similar productivities in scCO2 although the

molecular weight of the polyketone was lower than with 5 under

identical conditions (entry 9 vs. 7).

Comparing the results with catalyst 5 in CH2Cl2 and scCO2

under comparable conditions shows that similar activities are

obtained in both solvents. Significantly higher productivites are

achieved in the fluorinated alcohol TFE (entry 10). In contrast to

both organic solvents, however, the supercritical reaction medium

allows control of the molecular weight at significantly lower

polydispersities. For example, the polydispersity decreased from

5.3 in dichloromethane to 1.2 in scCO2 with a concomitant

increase of Mw by a factor of two (entry 7 vs. 4). When TFE was

used as solvent, Mw was higher than that obtained in scCO2 but

the polydispersity increased to 2.8.

Conclusion

In conclusion, we showed that palladium catalysed copolymerisa-

tion of CO and tert-butylstyrene could be accomplished using

supercritical carbon dioxide avoiding the use of classical organic

or fluorinated solvents. The cationic palladium catalysts were

Scheme 2 Syntheses of complexes 3–6.

Fig. 2 13C{1H} NMR spectrum in the region of methylene carbon atom

corresponding to the copolymer obtained in entry 7 (Table 1).

Table 1 Copolymerisation of CO/TBS in supercritical carbon dioxide using 5 or 6 as catalyst precursora

Entry Precursor Solvent Productivityb [g CP/g Pd)] P(CO)/bar P(CO2)/bar MW (MW/Mn)

1c 5 CH2Cl2 43 1 — 6300 (1.3)
2 5 scCO2 53 1 150 8800 (1.0)
3 5 scCO2 139 3.5 170 11 100 (1.8)
4c 5 CH2Cl2 290 5 — 43 700 (5.3)
5 5 scCO2 269 5 170 56 100 (1.5)
6d 5 scCO2 243 5 200 63 000 (1.8)
7 5 scCO2 235 5 250 87 800 (1.2)
8e 5 scCO2 257 5 250 39 700 (1.3)
9 6 scCO2 206 5 250 28 000 (1.5)
10 5 TFE 1066 1 — 115 000 (2.8)
a Reaction conditions: 0.0125 mmol catalyst, substrate/cat. = 620, 24 h, V = 10 ml, T = 37 uC. b Productivity: g of isolated copolymer (CP)/g
Pd. c T = 25 uC; 0.00625 mmol catalyst, substrate/cat. = 620, 24 h, V = 5 ml. d 16 h. e No stirring.
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rendered sufficiently CO2-philic by introduction of perfluoroalkyl

side chains in the chelating N,N-ligand. The polyketones

obtained in scCO2 are highly syndiotactic and have high and

controllable molecular weights with improved polydispersities.

Further studies are in progress to increase the productivity of the

catalytic systems.

Experimental

Standard copolymerisation experiment

In a standard catalytic experiment, a solution of the catalyst

precursor 5 or 6 (0.0125 mmol) in 2 ml of CH2Cl2 was placed

under argon in a stainless steel high pressure reactor (V = 10 mL)

equipped with thick-wall glass windows, the solvent was removed

under vacuum and then the tert-butylstyrene (1.24 g, 7.75 mmol)

was introduced into the reactor under argon. The reactor was

charged with CO and with CO2 to the desired pressure. The

reactor was heated up to 37 uC and stirred during the reaction

time. After reaction, the autoclave was cooled down to room

temperature and was carefully vented. The copolymer obtained

was dissolved in CH2Cl2 and precipitated by pouring the solution

into 800 ml of rapidly stirred methanol. The product was filtered

off, washed with MeOH and vacuum dried.

Safety warning

Experiments involving pressurised gases can be hazardous and

must only be conducted with suitable equipment and following

appropriate safety conditions.
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Naturally-occurring terpenes, such as (2)-b-pinene and (2)-a-phellandrene, were cationically

polymerized and subsequently hydrogenated into stable alicyclic hydrocarbon polymers with a

rigid backbone. In contrast to the already known poly(terpenes), the hydrogenated poly(b-pinene)

with a high molecular weight (Mw . 50 000) showed a high glass transition temperature

(Tg = 130 uC) and degradation temperature (10% loss at . 400 uC), suggesting new promising

biomass-derived materials for practical use.

Introduction

From the viewpoint of environmentally benign and sustainable

chemistry, biomass resources have been attracting much atten-

tion as alternatives for traditional petrochemical raw mate-

rials.1,2 A wide range of alicyclic polymerizable olefins can

occur in various biomass species, among which terpenes, such

as limonene, terpinen, phellandrene, and pinene, are popular

and abundant in nature.3,4 Since the 1950’s, the polymerization

of terpenes has been intensively investigated using the carbo-

cationic mechanism.5 However, this resulted in low molecular

weight polymers with a low service temperature (Tg , 100 uC),

which has limited the commercial utilization of these polymers

or of their hydrogenated forms as additives, such as tackifiers

in adhesives, or modifiers in molding compounds.

On the other hand, alicyclic hydrocarbon polymers originat-

ing from petroleum resources are now extensively utilized

especially in the optoelectronic fields, not only because of the

rigid backbone having a high service temperature and high

mechanical strength, but also because of a low dielectric

constant, nonhygroscopicity, and good transparency.6 Vinyl

ionic addition polymerization of cyclic olefins is one of the

most promising methods that can readily produce amorphous

polymers that retain the cyclic structures, whereas another

approach has recently been developed and applied on an

industrial scale by ring-opening metathesis polymerization of

polycyclic olefins or coordination polymerization of cyclic

olefins in the petroleum fraction.7–9

Cationic addition polymerization, which can be easily con-

ducted with commercially available simple Brønsted or Lewis

acid catalysts for various vinyl monomers with electron-

donating substituents, has been also widely employed for a

large number of monocyclic and polycyclic olefins since the

1920’s.5,6 In particular, the cyclic monomers with conjugated

double bonds, such as indene and cyclopentadiene, were

readily polymerized into high molecular weight polymers due

to their stable carbocationic propagating species while the

other unconjugated vinyl monomers, including terpenes, only

gave oligomers due to the unstable cationic chain ends that

undergo chain transfer reactions. Quite recently, we have

reported that a novel petroleum-derived bicyclic conjugated

diene, bicyclo[4.3.0]-2,9-nonadiene, was cationically poly-

merized by Lewis acid catalysts to give alicyclic hydrocarbon

polymers with high thermal properties.10

In this paper, we focus our attention on the cationic poly-

merizations of naturally-occurring terpenes and the subse-

quent hydrogenations for developing terpene-based alicyclic

polymers having good properties for practical use, especially

their thermal properties with a high service temperature

and durability. b-Pinene proved one of the most promising

sustainable resources for this purpose in terms of not only

availability and abundance, but also the polymerizability and

the polymer properties.

Results and discussion

We first investigated the cationic polymerizations of (2)-

b-pinene and (2)-a-phellandrene (Scheme 1). Whereas the

polymerization of the latter has not been reported, there are

many studies on the cationic polymerization of the former,

which generally resulted in low molecular weight polymers

with poor thermal properties.11–15 A series of Lewis acid

catalysts were thus employed for the cationic polymerization

of these monomers at 278 uC in various solvents, in which a

small amount of adventitious water may act as an initiator

(protogen or cationogen). For both monomers, the poly-

merizations proceeded smoothly. Table 1 summarizes the

number-average molecular weight (Mn) and the polydispersity

Department of Applied Chemistry, Graduate School of Engineering,
Nagoya University, Furo-cho, Chikusa-ku, Nagoya, 464-8603, Japan.
E-mail: kamigait@apchem.nagoya-u.ac.jp; Fax: +81-52-789-5112;
Tel: +81-52-789-5400

Scheme 1 Cationic polymerization of (2)-b-pinene and (2)-a-phel-

landrene.
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index (Mw/Mn; Mw: weight-average molecular weight) calcu-

lated by size-exclusion chromatography (SEC) on the basis of

a polystyrene (PSt) calibration. Whereas (2)-a-phellandrene

was polymerized by Lewis acids into low molecular weight

polymers (Mw y 1 6 104), relatively high molecular weight

polymers were obtained from b-pinene with some Lewis acids.

Among them, the aluminium-based Lewis acids gave the

highest molecular weight (Mw . 5 6 104), as also reported by

Kennedy et al.13 More specifically, EtAlCl2 and Et3Al2Cl3,

which have moderate Lewis acidity, gave the best results in a

1 : 1 mixture solvent of CH2Cl2 and methylcyclohexane

(MCHx) in terms of molecular weights as well as yields of

polymers or conversion of monomer (entries 2 and 4 in

Table 1). However, a stronger Lewis acid, AlCl3, induced an

extremely fast polymerization (99% monomer conversion in

0.5 min) to result in a lower molecular weight (Mw = 27 500)

(entry 6), while a weaker acid, Et2AlCl, resulted in a very slow

reaction (only 25% conversion in 5 h) and a lower molecular

weight (Mw = 13 700) (entry 5). In general, a stronger Lewis

acid generates a less nucleophilic counteranion, which cannot

stabilize the growing carbocation, and causes chain-transfer

reactions due to b-proton elimination, resulting in a lowering

of the molecular weights.5 In contrast, a weak Lewis acid does

not have enough acidity to induce cationic polymerization

efficiently. The choice of solvents is also crucial for determin-

ing the molecular weights. Generally, a polar solvent generates

dissociated carbocationic species to result in concurrently

occurring side reactions such as chain transfer, while a

nonpolar solvent cannot lead to an efficient polymerization.

It is also the case for the cationic polymerization of b-pinene,

in which the simple use of a polar (CH2Cl2) or nonpolar

solvent (MCHx) gave unsatisfactory results (entries 1 and 3).

The key to the high molecular weight poly(b-pinene) is thus

considered to be the judicious choice of the Lewis acids as well

as the solvents.

The differential scanning calorimetry (DSC) analysis showed

that the glass transition temperature (Tg) of poly(b-pinene)

increased with the molecular weights and reached around

90 uC with the highest Mw, which is much higher than the Tg

previously reported (65 uC).13

Fig. 1 shows the Tg dependence on the molecular weight of

the obtained poly(b-pinene) and poly(a-phellandrene). The Tg

increased with the molecular weights of the polymers. The Tg

at the infinite molecular weight (Tg
‘) can be determined by the

linear plot of Tg versus 1/Mn according to the following Flory

and Fox equation:16,17

Tg = Tg
‘ 2 K/Mn (1)

where K is the characteristic material constant. A linear

relationship was observed for both polymers, where the Tg
‘

values were thus estimated to be 93.9 and 134.9 uC, and the K

values were 11.0 6 104 and 1.90 6 104 for b-pinene and

a-phellandrene, respectively. The relatively high Tg
‘ values

indicate their possible practical use as a neat material even for

poly(b-pinene).17

The optical activity of poly(b-pinene) was also examined.

The poly(b-pinene) obtained with EtAlCl2 showed specific

rotations: [a]589 = 257.8u and [a]365 = 2200u in THF at 20 uC.

To the best of our knowledge, there have been no reports on

the optical activity of the homopolymer of (2)-b-pinene,

Table 1 Cationic polymerization of (2)-b-pinene and (2)-a-phellandrene with various Lewis acids at 278 uCa

Entry Monomer Lewis acid Solvent Time Conversion (%)b Mn
c Mw

c Mw/Mn
c Tg/uCd

1 (2)-b-pinene EtAlCl2 CH2Cl2 30 min 97 7400 14 400 1.95 —
2 (2)-b-pinene EtAlCl2 CH2Cl2–MCHxe 6 min 98 25 100 54 700 2.18 90
3 (2)-b-pinene EtAlCl2 MCHx 40 h 95 3800 5600 1.48 65
4 (2)-b-pinene Et3Al2Cl3 CH2Cl2–MCHxe 60 min 99 21 000 40 740 1.94 —
5 (2)-b-pinene Et2AlCl CH2Cl2–MCHxe 5 h 25 7600 13 700 1.80 —
6 (2)-b-pinene AlCl3 CH2Cl2–MCHxe 0.5 min .99 13 700 27 500 2.01 86
7 (2)-b-pinene TiCl4 CH2Cl2–MCHxe 8 h 66 3800 5900 1.55 65
8 (2)-b-pinene SnCl4 CH2Cl2–MCHxe 1 h 32 4900 8800 1.79 —
9 (2)-b-pinene BF3OEt2 CH2Cl2–MCHxe 12 h 16 3800 5900 1.54 —
10 (2)-a-phellandrene EtAlCl2 CH2Cl2 3 h 82 6000 11 800 1.97 132
11 (2)-a-phellandrene EtAlCl2 CH2Cl2–MCHxe 2.5 h 83 3800 7000 1.85 —
12 (2)-a-phellandrene EtAlCl2 MCHx 20 h 65 5700 10 300 1.81 131
13 (2)-a-phellandrene SnCl4 CH2Cl2 4 h 79 4000 7100 1.77 —
14 (2)-a-phellandrene BF3OEt2 CH2Cl2 150 h 80 3700 6500 1.77 130
a Polymerization conditions: [monomer]0 = 0.13 (for entries 1–9 and 11) or 0.5 M (for entries 10 and 12–14); [Lewis acid]0 = 40.0 mM.
b Monomer conversion determined by gas chromatography. c The number-average (Mn) and weight-average (Mw) molecular weight and
polydispersity index (Mw/Mn) determined by size-exclusion chromatography against polystyrene standards. d The glass transition temperature
(Tg) determined by differential scanning calorimeter. e CH2Cl2–methylcyclohexane(MCHx) = 1 : 1 v/v.

Fig. 1 Glass transition temperature (Tg) of poly(terpenes) obtained

by cationic polymerization at 278 uC as a function of 1/Mn. Terpene:

$, (2)-b-pinene; m, (2)-a-phellandrene.
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though some optically active copolymers of (2)-b-pinene were

synthesized during the radical copolymerizations.18,19

The hydrogenation of poly(b-pinene) was then carried out

using p-toluenesulfonyl hydrazide in o-xylene at 135 uC
for 12 h.20,21 Fig. 2 shows the 1H NMR spectra of the

poly(b-pinene) before and after the hydrogenation. After the

hydrogenation, the spectrum only showed the signals of

saturated hydrocarbons, while the unsaturated protons (b)

almost completely disappeared (conversion ¢ 91% based

on the residual olefin peaks). The molecular weights of the

polymers were characterized by an SEC equipped with

multiangle laser light-scattering (MALLS) and refractive index

as a dual detector. There was almost no difference in their

absolute molecular weights measured by MALLS before

and after the hydrogenation [Mw(MALLS) = 68 980 and

68 800 (g mol21), respectively], while the Mn calculated on the

basis of a PSt calibration slightly decreased. These results

indicate that the successful reduction of the carbon–carbon

double bonds proceeded by the hydrazide without a significant

chain scission and that the hydrodynamic volume of the

polymers changed during the hydrogenation.

In general, the hydrogenation of unsaturated polymers

provides a higher thermal resistance and durability to the

polymers. The thermal properties of the hydrogenated poly-

(b-pinene) were then evaluated by DSC and thermogravimetric

analyses (TGA). Fig. 3 shows the DSC profiles of the

polymers. The Tg value was improved by hydrogenation from

90 uC up to 130 uC. In addition, the TGA showed that the

hydrogenated polymer has a relatively high pyrolysis tempera-

ture as shown in Fig. 4. Whereas the thermal degradation of

the unsaturated poly(b-pinene) proceeded around 300 uC, that

of the hydrogenated form occurred above 400 uC (10% weight

loss at 440 uC). Thus, the hydrogenated poly(b-pinene) has

both a better thermal durability and higher service temperature

than the unsaturated precursor.

Conclusions

In conclusion, (2)-b-pinene and (2)-a-phellandrene were

polymerized using a carbocationic mechanism to afford

polymers with an alicyclic hydrocarbon structure. The poly-

(b-pinene) with a relatively high molecular weight was

hydrogenated to obtain a polymer with a high glass

transition temperature and degradation temperature. These

thermal properties rival or even exceed those of oil-based

commercially available amorphous thermoplastics, such as

polystyrene and poly(methyl methacrylate) (Tg = 100–110 uC).

Furthermore, the hydrocarbon polymers, lacking hetero-

atoms and even phenyl rings, should have good properties

for optoelectronic materials, such as a low dielectric

constant, nonhygroscopicity, and good transparency. Thus,

alicyclic hydrocarbon polymers obtained from a naturally-

occurring biomass would meet certain requirements in current

markets.

Fig. 2 1H NMR spectra (CDCl3, 25 uC) of poly(b-pinene) (upper)

and its hydrogenated derivative (hydrogenation degree = 91%)

(bottom) obtained with EtAlCl2 in CH2Cl2–methylcyclohexane

(1 : 1 v/v) at 278 uC.

Fig. 3 Differential scanning calorimetry analysis of poly(b-pinene)

and its hydrogenated derivative obtained in the same experiments as

for Fig. 2.

Fig. 4 Thermogravimetric analysis under N2 gas flow of poly(b-

pinene) (dotted line) and its hydrogenated derivative (solid line)

obtained in the same experiments as for Fig. 2.
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Experimental

Materials

(2)-b-pinene (Aldrich; 99%) and (2)-a-phellandrene (Aldrich;

.95%) were distilled from calcium hydride under reduced

pressure before use. SnCl4 (Aldrich, 99.995%), boron trifluor-

idediethyl etherate (BF3OEt2) (Aldrich, redistilled), TiCl4
(Aldrich, .99.995%), ZnCl2 (Aldrich, 1.0 M solution in

n-diethyl ether), AlCl3 (Aldrich, 99.99%), Et2AlCl (Kanto,

1.0 M solution in n-hexane), Et2AlCl (Kanto, 1.0 M solution

in n-hexane) and EtAlCl2 (Kanto, 1.0 M solution in n-hexane)

were used as received. p-Toluenesulfonyl hydrazide (Wako,

.95%) was used as received. Dichloromethane (Kanto,

.99.5%) as a solvent was distilled from calcium hydride

before use. Methylcyclohexane (Tokyo Kasei, .99%) and

o-xylene (Wako, .98%) as solvents, and 1,2,3,4-tetra-

hydronaphthalene (Kishida, .99.5%) as an internal standard

for gas chromatography were dried overnight over calcium

chloride and distilled from sodium benzophenone ketyl

before use.

Polymerization

Polymerization was carried out under dry nitrogen in baked

glass tubes equipped with a three-way stopcock. A typical

example for the polymerization procedure is given below. The

reaction was initiated by addition of prechilled solutions

(0.6 mL) of SnCl4 (0.03 mmol) via dry syringes into a monomer

solution [in CH2Cl2–methylcyclohexane(MCHx) (1 : 1 v/v);

2.4 mL] containing a monomer (0.39 mmol) and 1,2,3,4-

tetrahydronaphthalene (0.1 mL). The total volume of the

reaction mixture was 3.0 mL. After stirring at 278 uC, the

polymerization was terminated with prechilled methanol

(1.0 mL) containing a small amount of ammonia. Monomer

conversion was determined from the concentration of

residual monomer measured by gas chromatography with

1,2,3,4-tetrahydronaphthalene as an internal standard. The

polymer yield by gravimetry was in good agreement with

the gas chromatographic conversion of the monomer. The

quenched reaction mixture was washed with dilute hydro-

chloric acid, aqueous sodium hydroxide solution, and then

water to remove initiator residues, evaporated to dryness

under reduced pressure, and vacuum-dried to give the product

polymers.

Hydrogenation of polymers

Hydrogenation was performed following a modified literature

protocol.20,21 The reaction was carried out under dry nitrogen

in a baked glass flask equipped with a three-way stopcock. The

copolymer was dissolved in o-xylene under nitrogen at room

temperature to give a 1–3 wt% solution. p-Toluenesulfonyl

hydrazide (5 molar equivalent with respect to the unsaturated

bonds) was added to the flask in the presence of 2,6-di-tert-

butyl-4-methyl phenol (0.1 molar equivalent) as a stabilizer,

and the mixture was refluxed at 135 uC under nitrogen for 5 h

under stirring. The solution was allowed to cool, and the

polymer was precipitated in methanol, filtered off, and dried

in vacuo.

Measurements

Monomer conversion was determined from the concentration

of residual monomer measured by gas chromatography

[Shimadzu GC-8A equipped with a thermal conductivity

detector and a 3.0 mm i.d. 6 2 m stainless steel column

packed with SBS-200 (Shinwa Chemical Industries Ltd.)

supported on Shimalite W; injection and detector temperature

= 200 uC, column temperature = 160 uC] with 1,2,3,4-

tetrahydronaphthalene as an internal standard under He gas

flow. 1H NMR spectra were recorded in CDCl3 at 25 uC on a

Varian Gemini 2000 spectrometer, operating at 400 MHz. The

number-average molecular weight (Mn) and polydispersity

index (Mw/Mn) of the product (co)polymers were determined

by size-exclusion chromatography (SEC) in THF at 40 uC on

two polystyrene gel columns [Shodex K-805L (pore size: 20–

1000 Å; 8.0 mm i.d. 6 30 cm) 6 2; flow rate 1.0 mL min21]

connected to a Jasco PU-980 precision pump and a Jasco 930-

RI detector. The columns were calibrated against 8 standard

polystyrene samples (Shodex; Mp = 520–900 000; Mw/Mn =

1.01–1.14). The MALLS analysis was performed in THF

on a Dawn DSP instrument (Wyatt Technology; Ga–As laser,

l = 690 nm). The refractive index increments (dn/dc) were

measured in THF at 40 uC on an Optilab rEX (Wyatt

Technology) (l = 690 nm). Glass transition temperature (Tg)

of the polymer was recorded on an SSC-5200 differential

scanning calorimeter (Seiko Instruments Inc.). Samples were

first heated to 200 uC at 15uC min21, equilibrated at this

temperature for 5 min, and cooled to 40 uC at 5uC min21.

After being held at this temperature for 5 min, the samples

were then reheated to 250 uC at 10 uC min21. All Tg values

were obtained from the second scan, after removing the

thermal history. Thermogravimetric analyses (TGA) were

also performed on SSC-5200 system at 10 uC min21 under

N2 gas flow.
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The oxidation of 2-allylphenol and different phenols bearing alcohol functional groups with

aqueous H2O2 as oxidant and heterogeneous titanium-silicate Ti-MMM-2 as catalyst exhibits an

unusual selectivity affording the corresponding p-quinones with good to moderate yield and

keeping the other oxidizable sites intact. The use of hydrogen peroxide and heterogeneous

titanium-silicate catalyst is a green alternative to the stoichiometric oxidation with hypervalent

iodine compounds that provides better yields of structurally complex quinones in one step.

Introduction

Quinones often exhibit biological activity and occur within the

molecular frameworks of the natural products.1 Therefore,

quinones are attractive synthetic targets. They can be prepared

using different synthetic strategies,2 but stoichiometric oxida-

tion of aromatic compounds is still frequently used resulting in

large amounts of waste. A typical example is the production of

synthetic vitamin K3 (2-methyl-1,4-naphthoquinone, MNQ)

via stoichiometric oxidation of 2-methylnaphtalene (2-MN) by

CrO3 in sulfuric acid.3–5 Along with the oxidants based on heavy

metals, hypervalent iodine compounds are also widely used for

preparation of quinones via oxidation of phenols and its less

accessible methoxy derivatives.6,7 Although these stoichiometric

oxidations (however, an excess of oxidant is usually used) give

quinones with reasonable yields, a very low active oxygen

content in these oxidants leads to significant amounts of waste

thus causing a lot of problems with their disposal. E-factor

introduced by Sheldon as waste/useful product weight ratio8 for

these oxidations is typically in the range of 10–20.

Evidently, current demand for environmentally friendly pro-

cesses requires the development of green oxidation methods

that employ clean oxidants such as peroxides or dioxygen and

a catalyst. The catalytic procedures based on the oxidation of

2-MN with hydrogen peroxide or tert-butyl hydroperoxide

(tBuOOH) have been reported.9–16 The main drawback of

these methods is a moderate yield of the target product

(typically 40–60%). The low selectivity of 2-MN oxidation to

MNQ can be explained by the presence of several oxidizable

sites at 2-MN leading to several oxidation pathways. First, two

isomeric quinones, MNQ and 6-methyl-1,4-naphthoquinone,

can be formed usually in about 3 : 1 ratio. Along with aromatic

oxidation, oxidation of methyl group occurs. Products of the

oxidative coupling of intermediate radicals and over-oxidation

products can be also formed. Selective oxidation of the

substrate having several oxidizable sites involving only one

oxidation pathway while keeping other oxidizable sites intact is

therefore a key issue.

In the past decade, a considerable amount of research has

been dedicated to the preparation of various mesoporous

materials, containing transition metal ions highly dispersed in

inorganic, mostly silicate matrixes, and their use as catalysts in

selective oxidation of bulky organic substrates with hydroper-

oxides.17–27 Previously, we found that mesoporous titanium-

silicates, both well-ordered and amorphous ones, catalyze

effectively the oxidation of 2,3,6-trimethylphenol (TMP) to

2,3,5-trimethyl-1,4-benzoquinone (TMBQ, vitamin E pre-

cursor).25,26 However, most of these catalytic materials

suffered from hydrolytic instability, which restricted their

practical use. Recently, we have reported the preparation and

characterization of the novel highly active and hydrothermally

stable titanium-silicate Ti-MMM-2 and demonstrated a true

heterogeneous nature of catalysis and its reusability in selective

oxidations with aqueous H2O2.27,28

Ti-MMM-2 catalyst was successfully used in the oxidation

of 2-methyl-1-naphtol (MNL).29 This recyclable catalyst

allowed one to obtain MNQ with selectivity as high as 75%

at complete substrate conversion. The promising selectivity in

aromatic oxidation prompted us to check the scope of this

catalyst in even a more challenging oxidation of various

phenols having easily oxidizable sites, e.g. alcoholic function,

double bond and benzylic/allylic positions.

In the case of the oxidation of phenols bearing an alcohol

group, especially in the benzylic position, the oxidation to

aldehyde group often prevails over aromatic oxidation. For

example, 2-hydroxybenzyl alcohol (2-HBA) is usually oxidized

to salicylaldehyde (SA) over noble metal catalysts.30 A

stoichiometric oxidation of 2-HBA to 2-hydroxymethyl-1,4-

benzoquinone (2-HQ) by polymer-supported hypervalent

iodine reagents represents the only example of aromatic

oxidation with the yield of 2-HQ about 30%.31 The stoichio-

metric oxidation of a less available and easily oxidizable

methoxy-derivative of phenol with hypervalent iodine oxidants

to 2-HQ has been published.32 2-HQ can be obtained electro-

chemically from 2,5-dimethoxyphenyl-methanol; however, the

yield does not exceed 30%.33 Noteworthy, a low selectivity is

typical for such oxidations.

aBoreskov Institute of Catalysis, Pr. Ac. Lavrentieva 5, Novosibirsk,
630090, Russia
bInstitut de Recherches sur la Catalyse, CNRS, 2, avenue A. Einstein,
69626, Villeurbanne Cedex, France. E-mail: sorokin@catalyse.cnrs.fr;
Fax: +33 472445399; Tel: +33 472445337
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Here we report the oxidation of the functionalized

phenols to the corresponding quinones over titanium-silicate

Ti-MMM-2 using aqueous H2O2 as oxidant.

Results and discussion

Titanium-silicate catalyst Ti-MMM-2 was prepared as

described previously27 using Na2Si2O5 and TiOSO4?H2SO4 as

silica and titanium source, respectively, and cetyltrimethyl

ammonium bromide as template. This material was charac-

terized by synchrotron XRD, nitrogen adsorption techniques

and DR UV-vis spectroscopy. The textural, structural and

spectroscopic characteristics were similar to those reported in

ref. 27–29. In particular, the Ti-MMM-2 samples have uniform

mesopores with a diameter of 3 nm and a silicate wall thickness

of about 1.0 nm.

From the group of phenols with alcohol function we first

studied the oxidation of 2-HBA. The oxidation products were

identified and quantified by GC-MS and 1H NMR methods.

The 2-HBA (0.02 M solution, 7 H2O2 equiv.) was oxidized

over Ti-MMM-2 (6 mol%) in CD2Cl2 at 30 uC to 2-HQ with

selectivity 26% and conversion 14%. The use of acetonitrile as

solvent and increasing the reaction temperature up to 80 uC
allowed to increase the selectivity to quinone to 54% at 87%

conversion. Along with SA, 2-hydroxymethyl-1,4-hydroben-

zoquinone, catechol and 2,5-dihydroxybenzaldehyde were

identified by GC-MS as minor reaction products. No over-

oxidation products issued from the cleavage of aromatic cycle

were found.

To find optimized reaction conditions, we evaluated the

influence of the oxidant/substrate ratio, 2-HBA concentration

and catalyst loading. Progressive increasing H2O2/2-HBA ratio

from 5 to 11 resulted in increasing 2-HQ yield from 45 to 71%

(Fig. 1). A further increasing of H2O2 amount did not result in

the increase of 2-HQ yield. When the oxidation of 2-HBA was

performed in the presence of 5 equiv. of H2O2 and 4 equiv. of

H2O with respect to the substrate a 55% yield of 2-HQ was

obtained suggesting a positive effect of H2O2 on the selectivity

of aromatic oxidation. A further optimisation of the catalytic

system was performed using H2O2/2-HBA = 9 ratio.

The yield of 2-HQ was also sensitive to the initial con-

centration of 2-HBA solution (Fig. 2). The optimal 2-HBA

concentration was 0.04 M to give a 74% yield of 2-HQ. The

optimal loading of catalyst was found to be 6 mol%. Further

increasing of the catalyst loading did not provide better 2-HQ

yield. According to the results obtained, the optimal reaction

conditions for oxidation of 2-HBA are as follows: [2-HBA] =

0.04 M, H2O2/2-HBA = 9/1, 6 mol% of catalyst, 80 uC,

acetonitrile, 2 h reaction time. Ti-MMM-2 was used for three

cycles in the oxidation of 2-HBA which showed consistent

selectivity and a small decrease in activity.

The scope of the method has been extended to the oxidation

of functionalized phenols. The oxidation of different sub-

strates, including 3,5-dihydroxybenzyl alcohol containing

two hydroxyl groups, also produced quinones with 38–71%

selectivity (Table 1, entries 2–5). No oxidation occurred

without catalyst. The products of oxidation of alcohol

function accounted only for 3–5% indicating that the main

oxidation pathway was again the aromatic oxidation.

Another type of phenol, exemplified by 2-allylphenol with

easily oxidizable double bond and benzylic/allylic position,

also afforded quinone although selectivity was moderate in this

case (Table 1, entry 6). However, it should be emphasized that

no selective oxidation of alkenylphenols to quinones keeping

double bond intact has been reported in the literature.

Typically, allylphenols react with oxidants to give epoxides

or products of cyclization.34 To prepare allylquinones the

allylation of quinones with allyltin35 and allylindium36

reagents have been used.

Experimental

General

Solvents and chemicals were obtained from Sigma-Aldrich

and used without purification unless indicated. Deuterated

acetonitrile-d3 (99.8%) was available from Euriso-top.

Liquid-state nuclear magnetic resonance spectra were

recorded using the AM 250 Bruker spectrometer.

Fig. 1 Influence of H2O2/2-HBA ratio on the oxidation of 2-HBA.

Reaction conditions: 1 mL of 0.02 M 2-HBA solution in CD3CN,

6 mol% of Ti-MMM-2, 80 uC, 2 h.

Fig. 2 Influence of the initial concentration of 2-HBA on the

oxidation. Reaction conditions: 1 mL of 2-HBA solution in CD3CN,

[H2O2]/[2-HBA] = 9/1, 6 mol% of Ti-MMM-2, 80 uC, 2 h.

884 | Green Chem., 2006, 8, 883–886 This journal is � The Royal Society of Chemistry 2006
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The products of oxidation were identified by NMR and

GC-MS methods. The quantitative GC analyses were not

reproducible because of instability of the substrates and/or

reaction products under GC conditions. Therefore, conver-

sions and product yields were determined by NMR using

biphenyl as internal standard.

The reaction products were identified by GC-MS (Hewlett

Packard 5973/6890 system ; electron impact ionization at

70 eV, He carrier gas, 30 m 6 0.25 mm crosslinked 5% PHME

siloxane (0.25 mm coating) capillary column, HP-5MS).

The products of the degradation of aromatic rings were

analyzed by GC-MS (capillary column VF5-MS, 100%

dimethylpolysiloxane, 30 m 6 0.25 mm, 0.25 mm coating) using

trimethylsulfonium hydroxide as a derivatization agent.37

Preparation of Ti-MMM-2 catalyst

Ti-MMM-2 was prepared and characterized as described

previously27 using Na2Si2O5 and TiOSO4?H2SO4 as silica and

titanium source, respectively, and cetyltrimethyl ammonium

bromide (CTAB) as a template. At the first step, the aqueous

mixture of CTAB, Na2Si2O5 and TiOSO4?H2SO4 was prepared

at pH 0.5–1.5. To this mixture, a solution of sodium silicate

was added keeping the pH of the reaction mixture between

2.0 and 3.5. The resulting mixture was kept at 50 uC for

15–20 min. Final molar ratio was SiO2 : TiO2 : CTAB : HCl :

H2O = (1 2 x) : (x) : (0.16–0.2) : (1) :(165), x = 0.01–0.1. CTAB

was removed from the materials by calcination at 550–600 uC
for 6 h in the presence of air. Ti-MMM-2 sample contained

2.0 wt% of Ti.

Typical procedure for the oxidation of phenols

To a 0.04 M solution of substrate and 0.0096 M of biphenyl

(internal standard) in 1 mL of deuterated solvent was added

6 mg of catalyst (2.4?1026 mol Ti). The reaction was started

by the addition of a 35% aqueous H2O2 and was carried out

at 80 uC. After the reaction the catalyst was separated by

filtration and the reaction mixture was analyzed by 1H NMR.

Product yields and conversion were determined by integration

of the corresponding proton signals relatively to internal

standard signals.

2-Hydroxybenzyl alcohol. MS (EI) m/z (relative int.): 124 (45,

[M]+), 106 (64, [M 2 H2O]+), 78 (100, [M 2 H2O 2 CO]+).
1H NMR (CD3COCD3, 250 MHz): d 4.70 (s, 2H, CH2), 6.74–

6.80 (m, 2H, CH aromatic), 7.05–7.25 (m, 2H, CH aromatic).

2-Hydroxymethyl-1,4-benzoquinone. MS (EI) m/z (relative

int.): 138 (20, [M]+), 122 (16, [M 2 O]+), 110 (100, [M 2

CO]+), 94 (10, [M 2 2O]+), 82 (28, [M 2 2CO]+).
1H NMR (CD3COCD3, 250 MHz): d 4.44 (s, 2H, CH2),

6.74–6.78 (m, 3H, CH aromatic).

3-Hydroxybenzyl alcohol. MS (EI) m/z (relative int.): 124

(100, [M]+), 123 (29, [M 2 H]+) , 107 (18, [M 2 OH]+), 106

(16, [M 2 H2O]+), 105 (23, [M 2 H2O 2 H]+), 95 (60, [M 2

COH]+), 77 (60, [M 2 H2O 2 COH]+).
1H NMR (CD3COCD3, 250 MHz): d 4.13 (t, 1H, OH, J =

5.7 Hz), 4.54 (d, 2H, CH2, J = 5.7 Hz), 6.55 (d, 1H, CH

aromatic, J = 3.38 Hz), 6.77–6.85 (m, 2H, CH aromatic), 7.11

(t, 1H, CH aromatic, J = 7.8 Hz).

3,5-Dihydroxybenzyl alcohol. MS (EI) m/z (relative int.): 140

(100, [M]+), 139 (12, [M 2 H]+) , 123 (14, [M 2 OH]+), 122

(15, [M 2 H2O]+), 121 (18, [M 2 H2O 2 H]+), 111 (54, [M 2

COH]+), 93 (22, [M 2 H2O 2 COH]+).
1H NMR (CD3COCD3, 250 MHz): d 4.38 (s, 2H, CH2), 6.14 (t,

1H, CH aromatic, J = 2.3 Hz), 6.25–6.28 (m, 2H, CH aromatic).

2-Hydroxy-6-hydroxymethyl-1,4-benzoquinone. MS (EI):

unstable under analysis conditions.
1H NMR (CD3COCD3, 250 MHz): d 4.34 (s, 2H, CH2), 5.8

(d, 1H, CH aromatic, J = 2.5 Hz), 6.51 (d, 1H, CH aromatic,

J = 2.5 Hz).

Table 1 Oxidation of phenols by hydrogen peroxide catalyzed by
Ti-MMM-2 catalysta

Substrate Product
Time/
h

Conversion
(%)

Selectivity
(%)

2 96 76

3 87 53

0.5 100 41

3 82 71

0.5 98 38

6 84 36

0.5 100 75b

a Percent conversion and product yield were determined by 1H NMR
spectroscopy using biphenyl as internal standard. b From ref. 29.
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3-Hydroxyphenetyl alcohol. MS (EI) m/z (relative int.): 138

(61, [M]+), 120 (6, [M 2 CO]+), 108 (70, [M 2 CH2O]+), 107

(100, [M 2 CH2OH]+), 90 (12, [M 2 CH2O 2 H2O]+), 77 (35,

[M 2 CHCH2O 2 H2O]+).
1H NMR (CD3COCD3, 250 MHz): d 2.71 (t, 2H,

CH2CH2OH, J = 7.0 Hz), 3.70 (t, 2H, CH2CH2OH, J =

7.0 Hz), 6.63–6.70 (m, 3H, CH aromatic), 7.07 (t, 1H, CH

aromatic, J = 7.7 Hz).

2-(2-Hydroxyethyl)-1,4-benzoquinone. MS (EI): unstable

under analysis conditions.
1H NMR (CD3COCD3, 250 MHz): d 2.54 (t, 2H, CH2OH,

J = 6.3 Hz), 3.65 (t, 2H, CH2CH2OH, J = 6.3 Hz), 6.57–6.72

(m, 3H, CH aromatic).

2-Allylphenol. MS (EI) m/z (relative int.): 134 (100, [M]+),

133 (38, [M 2 H]+), 119 (33, [M 2 CH3]+), 115 (34, [M 2 H2O 2

H]+), 107 (19, [M 2 CH2CH]+), 105 (21, [M 2 COH]+), 91 (41,

[M 2 CH2 2 COH]+), 77 (30, [M 2 CH2CH2 2 COH]+).
1H NMR (CD3CN, 250 MHz): d 3.34 (d, 2H, CH2CHLCH2,

JL6.5 Hz), 5.00–5.08 (m, 2H, CH2CHLCH2), 5.92–6.08 (m,

1H, CH2CHLCH2), 6.78–6.81 (m, 2H, CH aromatic), 6.84 (s,

1H, OH), 7.03–7.10 (m, 2H, CH aromatic).

2-Allyl-1,4-benzoquinone. MS (EI) m/z (relative int.): 148 (33,

[M]+), 147 (42, [M 2 H]+), 131 (6, [M 2 OH]+), 120 (54, [M 2

CO]+), 105 (13, [M 2 CH2 2 COH]+), 92 (13, [M 2 2CO]+), 91

(100, [M 2 2CO 2 H]+).
1H NMR (CD3CN, 250 MHz): d 3.15 (dd, 2H,

CH2CHLCH2, J1 = 6.8 Hz, J2 = 1.4), 4.98–5.12 (m, 2H,

CH2CHLCH2), 5.80–6.10 (m, 1H, CH2–CHLC), 6.54–6.77 (m,

3H aromatic).

Conclusions

Titanium-silicate Ti-MMM-2 catalyst exhibits an unusual

selectivity in the oxidation of phenols bearing alcohol

functions or double bond favoring aromatic oxidation to

corresponding quinones rather than oxidation of these easily

oxidizable groups. This considerable extension of the catalytic

activity of titanium based catalysts provide a basis for new

promising green route to aromatic compounds having

carbonyl functions, double bonds and alcohol group in

adjacent position on an aromatic cycle. These valuable

synthetic intermediates have been previously prepared by

stoichiometric oxidation with hypervalent iodine oxidants. The

proposed catalytic method is a green alternative since it

involves hydrogen peroxide oxidant and recyclable solid

catalyst. Selective oxidation of such functionalized substrates

gives the possibility to access directly to structurally complex

targets thus avoiding multistep synthesis.
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A new environmentally friendly method to synthesize long-chain and functionalized alkylsulfate

ionic liquids is reported. The two-step synthesis comprises the synthesis of a methylsulfate or

ethylsulfate ionic liquid by direct alkylation in the first step. In the second step, this intermediate is

transformed in a transesterification reaction, using different functionalized and non-

functionalized alcohols, to the corresponding new alkylsulfate melts. The entire reaction sequence

is halide-free and liberates methanol or ethanol as the only by-products. Moreover, it is carried

out in a solvent-free manner and scale-up is straight forward.

Introduction

Ionic liquids have received a great increase in attention during

the last decade. More and more, ionic liquids are used as

innovative solvent substitutes in academic and industrial

research laboratories. Today, the applications under investiga-

tion range from synthesis,1,2 transition metal catalysis3,4 and

biocatalysis5 to electrochemistry,6,7 from active materials in

sensors8,9 and analytical devices10 to performance additives for

paints,11 and from process fluids for separation techno-

logies12,13 to heat transfer agents14,15 and innovative lubrica-

tion.7 In particular, their extremely low vapour pressure at

ambient conditions makes ionic liquids extremely interesting

for many technical purposes.

For a long time the ‘‘work horses’’ in the field of ionic liquid

research used to be 1-butyl-3-methylimidazolium hexafluoro-

phosphate ([BMIM][PF6]) and 1-butyl-3-methylimidazolium

tetrafluoroborate ([BMIM][BF4]). One reason for this was

certainly the fact that these ionic liquids are relatively easy

to prepare and to purify as they are non-miscible with water

([BMIM][PF6]) or at least hydrophobic enough to be extract-

able from water ([BMIM][BF4]). However, the hydrolytical

instability of hexafluorophosphate and tetrafluoroborate

anions has become quite obvious16 and, as the decomposition

of [PF6]2 and [BF4]2 leads to the formation of highly toxic and

corrosive HF, the use of these ionic liquids will be limited to

either applications under anhydrous conditions or to those

cases where a certain extent of degradation may be acceptable.

Apart from hexafluorophosphates and tetrafluoroborates, a

group of hydrophobic and hydrolysis-stable ionic liquids have

been published, and the most prominent representative,

carrying the bis(trifluoromethylsulfonyl)imide ion, has been

used in many publications.7,17 Other examples of hydrophobic

and hydrolysis-stable anions include nonafluorobutanesulfo-

nate18 and tris(pentafluoroethyl)trifluorophosphate.19

However, these systems suffer from the intrinsically high

price of the anion, making them unsuitable for larger scale

applications. Moreover, the fluorinated anions restrict the

disposal options for these ionic liquids to some extent, e.g.

incineration requires special HF treatment.

In the light of all these considerations, the synthesis and

application of ionic liquids with halogen-free anions has

become an important area of research. Several of these systems

have been described, e.g. alkyl and aryl sulfonates,20 alkyl-

sulfates,21 and organoborate22 anions. Methylsulfate and

ethylsulfate ionic liquids have found particularly wide applica-

tion as they are easily accessible by direct alkylation using

cheap alkylation agents. In the reaction of methylimidazole

with the very strong alkylation agents dimethylsulfate or

diethylsulfate, the corresponding alkylsulfate ionic liquid is

obtained in a solvent-free synthesis with high reaction rates23

and excellent purity. Moreover, 1-methyl-3-ethylimidazolium

ethylsulfate ([EMIM][EtOSO3]) has become one of the first

commercial ionic liquid available on ton-scale,24 with a

set of toxicological data generated in an official registration

process indicating that this ionic liquid is a safe and non-toxic

chemical, meaning that no labelling is required. Furthermore,

methylsulfate and ethylsulfate ionic liquids also show attrac-

tive physico-chemical properties with low viscosities and

melting points well below room temperature for many

compounds.25 But, unfortunately, methyl- and ethylsulfate

anions are also prone to hydrolysis, especially under acidic

conditions and elevated temperatures. In this case the

formation of [HSO4]2 and methanol or ethanol is observed.

In contrast, long-chain alkylsulfate ions show a much higher

hydrolytic stability, and hence much better hydrolytic stability

has been found for ionic liquids incorporating these ions, e.g.

[BMIM][octylsulfate].26 Our group has presented a procedure

that involves, as the key step, the metathesis of 1,3-

dialkylimidazolium chloride intermediates with sodium alkyl-

sulfate salts. This method requires extensive drying of the

sodium alkylsulfate salt, large amounts of dry solvents (such as

aLehrstuhl für Chemische Reaktionstechnik der Friedrich-Alexander-
Universität Erlangen-Nürnberg, Egerlandstrasse 3, Erlangen, D-91058,
Germany. E-mail: wasserscheid@crt.cbi.uni-erlangen.de;
Fax: +499131-8527421; Tel: +499131-8527420
bSolvent Innovation GmbH, Köln, Nattermannallee 1, Köln, D-50829,
Germany
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dichloromethane or acetone) and a cumbersome filtration

procedure under inert atmosphere to obtain an ionic liquid

with at least acceptable contents of chloride impurities. Later,

we published a more general approach that also gives access to

long-chain alkylsulfate and functionalized alkylsulfate ionic

liquids in which the anion is not a commercial chemical as

sodium or ammonium salt.27 This method involves sulfatation

of alcohols with sulfamic acid (giving the corresponding

ammonium alkylsulfate salt) followed by metathesis with e.g.

[BMIM]Cl. Again, the metathesis step requires large amounts

of an organic solvent and absolutely water-free conditions to

realize the complete removal of chloride ions through filtration

of NH4Cl.

In this paper we report for the first time in detail a simple,

two-step synthesis to obtain long-chain and functionalized

alkylsulfate ionic liquids in a much more efficient way. As

displayed in Scheme 1 this is realized by a transesterification

reaction of methyl- or ethylsulfate intermediates.

This synthetic route can easily be scaled up using standard

laboratory equipment, as will be demonstrated in this paper.

The use of organic solvents in the synthesis is not required. By

variation of the starting materials a plethora of new, halogen-

and halide-free ionic liquids is readily available in high quality.

Many of the new ionic liquids easily accessible by this method

show interesting physico-chemical properties, and may also be

of technical interest.

Results and discussion

Synthesis

Quaternization step. For the first step, the quaternization

with dimethyl- or diethylsulfate, many nucleophiles such as

alkylimidazoles, substituted pyridines, tertiary phosphines or

tertiary amines can be used. Many of these compounds, espe-

cially the tertiary amines, are commercially available at low

cost. Some of the quaternization products are liquid at room

temperature or slightly above. The ionic liquids described

in this paper are all derived from 1-N-methylimidazole or

1-N-butylimidazole. Results using other starting materials will

be published in the future.

The quaternization of 1-N-methylimidazole with diethyl-

sulfate is carried out without a solvent under efficient cooling

of the reaction mixture with a cold water- or icebath. In this

way a nearly colourless product is obtained. Effective heat

removal is very important, as this influences the colour of the

the final product, and thereby the purity.

Transesterification step. In the transesterification step, a

long-chain alcohol and an acidic catalyst are added to

the compound obtained after the initial quaternization

reaction. In this study we report on our work using primary

alcohols (n-butanol, n-hexanol and n-octanol) and some

ethyleneglycol-based alcohols (2-methoxyethanol, 2-ethoxy-

ethanol, 2-butoxyethanol, diethyleneglycolmonoethylether and

diethyleneglycolmonomethylether).

Pre-drying of the alcohol is advised as water leads to hydrolysis

of the short-chain alkylsulfate and forms hydrogensulfate

impurities. 0.4 mol% of a Brønsted acidic catalyst (methane-

sulfonic acid) has been used for the synthesis of the alkylsulfate

ionic liquids characterized and described in this paper. This

amount conduces the neutralization of the remaining free

methylimidazole from the quaternization step and assures a

slightly acidic reaction mixture for the transesterification reac-

tion. Too much acid is not beneficial, as the amount of acidic

by-products during the transesterification step may increase.

In order to shift the equilibrium of the transesterification

reaction towards the desired products, ethanol (or methanol)

liberated in the transformation must be efficiently removed, a

well-known procedure in transesterification reactions. One

main problem we encountered during the investigation of this

specific aspect was the fact that components such as alcohols

show different vapour pressure when dissolved in ionic liquids

(a fact that is technically used in extractive distillation with

ionic liquids being used as entrainer fluids28). The strong

interactions between the ionic liquids and the highly polar

methanol or ethanol decrease the vapour pressure of these

short chain alcohols significantly. Therefore, mild vacuum has

to be applied—even at elevated temperatures—to remove

methanol and ethanol from the reaction mixture. In all cases

an excess of at least 1.5 equivalents of the long-chain alcohols

(R0OH in Scheme 1) is necessary, as some of it is removed in

the vapour mixture together with the lower alcohol (R9OH in

Scheme 1) during the vacuum procedure. This excess has the

additional advantage of shifting the equilibrium further

towards the product side. When using alcohols with a

relatively low boiling point (e.g. butanol, bp 118 uC) the

molar ratio of alcohol to starting material was between 2 and 3,

alcohols with higher boiling points (e.g. octanol, bp 198 uC)

show good results with 1.5 equivalents. However, it has to be

noted that the excess of the remaining higher alcohol used in

the transesterification step has to be removed at the end of the

transesterification reaction to obtain the pure product. This

can be achieved by applying high vacuum at elevated

temperatures. In most cases, 80–100 uC at about 0.2 mbar

was enough to remove even diethyleneglycolmonomethylether

or 1-octanol. The removed alcohol can be recycled for another

reaction making the overall procedure an efficient process.

Another way of removing excess alcohol is the extraction with

diethylether. This was usually carried out in cases where the

purity of the products was crucial, in particular for the

determination of physico-chemical properties.

Kinetic aspects of the transesterification step

As the transesterification reaction is the key-step of our

new synthetic procedure to long-chain and functionalized

Scheme 1 Two-step synthesis of alkylsulfate ionic liquids by quater-

nization and transesterification exemplified for a tetraalkylammonium

system.
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alkylsulfate ionic liquids, we were interested in the kinetics

of this reaction. Here we present fundamental kinetic data

concerning the transesterification of [EMIM][EtOSO3] to

[EMIM][BuOSO3].

First, we carried out several kinetic experiments in order to

get information on the initial rate of the reaction and the time

needed until the equilibrium is reached under atmospheric

pressure and equimolar conditions. All experiments were

observed by 1H-NMR spectroscopy of both reaction mixture

and condensate. The samples of the reaction mixture were

quenched by immediate cooling. It has been verified that under

these cold conditions no further reaction takes place in the

NMR tube that could affect the result. Fig. 1 shows the

concentration–time profiles of the reactants and products for

the synthesis of 1-ethyl-3-methylimidazolium butylsulfate

([EMIM][BuOSO3]).

For an equimolar mixture of [EMIM][EtOSO3] and

1-butanol (1.4 mol% methansulfonic acid as catalyst), the

following results were obtained: (1) The transesterification is a

second order reaction (first order with respect to each of the

starting materials), with an activation energy of 73.01 kJ mol21

and a collision factor of 1.6 6 1012 min21. (2) The reaction is

much faster than expected. Equilibrium was fully reached, at

temperatures ¢60 uC, within less than 90 min (Fig. 1), and in

only 15 min at 90 uC (Fig. 2).

The molar ratios of the starting materials were varied from

[EMIM][EtOSO3]/1-butanol 1 : 10 to 10 : 1 in order to

investigate the effects on the conversion according to the law

of mass action. When an excess of butanol of 10 equivalents

was used, a conversion higher than 90% was obtained (Fig. 3).

However, the use of large quantities of butanol is rather

impractical for technical production, as the remaining amount

has to be removed from the product. Alternatively, ethanol

can be removed under reduced pressure during the reaction.

Consequently, the best results (all yields .99%) were obtained

in this manner (T = 90 uC; [EMIM][EtOSO3]/1-butanol = 1 : 3;

apparatus with distillative EtOH removal). The colour of the

products obtained in this procedure remained almost colour-

less with a light yellowish shade.

It is noteworthy, however, that reaction temperatures should

not exceed 100 uC. At higher temperatures yields start to

decrease due to the formation of [HSO4]2 anions and also the

product’s colour becomes more intense.

Catalyst identification and optimization. In the early days of

this study it was realized that the transesterification requires a

certain amount of a Brønsted-acidic catalyst. As a small excess

of methylimidazole is present in the starting material [EMIM]

[EtOSO3] (typically 0.2%) the acid serves two purposes. It

neutralizes the small amount of free base (1-methylimidazole)

and it acts as the catalyst for the transesterification.

In our quest for the best catalyst for our specific purpose we

first focused on solid acids, since these heterogeneous catalysts

Fig. 1 Concentration–time profile for an equimolar ratio of

[EMIM][EtOSO3] and 1-butanol at 60 uC (atmospheric pressure) and

a catalyst concentration (methanesulfonic acid) of 1.4 mol%.

Fig. 2 Effect of reaction temperature on conversion of [EMIM]

[EtOSO3] and 1-butanol to [EMIM][BuOSO3] for an equimolar ratio

of [EMIM][EtSO3] and 1-butanol and a catalyst concentration

(methanesulfonic acid) of 1.4 mol%.

Fig. 3 Concentration–time profile for a molar ratio of [EMIM]

[EtOSO3]/1-butanol = 1/10 at 60 uC and a catalyst concentration

(methanesulfonic acid) of 4.7 mol%.
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are frequently used in industrial transesterification reactions.29

Moreover, such systems would be easy to remove after the

reaction from the reaction mixture. Consequently, Dowex1

MSC-1 from Dow Chemicals and Amberlyst1 15 from Rohm

and Haas Co. were tested, both materials containing free

sulfonic acid groups. Unfortunately, it was found that with

these catalysts large amounts of acid groups were formed after

full conversion of the short-chain alkylsulfate (up to 9 mol%

as determined by titration with 0.1 M NaOH). Presumably,

[HSO4]2 is formed during the reaction from water present in

the acidic catalyst by degradation of the short-chain alkyl-

sulfates. The acid formed in this way can be neutralised by

addition of base (in our case NaOH was applied) to give a

product with neutral pH-value. However, in this case the

purity of the product suffers from large amounts of Na2SO4

impurities. Calculations show that acid contents up to 3 mol%

still result in 1 mass% of Na2SO4 in the final product after

neutralization. This amount could be considered as the limit

for an acceptable technical product quality.

Acid contents below 3 mol% could be obtained by using

homogeneous, liquid acids as the catalyst. Methanesulfonic

acid was found to be eminently useful for the transesterifica-

tion as it is cheap, commercially available in water-free form

and easy to handle. An obvious drawback is the fact that liquid

acids in a homogeneous mixture cannot be removed after the

reaction. Neutralization with a base leads to mixtures of

mesylate salts and (alkyl)sulfates, both of them relatively inert

anions. However, due to the fact that very small amounts of

liquid catalyst (usually 0.4 mol% have been used) have already

proved very efficient in catalyzing the transesterification

reaction, this method is much superior to the application of

solid acids.

Quality analysis

During synthesis of both steps, the alkylation and the

transesterification, acid–base-titration was found to be a

simple, cheap and fast method to analyse the product’s quality.

In the alkylation reaction the small excess of 1-methylimi-

dazole could be analysed by titration of an aqueous solution

with 0.1 M methanesulfonic acid, using bromothymol blue as

the pH indicator. The 1-methylimidazole content was also

checked by HPLC measurements. Both methods agreed within

an error margin of 0.1 mol%.

For the determination of the acid content in the final

product the same indicator was used with 0.1 M sodium

hydroxide solution as the titrant.

Physico-chemical properties

Concerning the physico-chemical properties of the new ionic

liquids prepared in this study, the following 1-ethyl-3-

methylimidazolium based melts were analyzed: [EMIM][X],

with [X]2 being n-butylsulfate, n-hexylsulfate, n-octylsulfate,

2-methoxyethylsulfate, 2-ethoxyethylsulfate, 2-butoxyethyl-

sulfate, 2-(2-ethoxyethoxy)-ethylsulfate and 2-(2-methoxy-

ethoxy)ethylsulfate. To check for cation effects, the following

1-butyl-3-methylimidazolium based ionic liquids were also

investigated: [BMIM][Y], with [Y]2 being n-butylsulfate,

n-hexylsulfate and n-octylsulfate. All ionic liquids under

investigation, except [EMIM][BuOSO3] (mp 12 uC) and

[EMIM][HexOSO3] (mp 7 uC), were still liquids at 0 uC.

However, due to the fact that these ionic liquids are

supercooled melts below zero, the melting points could not

be detected by DSC.

Viscosity. To produce reliable viscosity data we routinely

checked the water content for all substances under investiga-

tion before the viscosity measurements. The determination of

the water content was carried out by Karl–Fischer titration.

All data displayed in Fig. 4 and Table 1 originate from samples

with a water content of 600 ¡ 100 ppm (0.06 ¡ 0.01 mass%

water). All ionic liquids under investigation showed

Newtonian behaviour in the applied temperature range (their

viscosity does not change with changing shear rates).

The comparison of [EMIM] vs. [BMIM] ionic liquids

carrying the same anion reveals a pronounced effect, with

[EMIM] melts always showing significantly lower viscosity.

For example, a viscosity of 386 mPa s was determined

for [BMIM][BuOSO3] at 30 uC, whereas the value for

[EMIM][BuOSO3] (123 mPa s) was found to be more than

three times lower at the same temperature.

For the less viscous [EMIM] based alkylsulfate ILs the

viscosity data were recorded in a temperature range from 20 uC
to 100 uC (Fig. 4). Interestingly, the melts that contain ethylene

glycol-functionalized anions like [EMIM][Et(EG)OSO3] (EG =

ethylenglycol unit) show very low viscosities compared to the

alkylsulfate with similar length of side chain but no oxygen

functionalization. For example, [EMIM][Et(EG)2OSO3]

shows only 169 mPa s at 20 uC compared to 649 mPa s for

[EMIM][OcOSO3], which can be viewed as the same melt with

just the two O-atoms substituted by CH2-groups.

Density. The densities of the new ionic liquids were also

measured with samples of defined water content (600 ¡

100 ppm). Densities and viscosities for different alkylsulfate

melts are displayed in Table 1. As expected, the densities of

melts containing anions with functionalized side chains are

much higher than the values for non-functionalized anions,

Fig. 4 Viscosities of [EMIM] based ionic liquid at different

temperatures.
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due to the formation of intra- and inter-molecular O…H-

bonds. This results in a more dense arrangement of the ions

per volume unit. For example, [EMIM][Me(EG)2OSO3] has a

density of 1.32 g cm23, whereas [EMIM][OcOSO3] shows only

a density of only 1.10 g cm23 at room temperature.

Thermal and hydrolytical stability. The thermal stability of

several new ionic liquids was also investigated. Thereby we

found out that all melts that were analyzed showed a decom-

position temperature higher than 300 uC (displayed in Table 1).

However, as no clear trend concerning chain length in relation

to thermal stability could be seen, we also studied the hydroly-

tical stability of two representative ionic liquids:

[EMIM][EtOSO3] and [EMIM][OcOSO3]. Hydrolysis of

alkylsulfate ionic liquids leads to the formation of [HSO4]2

and therefore to decreasing pH values. Hence, we recorded

the alteration of pH values versus time for mixtures of

[EMIM][EtOSO3] and [EMIM][OcOSO3] with water, with a

molar ratio of ionic liquid/water = 1 : 100 at 95 uC. As

expected the long-chain ionic liquid [EMIM][OcOSO3] proved

to be more stable towards hydrolysis than the short-chain

melt [EMIM][EtOSO3]. As shown in Fig. 5 an amount of

[EMIM][EtOSO3] is hydrolysed immediately after mixing

with an excess of water. The same was recorded for

[EMIM][OcOSO3] but the decrease of the pH value is by far

not as pronounced as it is for the short-chain melt.

Experimental

Chemicals

All reagents used were purchased from Aldrich, Dow

Chemicals, Fluka, Riedel-de Haën, Rohm and Haas Co. and

Solvent Innovation GmbH, with commercial grades .99%.

The alcohols were dried under high vacuum before application

in the transesterification.

Quaternization: synthesis of [EMIM][EtOSO3]

21 mol of diethylsulfate (.99%) were slowly added (200 ml at

a time) to 21.04 mol of 1-methylimidazole (.99%) that was

pre-cooled to 4 uC in a 10 l glass reactor by an external

cooling bath. After two hours of stirring under argon

atmosphere the mixture was heated up to 60 uC and was

stirred under argon for another 6 hours. The product

(yield .99%) was obtained in the form of a slightly yellowish

liquid, analysed by 1H-NMR.

Transesterification: synthesis of alkylsulfate based ionic liquids

For the transesterification reaction we used a commercial

rotary evaporator. 100 mmol of an alcohol were mixed

with 50 mmol of 1-ethyl-3-methylimidazolium ethylsulfate

([EMIM][EtOSO3]). 5 mmol of the catalyst, methanesulfonic

acid, were added to the mixture. The reaction mixture was

heated to 70 uC with constant stirring . Ethanol formed during

the reaction was removed under vacuum by applying a

pressure ramp (100–2 mbar). After five hours, 50 mmol of

the alcohol were added, and after stirring for half an hour the

remaining ethanol was removed under vacuum (1 mbar). After

neutralizing the obtained ionic liquid with sodium hydroxide,

a twofold (volumetric) excess of diethylether was added to

extract the remaining alcohol from the product. This process

was repeated five times. The rest of diethylether was removed

under high vacuum. Yields: [EMIM][Me(EG)OSO3] 99%,

[EMIM][Et(EG)OSO3] 99%, [EMIM][Bu(EG)OSO3] 99%,

[EMIM][Et(EG)2OSO3] 99%, [EMIM][Me(EG)2OSO3]

99%, [EMIM] [BuOSO3] .99%, [EMIM][HexOSO3] 99%,

Table 1 Alkylsulfate ionic liquids and their properties

ILs Formula Yield Density/g mL21 Viscosity/mPa s Tdec
a/uC mpb/uC

[EMIM][EtOSO3] C8H16N2O4S .99% 1.22 115c 357 ,0
[EMIM][BuOSO3] C10H20N2O4S .99% 1.18 209c 328 12
[EMIM][HexOSO3] C12H24N2O4S 99% 1.13 371c 314 7
[EMIM][OcOSO3] C14H28N2O4S 99% 1.10 649c 325 ,0
[EMIM][Me(EG)OSO3] C9H18N2O5S 99% 1.32 210c 332 ,0
[EMIM][Et(EG)OSO3] C10H20N2O5S 99% 1.30 266c 331 ,0
[EMIM][Bu(EG)OSO3] C12H24N2O5S 99% 1.21 317c 337 ,0
[EMIM][Me(EG)2OSO3] C11H22N2O6S 99% 1.23 205c 336 ,0
[EMIM][Et(EG)2OSO3] C12H24N2O6S 99% 1.23 169c 336 ,0
[BMIM][BuOSO3] C12H24N2O4S 99% nm 532d 327 ,0
[BMIM][HexOSO3] C14H28N2O4S 99% nm 542d 313 ,0
[BMIM][OcOSO3] C16H32N2O4S 99% 1.05 940d 324 ,0
a Tdec: temperature of thermal decomposition. b mp: melting point. c Viscosities measured at 20 uC. d Viscosities measured at 25 uC.

Fig. 5 pH value–time profile at 95 uC for a molar ratio of

[EMIM][EtOSO3]/water and [EMIM][OcOSO3]/water = 1/100.
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[EMIM][OcOSO3] 99%. For upscaling we used a 25 litre rotary

evaporator (Büchi). The procedure was the same as described

above. For the synthesis of [EMIM][BuOSO3] the following

amounts of reactants were used: 44.6 mol [EMIM][EtOSO3],

134 mol BuOH and 0.45 mol methanesulfonic acid. Yield:

[EMIM][BuOSO3] 98%.

Kinetic experiments

For the kinetic investigations the reactions were carried out

batch-wise at standard pressure in an isothermal round bottom

flask using 1-butanol and [EMIM][EtOSO3] as reactants.

Temperatures were varied from 40 uC to 90 uC in steps of

10 uC. The amount of catalyst, methanesulfonic acid, was

kept at 1.4 mol% for equimolar ratios of the reagents. The

molar ratios of the starting materials 1-butanol and

[EMIM][EtOSO3] were varied from 10 : 1 to 1 : 10, and

4.7 mol% of methanesulfonic acid was used for these experi-

ments. The rates of depletion for 1-butanol, and [EMIM]

[EtOSO3], as well as the rate of formation of ethanol and

[EMIM][BuOSO3], were analyzed by 1H-NMR spectroscopy.

All NMR spectra were recorded on a JEOL ECX spectro-

meter in d6-DMSO.

1-Ethyl-3-methylimidazolium ethylsulfate [EMIM][EtOSO3].
1H-NMR (400 MHz, d6-DMSO, [ppm])

d = 1.09 (t, 3H, OCH2CH3, J = 7.13 Hz), 1.40 (t, 3H,

NCH2CH3, J = 7.31 Hz), 3.75 (q, 2H, OCH2CH3, J = 7.14 Hz),

3.84 (s, 3H, NCH3), 4.19 (q, 2H, NCH2CH3, J = 7.30 Hz), 7.70

(s, 1H, NCHCHN), 7.80 (s, 1H, NCHCHN), 9.10 (s, 1H,

NCHN). 13C-NMR (100 MHz, d6-DMSO, [ppm]) d = 15.0

(CH3CH2O, CH3CH2N), 35.6 (CH3N), 44.1 (CH3CH2N), 61.7

(CH3CH2O), 121.9 (NCHCHN), 123.5 (NCHCHN), 136.5

(NCHN)

1-Ethyl-3-methylimidazolium 2-methoxyethylsulfate

[EMIM][Me(EG)OSO3]. 1H-NMR (400 MHz, d6-DMSO,

[ppm]) d = 1.41 (t, 3H, NCH2CH3, J = 7.35 Hz), 3.235 (s,

2H, OCH2CH2OCH3), 3.48 (m, 2H, OCH2CH2OCH3), 3.81

(m, 2H, OCH2CH2OCH3), 3.85 (s, 3H, NCH3), 4.13 (q, 2H,

NCH2CH3, J = 7.31 Hz), 7.70 (s, 1H, NCHCHN), 7.8 (s, 1H,

NCHCHN), 9.13 (s, 1H, NCHN). 13C-NMR (100 MHz,

d6-DMSO, [ppm]) d = 15.6 (CH3CH2N), 36.20 (CH3N), 44.7

(CH3CH2N), 58.5 (CH3OCH2CH2O), 65.4 (CH3OCH2CH2O),

71.3 (CH3OCH2CH2O), 122.5 (NCHCHN), 124.1

(NCHCHN), 137.0 (NCHN)

1-Ethyl-3-methylimidazolium 2-ethoxyethylsulfate

[EMIM][Et(EG)OSO3]. 1H-NMR (400 MHz, d6-DMSO,

[ppm]) d = 1.09 (m, 3H, OCH2CH2OCH2CH3), 1.40 (t, 3H,

NCH2CH3, J = 7.30 Hz), 3.42 (m, 4H, OCH2CH2OCH2CH3),

3.80 (m, 2H, OCH2CH2OCH2CH3), 3.85 (s, 3H, NCH3), 4.13

(q, 2H, NCH2CH3, J = 7.31 Hz), 7.70 (s, 1H, NCHCHN),

7.8 (s, 1H, NCHCHN), 9.13 (s, 1H, NCHN). 13C-NMR

(100 MHz, d6-DMSO, [ppm]) d = 15.6 (CH3CH2OCH2CH2O,

CH3CH2N), 36.2 (CH3N), 44.7 (CH3CH2N), 65.7

(CH3CH2OCH2CH2O), 66.0 (CH3CH2OCH2CH2O),

69.3 (CH3CH2OCH2CH2O), 122.5 (NCHCHN), 124.1

(NCHCHN), 136.9 (NCHN)

1-Ethyl-3-methylimidazolium 2-butoxyethylsulfate [EMIM]

[Bu(EG)OSO3]. 1H-NMR (400 MHz, d6-DMSO, [ppm]) d =

0.87 (t, 3 H, OCH2CH2OCH2CH2CH2CH3, J = 7.34 Hz), 1.37

(m, 7H, OCH2CH2OCH2CH2CH2CH3, NCH2CH3), 3.42 (m,

4H, OCH2CH2OCH2CH2CH2CH3, 2 6 CH2), 3.80 (m, 2H,

OCH2CH2OCH2CH2CH2CH3), 3.85 (s, 3H, NCH3), 4.2 (q,

2H, NCH2CH3, J = 7.31 Hz), 7.70 (s, 1H, NCHCHN), 7.8 (s,

1H, NCHCHN), 9.13 (s, 1H, NCHN). 13C-NMR (100 MHz,

d6-DMSO, [ppm]) d = 14.3 (CH3CH2CH2CH2OCH2CH2O),

15.6 (CH3CH2N), 19.4 (CH3CH2CH2CH2OCH2CH2O), 31.9

(CH3CH2CH2CH2OCH2CH2O), 36.2 (CH3N), 44.7 (CH3CH2N),

65.7 (CH3CH2CH2CH2OCH2CH2O), 69.5 (CH3CH2CH2CH2-

OCH2CH2O), 70.5 (CH3CH2CH2CH2OCH2CH2O), 122.5

(NCHCHN), 124.1 (NCHCHN), 137.0 (NCHN)

1-Ethyl-3-methylimidazolium 2-(2-ethoxyethoxy)ethylsulfate

[EMIM][Et(EG)2OSO3]. 1H-NMR (400 MHz, d6-DMSO,

[ppm]) d = 1.09 (t, 3H, CH3CH2OCH2CH2OCH2CH2O, J =

7.0 Hz), 1.41 (t, 3H, NCH2CH3, J = 7.32 Hz), 3.46 (m, 6H,

CH3CH2OCH2CH2OCH2CH2O), 3.80 (m, 2H, CH3CH2-

OCH2CH2OCH2CH2O), 3.85 (s, 3H, NCH3), 4.19 (q, 2H,

NCH2CH3, J = 7.30 Hz), 7.70 (s, 1H, NCHCHN), 7.8 (s, 1H,

NCHCHN), 9.1 (s, 1H, NCHN). 13C-NMR (100 MHz,

d6-DMSO, [ppm]) d = 15.6 (CH3CH2N), 15.7 (CH3CH2OCH2-

CH2OCH2CH2O), 36.2 (CH3N), 44.7 (CH3CH2N), 65.6

(CH3CH2OCH2CH2OCH2CH2O), 66.1 (CH3CH2OCH2CH2-

OCH2CH2O), 69.8 (CH3CH2OCH2CH2OCH2CH2O), 69.9

(CH3CH2OCH2CH2OCH2CH2O), 70.3 (CH3CH2OCH2-

CH2OCH2CH2O), 122.5 (NCHCHN), 124.1 (NCHCHN),

137.0 (NCHN)

1-Ethyl-3-methylimidazolium 2-(2-methoxyethoxy)ethyl-

sulfate [EMIM][Me(EG)2OSO3]. 1H-NMR (400 MHz,

d6-DMSO, [ppm]) d = 1.41 (t, 3H, NCH2CH3, J = 7.32 Hz),

3.23 (s, 3H, CH3OCH2CH2OCH2CH2O), 3.45 (m, 6H,

CH3OCH2CH2OCH2CH2O), 3.81 (m, 2H, CH3OCH2CH2O–

CH2CH2O), 3.85 (s, 2H, NCH3), 4.13 (q, 2H, NCH2CH3, J =

7.31 Hz), 7.70 (s, 1H, NCHCHN), 7.8 (s, 1H, NCHCHN), 9.13

(s, 1H, NCHN). 13C-NMR (100 MHz, d6-DMSO, [ppm]) d =

14.8 (CH3CH2N), 35.6 (NCH3), 43.8 (CH3CH2N), 58.0

(CH3OCH2CH2OCH2CH2O), 65.0 (CH3OCH2CH2OCH2-

CH2O), 69.2 (CH3OCH2CH2OCH2CH2O), 69.4 (CH3OCH2-

CH2OCH2CH2O), 71.2 (CH3OCH2CH2OCH2CH2O), 122.2

(NCHCHN), 123.5 (NCHCHN), 136.5 (NCHN)

1-Ethyl-3-methylimidazolium n-butylsulfate [EMIM][BuOSO3].
1H-NMR (400 MHz, d6-DMSO, [ppm]) d = 0.84 (t, 3H,

CH3CH2CH2CH2O, J = 7.35 Hz), 1.35 (m, 7H, CH3CH2-

CH2CH2O, CH3CH2N), 3.70 (t, 2H, CH3CH2CH2CH2O, J =

6.64 Hz), 3.85 (s, 3H, NCH3), 4.19 (q, 2H, NCH2CH3, J =

7.30 Hz), 7.70 (s, 1H, NCHCHN), 7.8 (s, 1H, NCHCHN),

9.13 (s, 1H, NCHN). 13C NMR (100 MHz, d6-DMSO, [ppm])

d = 13.4 (CH3CH2CH2CH2O), 14.8 (CH3CH2N), 18.4

(CH3CH2CH2CH2O), 30.8 (CH3CH2CH2CH2O), 35.4

(CH3N), 43.8 (CH3CH2N), 64.9 (CH3CH2CH2CH2O), 121.7

(NCHCHN), 123.3 (NCHCHN), 136.0 (NCHN)

1-Ethyl-3-methylimidazolium n-hexylsulfate [EMIM]

[HexOSO3]. 1H-NMR (400 MHz, d6-DMSO, [ppm]) d = 0.85

892 | Green Chem., 2006, 8, 887–894 This journal is � The Royal Society of Chemistry 2006
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(t, 3H, CH3CH2CH2CH2CH2CH2O, J = 6.63 Hz), 1.25 (m, 6H,

CH3CH2CH2CH2CH2CH2O), 1.42 (t, 3H, NCH2CH3, J =

7.31 Hz), 1.47 (m, 2H, CH3CH2CH2CH2CH2CH2O), 3.70 (t, 2H,

CH3CH2CH2CH2CH2CH2O, J = 6.63 Hz), 3.85 (s, 3H, NCH3),

4.13 (q, 2H, NCH2CH3, J = 7.31 Hz), 7.70 (s, 1H, NCHCHN),

7.8 (s, 1H, NCHCHN), 9.13 (s, 1H, NCHN). 13C-NMR

(100 MHz, d6-DMSO, [ppm]) d = 13.8 (CH3CH2CH2CH2CH2-

CH2O), 14.8 (CH3CH2N), 22.0 (CH3CH2CH2CH2CH2CH2O),

25.2 (CH3CH2CH2CH2CH2CH2O), 29.0 (CH3CH2CH2CH2-

CH2CH2O), 31.0 (CH3CH2CH2CH2CH2CH2O), 35.4 (NCH3),

43.8 (CH3CH2N), 65.5 (CH3CH2CH2CH2CH2CH2O), 121.9

(NCHCHN), 123.3 (NCHCHN), 136.0 (NCHN)

1-Ethyl-3-methylimidazolium n-octylsulfate [EMIM][OcOSO3].
1H-NMR (400 MHz, d6-DMSO, [ppm]) d = 0.86 (t, 3H,

CH3CH2CH2CH2CH2CH2CH2CH2O, J = 6.81 Hz), 1.24 (m,

10H, CH3CH2CH2CH2CH2CH2CH2CH2O), 1.48 (t, 3H,

NCH2CH3, J = 7.35 Hz), 1.47 (m, 2H, CH3CH2CH2CH2-

CH2–CH2CH2CH2O), 3.69 (t, 2H, CH3CH2CH2CH2CH2-

CH2CH2CH2O, J = 6.20 Hz), 3.85 (s, 3H, NCH3), 4.13 (q,

2H, NCH2CH3, J = 7.31 Hz), 7.70 (s, 1H, NCHCHN), 7.8 (s,

1H, NCHCHN), 9.13 (s, 1H, NCHN). 13C-NMR (100 MHz,

d6-DMSO, [ppm]) d = 15.0 (CH3CH2N), 22.6 (CH3CH2CH2-

CH2CH2CH2CH2CH2O), 26.1 (CH3CH2CH2CH2CH2CH2-

CH2CH2O), 29.2 (CH3CH2CH2CH2CH2CH2–CH2CH2O),

29.3 (CH3CH2CH2CH2CH2CH2CH2CH2O), 29.6 (CH3CH2-

CH2CH2CH2CH2CH2CH2O), 31.8 (CH3CH2CH2CH2CH2-

CH2CH2CH2O), 36.2 (CH3N), 44.6 (CH3CH2N), 66.1

(CH3CH2CH2CH2CH2CH2CH2CH2O), 122.5 (NCHCHN),

124.1 (NCHCHN), 136.9 (NCHN)

1-Butyl-3-methylimidazolium n-butylsulfate [BMIM][BuOSO3].
1H-NMR (400 MHz, d6-DMSO, [ppm]) d = 0.85 (t, 3H,

CH3CH2CH2CH2O, J = 7.34 Hz), 0.89 (t, 3H, CH3CH2CH2-

CH2N, J = 7.34 Hz), 1.27 (m, 4H, CH3CH2CH2CH2N,

CH3CH2CH2CH2O), 1.47 (m, 2H, CH3CH2CH2CH2O), 1.768

(q, 2H, CH3CH2CH2CH2N, J = 7.37 Hz), 3.70 (t, 2H,

CH3CH2CH2CH2O, J = 6.63 Hz), 3.86 (s, 3H, NCH3), 4.18

(t, 2H, CH3CH2CH2CH2N, J = 7.16 Hz), 7.72 (s, 1H,

NCHCHN), 7.79 (s, 1H, NCHCHN), 9.15 (s, 1H, NCHN).
13C-NMR (100 MHz, d6-DMSO, [ppm]) d = 13.2 (CH3CH2-

CH2CH2N), 13.6 (CH3CH2CH2CH2O), 18.6 (CH3CH2CH2-

CH2O), 18.7 (CH3CH2CH2CH2N), 31.1 (CH3CH2CH2CH2O),

31.4 (CH3CH2CH2CH2N), 35.7 (NCH3), 48.5 (CH3CH2-

CH2CH2N), 65.2 (CH3CH2CH2CH2O), 122.3 (NCHCHN),

123.6 (NCHCHN), 139.2 (NCHN)

1-Butyl-3-methylimidazolium n-hexylsulfate [BMIM]

[HexOSO3]. 1H-NMR (400 MHz, d6-DMSO, [ppm]) d =

0.86 (t, 3H, CH3CH2CH2CH2CH2CH2O, J = 6.13 Hz), 0.90 (t,

3H, CH3CH2CH2CH2N, J = 7.33 Hz), 1.25 (m, 8 H,

CH3CH2CH2CH2N, CH3CH2CH2CH2CH2CH2O), 1.48 (m,

2H, CH3CH2CH2CH2CH2CH2O, 1.77 (q, 2H, CH3CH2CH2-

CH2N, J = 7.37 Hz), 3.70 (t, 2H, CH3CH2CH2CH2CH2CH2O,

J = 6.63 Hz), 3.86 (s, 3H, NCH3), 4.18 (t, 2H, CH3CH2CH2-

CH2N, J = 7.16 Hz), 7.72 (s, 1H, NCHCHN), 7.79 (s, 1H,

NCHCHN), 9.15 (s, 1H, NCHN). 13C-NMR (75MHz,

d6-DMSO, [ppm]) d = 13.2 (CH3CH2CH2CH2N), 13.8

(CH3CH2CH2CH2CH2CH2O), 18.7 (CH3CH2CH2CH2N), 22.0

(CH3CH2CH2CH2CH2CH2O), 25.2 (CH3CH2CH2CH2CH2-

CH2O), 29.0 (CH3CH2CH2CH2CH2CH2O), 31.0 (CH3CH2-

CH2CH2CH2CH2O), 31.4 (CH3CH2CH2CH2N), 35.66 (NCH3),

48.5 (CH3CH2CH2CH2N), 65.5 (CH3CH2CH2CH2CH2CH2O),

122.3 (NCHCHN), 123.6 (NCHCHN), 139.3 (NCHN)

1-Butyl-3-methylimidazolium n-octylsulfate [BMIM][OcOSO3].
1H-NMR (400 MHz, d6-DMSO, [ppm]) d = 0.86 (t, 3H,

CH3CH2CH2CH2CH2CH2CH2CH2O, J = 6.20 Hz), 0.90 (t, 3H

CH3CH2CH2CH2N, J = 7.32 Hz), 1.25 (m, 12H, CH3CH2CH2-

CH2N, CH3CH2CH2CH2CH2CH2CH2CH2O), 1.48 (m, 2H,

CH3CH2CH2CH2CH2CH2CH2CH2O), 1.77 (q, 2H, CH3CH2-

CH2CH2N, J = 7.35 Hz), 3.69 (t, 2H, CH3CH2CH2CH2CH2-

CH2CH2CH2O, J = 6.02 Hz), 3.86 (s, 3H, NCH3), 4.18 (t, 2H,

CH3CH2CH2CH2N, J = 7.16 Hz), 7.72 (s, 1H, NCHCHN), 7.79

(s, 1H, NCHCHN), 9.15 (s, 1H, NCHN). 13C-NMR (75MHz,

d6-DMSO, [ppm]) d = 13.2 (CH3CH2CH2CH2N), 13.9

(CH3CH2CH2CH2CH2CH2CH2CH2O), 18.7 (CH3CH2CH2-

CH2N), 22.0–31.2 (CH3CH2CH2CH2CH2CH2CH2CH2O), 31.4

(CH3CH2CH2CH2N), 35.7 (NCH3), 48.5 (CH3CH2CH2CH2N),

65.5 (CH3CH2CH2CH2CH2CH2– CH2CH2O), 122.3

(NCHCHN), 123.57 (NCHCHN), 139.3 (NCHN)

Determination of acid content

The acid content was determined by titration with 0.1 M

NaOH solution. Bromothymol blue was used as pH indicator.

Determination of water content

After synthesis, the ionic liquids were dried over night under

vacuum (,1 mbar) at 70 uC. The water content was deter-

mined by coulometric Karl–Fischer titration using a Metrohm

756 KF Coulometer with a Hydranal1 Coulomat AG reagent.

Determination of melting points

Differential scanning calorimetry (DSC) was carried out using

a Netzsch DSC 205 Phoenix, under an argon atmosphere, with

samples hermetically sealed in Al pans and cooled to 2140 uC
and then reheated, at a cooling and heating rate of 10 K min21.

The melting points (mp) were determined from the DSC

thermograms during the programmed reheating steps.

Viscosity

The viscosities of the [EMIM] based alkylsulfates were mea-

sured under argon atmosphere using a MCR 100 rheometer

from Anton Paar, Graz. Temperature control was maintained

by a peltier element. The viscosities of the [BMIM] based melts

were recorded on a RS 100 viscosimeter from Haake, with an

external thermostat for temperature control. Viscosity measure-

ments were always carried out with samples of defined water

content (600 ¡ 100 ppm) that was determined directly prior to

the measurement by coulometric Karl–Fischer titration.

Density

Density was measured at room temperature in a

BLAUBRAND pyknometer with a defined volume of

5.330 ml according to DIN ISO 3507.
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Thermal stability

Thermogravimetric measurements were conducted on a

Netzsch TG 209 with the samples placed in an open Al2O3

pan and heated from room temperature up to 500 uC at a

heating rate of 10 K min21 under a protective gas atmosphere.

The temperature of decomposition (Tdec) was determined by

using the TG-onset temperature, which is the intersection of

the baseline below their decomposition temperature with the

tangent to the mass loss versus temperature plots in the TGA

experiment.

Hydrolytical stability

For the determination of the hydrolytical stability, samples of

ionic liquids with molecularly defined water content were

stirred at 95 uC while the pH-values were recorded using a

Schott CG 842 pH meter.

Conclusions

In this paper we have demonstrated a new, two-step synthesis

to long-chain and functionalized alkylsulfate ionic liquids. The

key-step of this method is the acid-catalysed transesterification

of methyl- or ethylsulfates with an alcohol of choice. Due to

the great number of commercially available functionalized and

non-functionalized alcohols, the method can lead to a large

number of different products. A first set of [EMIM] based

substances has been described in this paper, and it has become

clear that some of the new ionic liquids now accessible have a

significant potential for technical application, especially when

low viscous, hydrolysis stable, halogen-free and cheap ionic

liquids are required. The fact that a large number of new ionic

liquids is accessible through this route from one intermediate

ionic liquid makes this route also ideal for future ionic liquid

structure optimization in a combinatorial or parallel manner.

Apart from this potential to create new ionic liquid structures,

the method presented in this paper also offers significant

advantages over traditional methods when it comes to the

synthesis of ionic liquids that are already well-known and that

have so far been prepared by metathesis from chloride salts. In

contrast to those traditional procedures, the new two-step

synthesis requires no solvents for the entire production

process. Moreover, almost no waste is produced during the

very atom-efficient synthesis, as methanol or ethanol are the

only by-products in the process (and even those are recovered

and could in general be recycled). Most important for many

technical applications is the fact that the new methodology

provides alkylsulfate ionic liquids which are essentially free of

chloride and any other traces of halides, as the whole synthesis

does not involve any halogen-containing reagents. This is of

importance for all different kinds of applications for the

resulting ionic liquids, whether transition metal catalysis (where

halides are known as poisons) or mechanical applications (with

related corrosion aspects) are considered. Finally we have also

demonstrated in our laboratories that the method described

here is easy to scale up. In our 25 litre rotary evaporator we

managed to produce 10 litres of [EMIM][BuOSO3] in a couple

of hours from [EMIM][EtOSO3] in .98% yield. Based on these

results, we anticipate that our new methodology will be of

great use to further explore the future technical potential of

alkylsulfate ionic liquids.
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The microwave-assisted cationic ring-opening polymerization of a soy-based 2-oxazoline

monomer (SoyOx) was investigated. Kinetic investigations of the SoyOx polymerization in

both acetonitrile and without additional solvent revealed the formation of well-defined

poly(2-oxazoline)s with fatty acid side chains in a living manner. The living cationic ring-opening

polymerization of bulk SoyOx reached full conversion within 8 minutes. The unsaturated bonds

of the fatty acids are unaffected by the applied polymerization procedure. In addition, it was

demonstrated that these double bonds can be used to cross-link the soy-based poly(2-oxazoline)s

under UV-irradiation.

Introduction

Nowadays, the increasing oil-prices and the concerns about oil

supplies stimulate the use of renewable feedstock in academic

research and the chemical industry.1 In polymer chemistry, the

use of monomers based on renewable resources has obtained

increasing attention as well.2 The utilized renewable resources

include, e.g., starch,3 saccharides4 and fatty acids.5 In parti-

cular, the use of fatty acids seems to be a promising approach

in polymer science due to their versatility: the unsaturated

bonds can be directly used for polymerization6 and/or the acid-

functionality can be converted into a polymerizable group. The

polymerization of such monomers results in polymers with

hydrophobic fatty-acid side chains.7 These fatty acid based

polymers can be applied in a wide variety of applications

including, e.g., coatings, adhesives and rubbers.5 An additional

advantage of polymers with fatty acid side chains is the

possibility to cross-link the material using, e.g., UV-irradia-

tion.8,9 The atom transfer radical polymerization of cardanyl

acrylate is, to the best of our knowledge, the only example

in which the preparation of well-defined polymers with

unsaturated fatty acid side chains is reported up to now.9

In this contribution, we describe the microwave-assisted

cationic ring-opening polymerization of a soy-based 2-oxazo-

line monomer (SoyOx), which was previously synthesized

by Henkel.10 Although microwave irradiation is a clean and

efficient alternative heat source,11 microwave-assisted poly-

merizations are still rather unexplored.12 Nevertheless, we have

recently demonstrated a 400-fold acceleration of the cationic

ring-opening polymerization of 2-oxazolines under pressurized

microwave irradiation (compared to conventional polymeriza-

tions at ambient pressure).13 This acceleration was found to

originate from the increased polymerization temperature and

could be reproduced using conventionally heated pressure

reactors.14 The present study combines the use of a monomer

based on a renewable resource and the use of microwave

irradiation as alternative heat source. Kinetic studies of the

polymerization of SoyOx were performed to study whether

this microwave-assisted polymerization proceeds in a living

manner. Subsequent cross-linking of the unsaturated bonds in

the synthesized pSoyOx under UV-irradiation will be discussed

as well.

Experimental section

Materials

Acetonitrile (Aldrich) was dried over molecular sieves (size 3 Å)

before usage as the polymerization solvent. SoyOx (donated by

Henkel and reported in ref. 10) was purified over aluminum

oxide with hexane as eluent. After drying over BaO it was

stored under argon. Methyl tosylate (Aldrich) was distilled and

stored under argon.

Instrumentation

Polymerizations were carried out in an Emrys Liberator

(Biotage, formerly PersonalChemistry) utilizing capped reac-

tion vials. These vials were heated to 105 uC, allowed to cool

to room temperature and filled with argon prior to use. All

microwave polymerizations were performed with temperature

control (IR sensor). 1H NMR spectra were recorded in CDCl3
on a Varian AM-400 spectrometer or a Varian Gemini

300 spectrometer. Chemical shifts are given in ppm relative

to TMS or residual solvent signals. Gel Permeation

Chromatography (GPC) was performed on a Shimadzu system

with a SCL-10A system controller, a LC-10AD pump, a RID-

6A refractive index detector, a SPD-10A UV detector and a

PLgel 5 mm Mixed-D column with chloroform–triethylamine–

2-propanol (94 : 4 : 2) as eluent and the column oven set to

50 uC (polystyrene calibration). GC measurements were per-

formed on an Interscience Trace GC with a Trace Column

RTX-5 connected to a PAL autosampler. For the injection

of polymerization mixtures, a special Interscience liner

with additional glass wool was used. GC-MS analysis was
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University of Technology and Dutch Polymer Institute (DPI),
PO Box 513, 5600 MB Eindhoven, The Netherlands.
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performed on a Shimadzu GC-MS-QP5000, the mass values

are reported as mass/charge ratio (m/z). Cross-linking of the

pSoyOx was performed in a UV-irradiation chamber with

5.8 J cm22.

Kinetic investigations on the microwave-assisted polymerization

of 2-soy alkyl-2-oxazoline (SoyOx)

Solution. A stock solution of SoyOx (3.32 g; 11.1 mmol),

methyl tosylate (initiator; 34.9 mg; 0.187 mmol) and acetoni-

trile (3.194 g; 4.1 mL) was prepared resulting in a 1.5 M SoyOx

solution with a monomer to initiator ratio of 60. This stock

solution was divided over 5 different microwave vials (600 mL

each) that were heated for 1, 2.5, 5, 8.33, or 13.33 minutes to

140 uC. After heating, the polymerization mixture was cooled

to 38 uC and quenched by the addition of water. GC and GPC

samples were prepared from the polymerization mixtures to

determine the monomer conversion and the molecular weight

(distribution) of the resulting polymers. Due to partial

insolubility of pSoyOx in CH3CN, the polymerization

mixtures were first homogenized by the addition of o-dichloro-

benzene before sampling. The CH3CN was used as internal

standard for the GC-analysis.

Bulk. The bulk polymerizations were performed in a similar

manner as the polymerizations in CH3CN utilizing a stock

solution of SoyOx (5.01 g; 16.7 mmol) and methyl tosylate

(51.8 mg; 0.28 mmol). The polymerizations were performed for

1, 2, 3, 4, 5 and 6 minutes at 140 uC. The resulting poly-

merization mixtures were analyzed by 1H-NMR spectroscopy

and GPC.
1H NMR of the poly(SoyOx) at full conversion (CDCl3): d =

7.71 (d, J = 8.1 Hz, 2H, CHCS tosylate), 7.16 (d, J = 8.1 Hz,

2H, CHCCH3 tosylate), 5.45–5.20 (br, 82H, HCLCH), 3.6–3.3

(br, 230H, NCH2CH2N), 2.75 (br, 80H), 2.45–2.20 (br, 132H,

CLOCH2), 2.08–1.95 (br, 105H, CH2), 1.65–1.50 (br, 153H,

CH2), 1.38–1.20 (br, 1270H, CH2), 0.90–0.82 (br, 200H, CH3).

DPNMR = 58.

Results and discussion

The microwave-assisted polymerization of a sustainable soy-

based 2-‘soy alkyl’-2-oxazoline (SoyOx) monomer was inves-

tigated. Besides the green character of using a monomer based

on soy-beans, the unsaturated nature of the fatty acids is

transferred into the SoyOx monomer providing cross-linking

possibilities for the resulting polymers. The SoyOx was

synthesized by coupling soy bean fatty acids with ethanol-

amine followed by ring-closure in the presence of a titanium

catalyst as depicted in Scheme 1.10

The resulting SoyOx is a mixture of 2-oxazolines with

different fatty acid side chains. Fig. 1 depicts the gas

chromatography (GC) spectrum of the purified monomer with

the structures that could be assigned by the mass spectra from

the GC-MS. The spectrum showed four signals, which could

all be assigned to different 2-oxazoline species with 16 or 17

carbon atoms and 0 to 2 unsaturated bonds in the side chain.

The average composition of the side chain is 17 carbon atoms

and 1.5 double bonds, which corresponds reasonably to the

previously reported composition of soybean fatty acids,

namely 90% C18 with on average 1.76 double bonds.15

The microwave-assisted polymerization of the purified

SoyOx was investigated in the common polymerization solvent

acetonitrile (CH3CN) and in bulk, which excludes the addition

of organic solvent. The polymerizations were performed at

140 uC with methyl tosylate as initiator, and a monomer to

initiator ratio of 60. The mechanism of the living cationic ring-

opening polymerization of 2-oxazolines is schematically

depicted in Scheme 2. Upon heating, the free electron pair of

the nitrogen atom of the 2-oxazoline ring will attack the

electrophilic initiator, resulting in a cationic oxazolinium

species. The C–O bond in this oxazolinium species is weakened

and propagation occurs through the nucleophilic attack of

the next monomer onto this carbon atom resulting in the

formation of the ring-opened poly(2-oxazoline). The addition

of a nucleophile to the polymerization mixture will lead to

termination of the polymerization process, as depicted in

Scheme 2 for the addition of water. Since all polymer chains

start growing at the same time and all oxazolinium species

have the same reactivity, polymers with similar chain length

and narrow molecular weight distributions are obtained.

The polymerization kinetics of the cationic ring-opening

polymerization of SoyOx in both CH3CN and bulk were

investigated under microwave irradiation. A stock solution

of the polymerization mixture was divided over different

microwave vials and each vial was heated for a different

reaction time. The polymerizations in acetonitrile resulted inScheme 1 Synthesis of the soy-based 2-oxazoline monomer (SoyOx).

Fig. 1 Gas chromatography spectrum and schematic representation

of the SoyOx monomer. The peaks were assigned using the mass

spectrometry detector.
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precipitated pSoyOx after microwave heating. Direct precipi-

tation of the pSoyOx might be advantageous to simplify the

work-up procedure into one single filtration step, which also

allows simple recycling of the acetonitrile (after, e.g., distilla-

tion for purification). However, for further analysis of the

polymerization mixtures, o-dichlorobenzene was added to

homogenize the polymerization mixtures. The resulting

polymerization mixtures were analyzed by GC (CH3CN

polymerizations) and 1H NMR spectroscopy (bulk poly-

merizations) to determine the monomer conversion, and by

gel permeation chromatography (GPC) to obtain the mole-

cular weight (distribution) of the resulting polymers. Fig. 2

depicts the 1H-NMR spectra that were obtained after different

polymerization times for the bulk polymerization of SoyOx.

With increasing reaction time, the 2-oxazoline monomer

signals at 3.8 and 4.2 ppm decrease and the polymer backbone

signal at 3.4 ppm increases, indicating that monomer is

converted into polymer. Moreover, the signals of the double

bonds at 5.4 ppm remain constant demonstrating that they are

unaffected by the cationic polymerization. This demonstrates

that the resulting pSoyOx contains a large amount of double

bonds in the side-chains.

The GPC traces obtained for the bulk polymerization of

SoyOx in time are depicted in Fig. 3. In these traces, both the

polymer and the large monomer are separated from the solvent

signal. With increasing reaction time, the monomer signal

decreased and the polymer signal increased and moved to

lower retention times, indicating an increase in molecular

weight. Moreover, the narrow single distributions of the

molecular weight indicate that the polymers were made in a

living fashion. From integration of both monomer and

polymer signals in the GPC traces, the monomer conversion

could be calculated; it was assumed that both the monomer

and the monomer incorporated in the polymer have the same

effect on the refractive index of the solution.

The monomer conversion over time for the microwave-

assisted SoyOx polymerizations is shown in Fig. 4. The

conversion is depicted as ln([M]0/[M]t) since the living cationic

ring-opening polymerization of 2-oxazolines is known to be

first order in monomer concentration. As a result, the

observation of linear first order kinetics would demonstrate

a constant concentration of active species during the poly-

merization, indicative of a living polymerization mechanism.

The different methods to determine the monomer conversion

gave similar results. Both the polymerizations in bulk and

CH3CN revealed linear first order kinetics suggesting a

living polymerization mechanism. The faster polymerization

in bulk is due to the higher monomer concentration (3.3 M)

compared to the solution polymerizations (1.5 M, correspond-

ing to 45 wt%), but both the microwave assisted SoyOx

polymerizations in bulk (7.5 minutes) and acetonitrile

(12.5 minutes) reached more than 95% conversion in very

short reaction times.

Scheme 2 Schematic representation of the living cationic ring-opening polymerization of SoyOx.

Fig. 2 1H NMR spectra that were obtained after different poly-

merization times for the microwave-assisted bulk polymerization of

SoyOx at 140 uC. The spectra were recorded in CDCl3.

Fig. 3 GPC traces spectra that were obtained after different

polymerization times for the microwave-assisted bulk polymerization

of SoyOx at 140 uC. The GPC characterization was performed with

chloroform–triethylamine–isopropanol (94 : 4 : 2) as eluent.

This journal is � The Royal Society of Chemistry 2006 Green Chem., 2006, 8, 895–899 | 897
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In addition to the first order kinetics, the increase of number

average molecular weight (Mn) with monomer conversion was

investigated. In a living polymerization, all polymer chains

keep on growing throughout the entire polymerization process

and thus the Mn should increase linearly with conversion. This

was indeed observed, as depicted in Fig. 5, proving the living

character of the SoyOx polymerizations in both bulk and

CH3CN. However, the observed Mn’s are significantly lower

than the theoretical molecular weight, which is most likely due

to the utilized polystyrene standards that were used to

calibrate the GPC using an RI-detector. The pSoyOx will

have a different folding behavior than polystyrene and thus the

hydrodynamic volume will be very different, resulting in an

uncertainty of the calculated Mn values. Nevertheless, the

observed trend in the Mn values and the molecular weight

distributions will not be significantly influenced by the applied

calibration. The observed polydispersity indices (PDI’s) are

around 1.20, which also suggests that the polymers were

synthesized in a living manner. Surprisingly, it was found that

SoyOx can be polymerized in a living manner in bulk,

although the living bulk polymerization of other 2-oxazoline

monomers was previously found to be impossible.13 The

combination of linear first order kinetics, a linear increase of

Mn with conversion as well as the observed low PDI’s prove

the livingness of the SoyOx polymerizations.

In a next step, cross-linking of the double bonds in the

pSoyOx side-chains was attempted by UV-irradiation. After

2 hours UV-irradiation, the pSoyOx did not dissolve in

CH2Cl2 anymore indicating successful cross-linking. The

photographs in Fig. 6 show the solutions of pSoyOx in

CH2Cl2 before and after cross-linking, the swollen particles of

pSOyOx are clearly visible (see arrows) after UV-irradiation.

Next to this first visual proof, GPC was measured from the

minor soluble part of the UV-cured pSoyOx (Fig. 6). The

GPC-trace after UV-irradiation shows the presence of

uncoupled polymer and a second small distribution of two

polymers coupled together. Apparently, coupling of more

chains together results in insoluble cross-linked pSoyOx, which

cannot be detected by GPC. 1H NMR spectroscopy on the

swollen cross-linked pSoyOx revealed that 16% of all present

double bonds had disappeared after UV-irradiation. The

advantages of UV-cross-linking SoyOx containing poly(2-

oxazoline)s has been recently exploited for the preparation of

cross-linked micelles as well.16

Conclusions

We have demonstrated that the renewable SoyOx monomer

can be polymerized in a living manner by cationic ring-opening

polymerization under microwave-irradiation. To the best of

our knowledge, this is only the second example (after the

previously reported controlled radical polymerization of a

cardanyl acrylate)9 of the successful preparation of well-

defined polymers with unsaturated fatty acid side chains,

and it is the first example using cationic ring-opening

Fig. 4 First order kinetic plot for the microwave-assisted polymeriza-

tion of SoyOx at 140 uC in bulk (squares) and CH3CN (triangles).

Fig. 5 Dependence of number average molecular weight (Mn) and

molecular weight distribution (PDI) on conversion for the SoyOx

polymerizations under microwave irradiation at 140 uC in both bulk

(squares) and CH3CN (triangles).

Fig. 6 GPC traces of pSoyOx before and after UV-irradiation (only

soluble part). The inset pictures show the appearance of solutions of

pSoyOx in CH2Cl2 before and after UV-irradiation, demonstrating the

insolubility of the cross-linked pSoyOx.
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polymerization. 1H NMR spectroscopy revealed that the

unsaturated bonds of the fatty acids were not affected by the

cationic polymerization and, thus, they were incorporated in

the polymer side-chains. Kinetic investigations demonstrated

that the SoyOx polymerization was a living polymerization in

both bulk and acetonitrile, thus the SoyOx polymerization in

bulk is the first example of a living cationic polymerization

in bulk monomer without additional solvent present.

Noteworthy is the very short polymerization time, less than

8 minutes, that was required to reach full conversion under

these microwave-assisted polymerization conditions. The

resulting pSoyOx was successfully cross-linked by UV-irrada-

tion, as was demonstrated by its insolubililty in dichloro-

methane. The success of cross-linking was further confirmed

by GPC and 1H NMR spectroscopy.

In conclusion, we have demonstrated that soy-based

monomers are versatile building blocks in polymer science.

Besides the advantage of making materials based on renewable

resources, the unsaturated side-chains provide added-value by

the possibility of cross-linking the resulting polymers.
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Hydrogen peroxide was electrogenerated in-situ in aqueous bicarbonate solutions for the

epoxidation of alkenes using Mn2+ as the catalyst. Water-soluble alkenes were epoxidized with

excellent yields and high current efficiencies. The catalytic system could be adapted for the

epoxidation of lipophilic alkenes in tert-butanol–water mixture. The electrochemical method

allows the release of hydrogen peroxide to the reaction medium in a controlled manner and

minimizes the problem of hydrogen peroxide wastage through catalytic decomposition by Mn2+.

Introduction

Epoxides are important starting materials in organic synthesis,

as they can be easily transformed into other functionalities.1

Although there are many existing routes to prepare epoxides,

most of these processes involve toxic chemicals and volatile

organic solvents that cause pollution to the environment.2

There is thus a pressing need to develop ‘greener’ routes for

epoxide production. Hydrogen peroxide (H2O2) as the

terminal oxidant for epoxidation is an attractive option both

on environmental and economic grounds. It is relatively cheap

and readily available, and gives water as the only co-product.3

However, there is concern about the potential hazards

associated with the storage and transportation of concentrated

H2O2. Industrially, H2O2 is produced through the anthraqui-

none (AQ) process in which toxic organic solvents such

as methylnaphthalene and trimethylbenzene4 are used for

recycling the catalysts, and thus the ‘green’ oxidant is

‘non-green’ in its production.5

Catalytic epoxidation with H2O2 electrogenerated in situ is

of particular interest for a number of reasons. Firstly, H2O2 is

produced at the cathode under mild conditions by the reduc-

tion of oxygen. Secondly, its usage as a dilute solution greatly

reduces the hazards associated with the explosive nature of

H2O2 and leaves no residues in the reaction. Murray and

co-workers6 were the first to describe this electrocatalytic

approach for epoxidation with H2O2 electrogenerated in

dichloromethane using a manganese meso-tetraphenyl-

porphyrin catalyst, but undesirable elements such as the

requirement for external proton sources, instability of catalyst

and involvement of volatile organic solvents make this method

impractical. Recently, similar approaches were reported by

Shen et al.7 and Zimmer et al.8 using titanium silicate (TS-1)

and bis(acetyl-acetonato)oxovanadium(IV) respectively as

catalysts. However, the alkenes epoxidized were only

limited to water-soluble alkenes as water was used as the

solvent. Recently, we have reported the epoxidation of some

a,b-unsaturated ketones with hydrogen peroxide electro-

generated in the ionic liquid 3-butyl-1-methylimidazolium

tetrafluoroborate.9 To broaden the scope of substrates and

to increase the electrocatalytic efficiency, an improved

catalytic system is definitely needed.

Water is the most environmentally benign medium and some

organic reactions can be carried out in water effectively.10

However, the major obstacle in replacing organic solvents in

epoxidation reaction is the low solubility of lipophilic alkenes

in water. The HCO3
2/H2O2 system reported by Richardson11

and Burgess,12,13 which involves the generation of an active

peroxymonocarbonate (HCO4
2) species in tert-butanol (or

acetonitrile)–water mixture, is considered a ‘green’ system

applicable to a wide range of alkene substrates, as no toxic

chemicals are used or formed in the whole process. Herein, we

will describe our study on coupling this catalytic system with

the H2O2 electrogenerated in situ in water or tert-butanol–

water mixture (Scheme 1). tert-Butanol was chosen in this

study because it is relatively non-toxic and it can dissolve most

lipophilic alkenes.

Experimental

Instrumentation

Cyclic voltammetry (CV) and differential pulse voltammetry

(DPV) were performed by a Bioanalytical Systems (BAS)

model 100 W electrochemical analyzer in a conventional

two-compartment cell. Constant potential electrolyses were

conducted by an EG&G Princeton Applied Research model

273 A Potentiostat with a microflow cell purchased from

Department of Applied Biology and Chemical Technology, The Hong
Kong Polytechnic University, Hunghom, Kowloon, Hong Kong,
P. R. China. E-mail: bckywong@polyu.edu.hk; Fax: (+852) 2364 9932;
Tel: (+852) 3400 8686 Scheme 1
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ElectroCell AB, Sweden. The cathode was a 33 mm 6
27 mm 6 5 mm reticulated vitreous carbon (Electrosynthesis

Co., 60 pores per inch (ppi)) mounted onto a graphite plate by

conducting glue of epoxy resin (Araldite) and graphite powder

(Merck). The anode was a platinum-coated titanium plate. The

two compartments were separated by a Nafion 424 cation

permeable membrane. The reference electrode was a saturated

calomel electrode (SCE) and all potentials are quoted to this

reference.

A Waters HPLC system with a LC-18 Column (Supelco)

and a Hewlett-Packard model 8900 gas chromatograph–mass

spectrometer equipped with an EC2-1 or EC2-WAX column

(Alltech Associate, Inc.) were used for monitoring the product

yields of reactions. 1H and 13C NMR spectra were recorded on

a Bruker DPX-400 MHz NMR spectrometer.

Hydrogen peroxide electrogeneration

The two reservoirs were filled with the electrolyte solutions

(50 ml each, Fig. 1). Electrolysis was carried out in the micro-

flow cell with a flow rate of 500 ml min21. Oxygen was supplied

to the catholyte either by continuous bubbling at a steady flow

rate of 80 ml min21 or through a rubber balloon filled with a

fixed amount of oxygen gas (Fig. 1). H2O2 was electrogenerated

by constant potential electrolysis. The concentration of H2O2

generated was monitored in situ by differential pulse voltam-

metry in the catholyte at regular time intervals. Oxidation of

water to oxygen was the reaction occurring at the anode.

Epoxidation of alkene with hydrogen peroxide electrogenerated

in situ

The experimental conditions were similar to the hydrogen

peroxide electrogeneration alone except that the alkene

substrate and the Mn2+ catalyst had been added to the

electrolyte. For the water-soluble alkenes, 1 M NaHCO3(aq)

and 2 M H2SO4(aq) were used as the catholyte and anolyte

respectively. A tert-butanol–water (2 : 3 v/v) mixture contain-

ing 0.24 M NaHCO3 and 0.1 M NaCl was adapted for the

lipophilic alkenes and the anolyte was a mixture of tert-

butanol–water (2 : 3 v/v) with 2 M H2SO4. At regular intervals,

0.1 ml of the reaction mixture was withdrawn for product

analysis. The product yield was determined by either HPLC or

GC-MS with internal standard.

Results and discussion

Electrogeneration of H2O2 in bicarbonate solutions

O2 + e2 A O2
?2 (1)

2O2
?2 + 2H2O P O2 + H2O2 + 2OH2 (2)

O2 + 2H2O + 2e2 A H2O2 + 2OH2 (3)

O2 + 2H2O + 4e2 A 4OH2 (4)

The cyclic voltammograms of dioxygen reduction at a glassy

carbon electrode in bicarbonate solutions are shown in Fig. 2.

In 1 M NaHCO3(aq) solution, two irreversible reduction peaks

at 2352 mV (I) and 2613 mV (II) vs. SCE are observed.

Sawyer et al.14 and Yeager et al.15 proposed that the first peak

(I) is the 1-electron reduction of O2 to O2
?2 (eqn (1)), which is

followed by a dismutation reaction to generate H2O2 (eqn (2)).

The second peak (II) was assigned as the overall 2-electron

reduction to generate H2O2 directly from O2 (eqn (3)).16,17

Comparing the peak height and area, the latter is the dominant

Fig. 1 Schematic diagram showing the flow of electrolyte and gas in the epoxidation of alkenes with H2O2 electrogenerated in situ.
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process, where the potential should be held in massive

electrogeneration of H2O2.

When tert-butanol was added to the aqueous NaHCO3

solution, the two irreversible reduction peaks are also observed

(Fig. 2b–d), indicating the electrochemical processes are similar

to those in aqueous bicarbonate solutions. It was noted that

the size of the reduction waves increases with the amount of

tert-butanol in the electrolyte. This can be attributed to the

higher solubility of O2 in tert-butanol than in water.18,19

The effect of applied potential on the electrogeneration of

H2O2 in 1 M NaHCO3(aq) solution is shown in Fig. 3. A great

improvement on the current efficiency of H2O2 production was

observed when the potential was lowered from peak II in the

cyclic voltammogram (Fig. 2a). When the potential was further

lowered to below 2600 mV, the current efficiency dropped as a

result of side reactions such as the 4-electron reduction of

dioxygen to hydroxide ion (eqn (4)).

tert-Butanol is a tertiary alcohol which is stable against

oxidation. In combination with an appropriate catalytic

system, it provides a suitable medium for epoxidation. The

effect of tert-butanol on the H2O2 electrogenerated in

NaHCO3(aq) solution is summarized in Table 1. While the

presence of tert-butanol improves the solubility of O2 and

hence the current efficiency of H2O2 production, it also causes

a drop in the conductivity of the electrolyte as NaHCO3 is

less soluble in tert-butanol than in water. The conductivity

problem, however, can be partly remedied by the addition of

0.1 M NaCl (last entry, Table 1).

In the tert-butanol–NaHCO3(aq)–NaCl mixture, the optimal

applied potential for H2O2 electrogeneration is about 100 mV

more cathodic than the optimal potential in 1 M NaHCO3

aqueous solution due to the higher resistance of the electrolyte

(Fig. 3). This is consistent with the cyclic voltammograms

shown in Fig. 2, indicating the peak potential shifts

cathodically upon the addition of tert-butanol.

Epoxidation of alkenes with hydrogen peroxide electrogenerated

in situ

The effect of applied potential on the current efficiency of

epoxide production using sodium 4-styrenesulfonate as the

substrate is shown in Fig. 4. When the applied potential is in

the range of 2400 mV to 2600 mV, the current efficiency of

epoxidation can be as high as 97%, indicating that the H2O2

electrogenerated is effectively consumed for the subsequent

epoxidation reaction. However, when the potential goes

beyond 2600 mV, the current efficiency declines sharply

because of energy wastage on the direct reduction of dioxygen

to hydroxide ion (eqn (4)).

Fig. 2 Cyclic voltammograms of O2 reduction in (a) 1 M NaHCO3(aq)

solution, (b) a mixture of tert-butanol–water (1 : 4 v/v) + NaHCO3

(0.24 M), (c) a mixture of tert-butanol–water (2 : 3 v/v) + NaHCO3

(0.24 M) and (d) a mixture of tert-butanol–water (2 : 3 v/v) + NaHCO3

(0.24 M) + NaCl (0.1 M). (e) 1 M NaHCO3(aq) under argon

atmosphere. Working electrode: 0.2 cm2 glassy carbon. Scan rate:

50 mV s21.

Fig. 3 The effect of applied potential on the current efficiency of

H2O2 electrogenerated in 1 M aqueous NaHCO3 (m) and a mixture

of tert-butanol–water (2 : 3 v/v) + NaHCO3 (0.24 M) + NaCl

(0.1 M) (&).

Table 1 Electrogeneration of H2O2 in aqueous NaHCO3 solutions containing different amounts of tert-butanola

Concentration of
tert-butanol (%, v/v)

Concentration
of NaHCO3/M

Conductivity/
mS cm21

Current
density/mA cm22

Concentration
of H2O2/mM

Current
efficiency (%)

0 1 .20 1.03 26 64
10 0.72 .20 1.09 28 66
20 0.48 13.75 1.28 29 70
30 0.35 8.69 1.41 31 77
40 0.24 5.19 1.47 34 79

b40 0.24 7.79 1.60 37 84
a Anolyte: tert-butanol–water (2 : 3 v/v) + H2SO4 (2 M) mixture. Cathode: 33 mm 6 27 mm 6 5 mm RVC (60 ppi). Applied potential:
2700 mV. Electrolysis time: 50 mins. b In the presence of 0.1 M NaCl.
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When pure O2 was replaced by air (O2 content: 21%), the

current efficiency for epoxide production was found to

decrease. This is because of the exceedingly long time required

for epoxidation due to the lower concentration of H2O2, which

would cause hydrolysis of epoxides in the reaction medium.

During electrolysis, hydroxide ion is formed as a by-product

in H2O2 generation (eqn (3)). The rise in pH is, of course, not

favorable for the subsequent epoxidation, as the optimal pH

value for the Mn2+/HCO3
2 catalytic system is around 8.12 This

can be partly attributed to the deprotonation of HCO3
2 (pKa =

10.3) to CO3
22 in strongly alkaline medium, which would

reduce the amount of HCO4
2 present in the catalytic mixture

(Scheme 1). When concentrated H2SO4(aq) (.2 M) is used as

the anolyte, the acid provides a proton source, which can

transport through the cation selective nafion membrane, to

neutralize the excess hydroxide ions generated in the cathode

compartment. Thus, an excessive increase in pH in the

catholyte can be avoided. However, we cannot use 2 M

H2SO4(aq) directly as electrolyte in the cathode compartment

because HCO3
2 is unstable in acidic medium and the low pH

would promote acid-catalyzed hydrolysis of epoxides.

The effect of Mn2+ concentration on epoxide yield and

current efficiency of epoxide production is shown in Fig. 5.

The best yield of epoxide was obtained when the Mn2+ con-

centration is higher than 0.03 mM (0.06 mol%). The epoxide

yield is lower when the concentration of MnSO4 is below

0.002 mM. Presumably, at this catalyst level, the H2O2

generated at the cathode was not consumed fast enough by

the epoxidation reaction. As a result, some of the H2O2 could

have been wasted through catalytic decomposition by Mn2+.

The optimal applied potential and MnSO4(aq) concentration

used for the electrosynthesis of epoxides were chosen to be

2600 mV and 0.03 mM (0.06 mol%) respectively. Under these

conditions, H2O2 was electrogenerated effectively and the

subsequent epoxidation also occurred at a reasonable rate.

Table 2 (entries 1–5) summarizes the water-soluble alkenes that

were tested for epoxidation in this study. The water-soluble

styrenes (entries 1 and 2) were converted to the corresponding

epoxides at high yields and current efficiencies. For the other

water-soluble alkenes (entries 3–5), the yields are compara-

tively lower, which is in accordance with the lower reactivity of

the carbon–carbon double bond in these alkenes.

As mentioned above, the optimal potential for H2O2

electrogeneration in the tert-butanol–NaHCO3–NaCl mixture

has been shown to be about 2700 mV vs. SCE (Fig. 3).

However, only moderate current efficiency was obtained when

this potential was applied for the epoxidation of lipophilic

alkenes. This could be caused by the relatively slow rate of

epoxidation (H2O2 consumption) as compared to the H2O2

generation rate due to the lower concentration of bicarbonate

in tert-butanol. Raising the potential to 2400 mV greatly

improved the current yield for the lipophilic alkenes. At this

potential, the H2O2 generation is slow enough to keep pace

with the subsequent epoxidation reaction and its loss due to

Mn2+-catalyzed decomposition is minimized.

The lipophilic alkenes epoxidized by this system, sum-

marized in Table 2 (entries 6–12), illustrate that the epoxida-

tion of styryl alkenes proceeded efficiently with reasonable

yields of 45–78%. The oxidation of cyclooctene (entry 11) gives

only a fair yield (42%) probably because of angle strain in the

cyclic alkene. a-Pinene oxide (entry 12) is less reactive in this

catalytic system due to its sterically hindered carbon–carbon

double bond.

Conclusions

Using dioxygen as the oxygen source, the electrogeneration of

H2O2 for in situ epoxidation using the Mn2+/HCO3
2 catalytic

system has been achieved. tert-Butanol assists both the

solubility of O2 and the lipophilic alkenes in the reaction

mixture. In this electrocatalytic system, H2O2 was generated

continuously at relatively low concentration and hence

the problem of wastage through Mn2+ decomposition was

minimized. This appears to be a distinct advantage of the

electrochemical method.

Fig. 4 The effect of applied potential on the current efficiency of

sodium 4-oxiranebenzenesulfonate production in 1 M NaHCO3(aq)

solution. Catholyte: 1 M NaHCO3(aq). Anolyte: 2 M H2SO4(aq). Sub-

strate: sodium 4-styrenesulfonate. MnSO4: 0.06 mol% of the substrate.

Fig. 5 The effect of MnSO4(aq) concentration on the current

efficiency of sodium 4-oxiranebenzenesulfonate production in 1 M

NaHCO3(aq). Catholyte: 1 M NaHCO3(aq). Anolyte: 2 M H2SO4(aq).

Substrate: sodium 4-styrenesulfonate. Potential: 2600 mV (vs. SCE).

This journal is � The Royal Society of Chemistry 2006 Green Chem., 2006, 8, 900–905 | 903
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Table 2 Manganese-mediated epoxidation of alkenes in bicarbonate solutions with electrogenerated H2O2

Entry Substrate Electrolysis time/min Epoxide yielda (%) Current efficiency (%)

1b Sodium 4-styrenesulfonate 45 97 95

2b Sodium 4-vinylbenzoate 50 96 81

3b Methylvinylketone 80 44 32

4b Ethylacrylate 90 51 17

5b Ethyl trans-crotonate 90 58 21

6c Cinnamyl acetate 90 78 23

7c 1,2-Dihydronaphthalene 90 73 43

8c a-Methylstyrene 90 45 32

9c,d b-Methylstyrene 80 60 29

10c Styrene 70 50 40

11c Cyclooctene 80 42 29

12c a-Pinene 90 23 8

a Epoxide yields were calculated on the basis of converted alkenes and determined by GC-MS versus an internal standard. b Catholyte: 1 M
NaHCO3(aq). Anolyte: 2 M H2SO4(aq). Substrate: 2.5 mmol. MnSO4: 0.06 mol% of substrate. Potential: 2600 mV (vs. SCE). c Catholyte: tert-
butanol–water (2 : 3 v/v) + 0.24 M NaHCO3 + 0.1 M NaCl. Anolyte: tert-butanol–water (2 : 3 v/v) + 2 M H2SO4. Substrate: 2.5 mmol.
MnSO4: 0.06 mol% of substrate. Applied potential: 2400 mV vs. SCE. d Only trans-epoxide was detected.

904 | Green Chem., 2006, 8, 900–905 This journal is � The Royal Society of Chemistry 2006
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One limitation of coupling the Mn2+/HCO3
2 epoxidation

system with in situ electrogeneration of H2O2 is that the

catalytic system works best at pH y8, and the H2O2 electro-

generated at this pH is in its neutral form (pKa for H2O2 = 11.6

at 25 uC). A certain amount of H2O2 is wasted by diffusion

across the nafion membrane to the anode compartment. One

way to improve this is to couple the electrogeneration of H2O2

with an efficient epoxidation system which works at pH . 12.

Under such circumstances, the electrogenerated hydrogen

peroxide is in the form of HO2
2, and the loss through

diffusion across the nafion membrane can be minimized. Work

in this direction is under progress in our laboratory.
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Gas to RTIL (room temperature ionic liquid) partition coefficients have been compiled for a

series of solutes for a number of RTILs. These partition coefficints can be converted into water to

RTIL partition coefficients using corresponding gas to water partition coefficients. The gas to

RTIL and water to RTIL partition coefficients have been correlated through the Abraham

solvation equations to yield equations that can be used for the prediction of further partition

coefficients. The coefficients in the Abraham solvation equations yield quantitative information

on solute–solvent (RTIL) interactions. It is shown that the RTILs have solvation properties quite

close to those for polar aprotic organic solvents. The equations for gas to RTIL and gas to solvent

partition coefficients can be used to predict the selectivity of RTILs and organic solvents towards

pairs of solutes. It is shown that the selectivity of RTILs is not extraordinary, but is about the

same as the selectivity of polar aprotic solvents.

Introduction

Room temperature ionic liquids (RTILs) are ionic organic

compounds that are liquid at ambient room temperature.

These ionic salts have relatively low vapor pressures at room

temperature, and can be either water-miscible or water-

immiscible depending on the cation/anion combination.

Synthetic procedures are known for preparing more than 200

RTILs.1 The thermodynamic and solubilizing properties of

RTILs depend on the polarity and dispersive forces, and the

hydrogen-bonding and ionic character of both the large cation

(alklylimidazolum, alkylpyridinium, alkylphosphonium, qua-

ternary ammonium) and the ionic anion bearing the negative

charge (PF6
2, BF4

2, (Tf)2N2). RTILs are rapidly emerging as

alternative green solvents, namely as reaction media for syn-

thesis, catalysis and biocatalysis,2–6 and as extractive solvents

for removal of sulfur compounds from petroleum crude oils,7

organic contaminants from soils,8 and pharmaceutical drug

molecules from reaction media.9,10 Several excellent reviews

have recently been published11–15 discussing the applications of

RTIL solvents in regards to analytical chemistry.

Experimental studies have reported infinite dilution activity

coefficients, gas-to-liquid partition coefficients and solubilities

of dissolved organic solutes and gases in RTILs; however, no

real attempt has been made to systematically compare the

solubilizing properties of the different RTILs, except for a few

chromatographic studies. Abraham et al.16 and Poole and

Poole17 used the Abraham solvation parameter model to

characterize a large number of ionic liquids at 121 uC, using

log K values obtained by GLC, and reviews that include and

update this work are available.1,18 More recently, Abraham

and coworkers characterized ‘‘wet’’ practical water-to-ionic

liquid,19 two dry ‘‘hypothetical’’ water-to-ionic liquid20 and

two gas-to-ionic liquid partition systems20 at 25 uC. Armstrong

and coworkers21–23 examined the solvation properties of a

large number of ionic liquid gas-liquid chromatographic

stationary phases using the Abraham model. Those authors23

have further shown that the free energy of transfer of solute is

similar for lightly cross-linked and neat monomeric ionic liquid

gas chromatographic stationary phases. The equation process

coefficients were nearly identical for the lightly cross-linked

and neat monomeric ionic liquids. The Abraham model has

also been used to describe solute partitioning between a room-

temperature ionic liquid and supercritical carbon dioxide.24

The general solvation parameter model of Abraham25–32 is

one of the most useful approaches for the analysis and predic-

tion of free energies of partition in chemical and biochemical

systems. The method relies on two linear free energy relation-

ships, one for processes within condensed phases

SP = c + eE + sS + aA + bB + vV (1)

and one for processes involving gas to condensed phase transfer

SP = c + eE + sS + aA + bB + lL (2)

The dependent variable, SP, is some property of a series

of solutes in a fixed phase. The independent variables, or

descriptors, are solute properties as follows: E and S refer to

the excess molar refraction and dipolarity/polarity descriptors

of the solute, respectively, A and B are measures of the solute

hydrogen-bond acidity and hydrogen-bond basicity, V is the

McGowan volume of the solute and L is the solute gas phase

dimensionless Ostwald partition coefficient into hexadecane at

298 K. The first four descriptors can be regarded as measures

of the tendency of the given solute to undergo various solute–

solvent interactions. The latter two descriptors, V and L, are

both measures of solute size, and so will be measures of the
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bDepartment of Chemistry, P. O. Box 305070, University of North
Texas, Denton, TX, 76203-5070, USA. E-mail: acree@unt.edu

PAPER www.rsc.org/greenchem | Green Chemistry

906 | Green Chem., 2006, 8, 906–915 This journal is � The Royal Society of Chemistry 2006

D
ow

nl
oa

de
d 

on
 0

8 
N

ov
em

be
r 

20
10

Pu
bl

is
he

d 
on

 2
8 

Ju
ly

 2
00

6 
on

 h
ttp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/B

60
62

79
B

View Online

http://dx.doi.org/10.1039/B606279B


solvent cavity term that will accommodate the dissolved solute.

General dispersion interactions are also related to solute size,

hence, both V and L will also describe the general solute–

solvent interactions. The regression coefficients and constants

(c, e, s, a, b, v and l) are obtained by regression analysis

of experimental data for a specific process (i.e., a given

partitioning process, a given stationary phase and mobile

phase combination, etc.).

The usefulness of eqn (1) and eqn (2) in the characterization

of solvent phases is that the coefficients e, s, a, b, l and v are

not just fitting constants, but reflect particular solute–solvent

interactions that correspond to chemical properties of the

solvent phase. The excess molar refraction, E, is derived from

the solute refractive index, and hence the e coefficient gives a

measure of general solute–solvent dispersion interactions. The

V and L descriptors were set up as measures of the endoergic

effect of disrupting solvent–solvent bonds. However, solute

volume is always well correlated with polarizability and so the

v and l coefficients will include not only an endoergic cavity

effect but also exoergic solute–solvent effects that arise

through solute polarizability. The S descriptor is a measure

of dipolarity and polarizability and hence the s coefficient will

reflect the ability of a solvent to undergo dipole– and dipole-

induced dipole interactions with a solute. The A descriptor is a

measure of solute hydrogen bond acidity, and hence the a

coefficient will reflect the complementary solvent hydrogen

bond basicity. Similarly the b coefficient will be a measure of

the solvent hydrogen bond acidity. All this is straightforward

for gas to solvent partitions, because there are no interactions

to consider in the gas phase. For partitions between solvents,

the coefficients in eqn (2) then refer to differences between the

properties of the two phases.

In the present communication we extend our earlier studies19,20

on RTILs to include: 1-methyl-3-butylimidazolium bis(trifluoro-

methylsulfonyl)imide ([MBIm]+[Tf2N]2), 1-methyl-3-hexylimi-

dazolium bis(trifluoromethylsulfonyl)imide ([MHIm]+[Tf2N]2),

trimethylbutylammonium bis(trifluoromethylsulfonyl)imide

([M3BAm]+[Tf2N]2), 4-methyl-N-butylpyridinium tetrafluo-

roborate ([MBPy]+[BF4]2), 1-methyl-3-octylimidazolum

tetrafluoroborate ([MOIm]+[BF4]2) and 1-methyl-3-butylimi-

dazolium hexafluorophosphate ([MBIm]+[PF6]2). Correla-

tions have been derived for the six fore-mentioned RTILs

based on published infinite dilution activity coefficient and

solubility data for dissolved organic and gaseous solutes.33–46

In addition, we have compared the LFERs for the ionic

liquids to existing LFERs for many of the common organic

solvent–water and organic solvent–air systems to determine

which particular organic solvent systems are close to RTILs

in terms of their solubilizing ability, and to determine

whether RTIL systems offer enhanced selectivity in the

partition of particular types of solutes.

Experimental

Most of the experimental data that we were able to retrieve

from the published literature pertained to the infinite dilution

activity coefficient, c2
‘, for solutes dissolved in RTILs. In

order to correctly apply the Abraham model the infinite

dilution activity coefficient needs to be converted to a

parameter that does not include solute–solute interactions.

This can be done by converting to log K values for gas to ionic

liquid partition through eqn (3) or to log P values for partition

from water to the ionic liquid through eqn (4), where Kw is the

gas to water partition coefficient.47

logK~log
RT

c?2 P0
2Vsolvent

(3)

log P = log K 2 log Kw (4)

Here R is the universal gas constant, T is the system

temperature, P2u is the vapor pressure of the solute at T, and

Vsolvent is the molar volume of the solvent. The calculation of

log P requires knowledge of the solute’s gas phase partition

coefficient into water, Kw.

Tables 1–3 list the respective log K and log P values for

the various organic and gaseous solutes dissolved in

([MBIm]+[Tf2N]2), ([MHIm]+[Tf2N]2), ([M3BAm]+[Tf2N]2),

([MOIm]+[BF4]2), ([MBIm]+[PF6]2) and ([MBPy]+[BF4]2).

Molecular descriptors for all of the compounds considered

in the present study are tabulated in Table 4. The tabulated

values of a few compounds may differ slightly from values in

earlier publications. The numerical values are periodically

updated as additional experimental data becomes available.

The numerical values in Table 4 came, for the most part, from

our solute descriptor database, which now contains values for

more than 3500 different organic and organometallic com-

pounds. The descriptor values were calculated in accordance

with our published computational methodology.48–53 The

characteristic McGowan volume, V, is calculated from the

individual atomic sizes and numbers of bonds in the mole-

cule.48 For liquid solutes, the excess molar refraction

descriptor, E, is obtained from the liquid refractive index.49

In the case of solid solutes, one either estimates a hypothetical

liquid refractive index using any of several available methods,

or one can calculate E directly through addition of fragments

or substructures. Numerical values of the three remaining

descriptors, S, A and B, are determined through regression

analysis using available organic solvent/water partition coeffi-

cients, chromatographic retention data, solubilities and infinite

dilution activity coefficients as described elsewhere.50–53 If one

is unable to find sufficient experimental data for performing

the fore-mentioned regression analysis, commercial software54

is available for estimating the molecular solute descriptors

from the structure of the compound.

Results

We have assembled in Table 1 values of log P and log K

for 61 solutes dissolved in 1-methyl-3-butylimidazolium

bis(trifluoromethylsulfonyl)imide, covering a reasonably wide

range of compound type and descriptor values. Analysis

of the experimental data yielded for partition from water

to ([MBIm]+[Tf2N]2) and from the gas phase to

([MBIm]+[Tf2N]2) eqn (5) and eqn (6):

Log P = 0.041(0.042) + 0.088(0.098)E + 0.381(0.128)S 2
1.146(0.159)A 2 4.421(0.165)B + 3.336(0.037)V

(N = 61, SD = 0.095, R2 = 0.997 and F = 3935.6)

(5)
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Table 2 Log P and log K partitioning data for solutes in
([M3BAm]+[Tf2N]2) and ([MOIm]+[BF4]2) ionic liquids

Solute Log Kw

([M3BAm]+[Tf2N]2) ([MOIm]+[BF4]2)

Log P Log K Log P Log K

Pentane 21.70 2.663 0.963 2.895 1.195
Hexane 21.82 3.150 1.330 3.407 1.587
Heptane 21.96 3.617 1.657 3.961 2.001
Octane 22.11 4.101 1.991 4.483 2.373
Nonane 22.15 4.472 2.322 4.920 2.770
Decane 22.26 4.916 2.656 5.429 3.169
Undecane 22.38 5.380 3.000 5.838 3.458
Dodecane 22.53 5.818 3.288 6.374 3.844
Cyclohexane 20.90 2.959 2.059 2.866 1.966
Cyclohexene 20.27 2.245 1.975 2.498 2.228
1,3-Cyclohexadiene 2.247 2.477
1-Pentene 21.23 2.445 1.215 2.582 1.352
1-Hexene 21.16 2.678 1.518 2.907 1.747
1-Heptene 21.22 3.056 1.836 3.342 2.122
1-Octene 21.41 3.582 2.172 3.914 2.504
1-Nonene 21.51 4.011 2.501 4.423 2.913
1-Dodecene 21.92 5.335 3.415 5.970 4.050
Benzene 0.63 2.066 2.696 2.180 2.810
Toluene 0.65 2.454 3.104 2.570 3.220
Ethylbenzene 0.58 2.769 3.349 2.941 3.521
Propylbenzene 0.39 3.242 3.632 2.978 3.368
Butylbenzene 0.29 3.671 3.961 3.528 3.818
Pentylbenzene 0.17 4.107 4.277 4.349 4.519
Methanol 3.74 21.254 2.486 21.008 2.732
Ethanol 3.67 20.994 2.676 20.824 2.846
1-Propanol 3.56 20.538 3.022 20.360 3.200
1-Butanol 3.46 20.062 3.398 0.211 3.671
1-Pentanol 3.35 0.338 3.688 0.740 4.090
1-Hexanol 3.23 0.832 4.062 1.325 4.555
1-Heptanol 3.09
2-Propanol 3.48 20.732 2.748 20.453 3.027
2-Methyl-1-propanol 3.30 20.137 3.163 0.289 3.589
tert-Butanol 3.28 20.467 2.813 20.203 3.077
2-Butanol 3.39 20.338 3.052 20.008 3.382
2-Methyl-2-butanol 3.25 20.084 3.166 0.192 3.442
Cyclohexanol 4.01 0.094 4.104 0.730 4.740
Propanal 2.52 0.016 2.536 20.090 2.430
Butanal 2.33 0.521 2.851 0.430 2.760
Pentanal 2.22 0.789 3.009 0.766 2.986
Hexanal 2.06 1.468 3.528 1.462 3.522
Heptanal 1.96 1.831 3.791 1.979 3.939
Octanal 1.68 2.473 4.153 2.492 4.172
Acetonitrile 2.85 0.285 3.135 0.261 3.111
Acetone 2.79 0.033 2.823 20.182 2.608
Methyl propanoate 2.15 0.746 2.896 0.626 2.776
Methyl butanoate 2.08 1.092 3.172 1.020 3.100
Methyl pentanoate 1.88 1.622 3.502 1.591 3.471
Methyl hexanoate 1.83 1.878 3.708 1.945 3.775
1,4-Dioxane 3.71 20.351 3.359 20.364 3.346
Trichloromethane 0.79 1.718 2.508

Table 1 Log P and log K partitioning data for solutes in
([MBIm]+[Tf2N]2) and ([MHIm]+[Tf2N]2) ionic liquids

Solute Log Kw

([MBIm]+[Tf2N]2) ([MHIm]+[Tf2N]2)

Log P Log K Log P Log K

Oxygen 21.51 2.819 21.309
Carbon dioxide 20.082 0.492 0.410 0.962 0.880
Nitrous oxide 20.23 0.633 0.403
Ethane 21.34 1.282 20.058
Propane 21.44 1.732 0.292
Butane 21.52 2.211 0.691
Pentane 21.70 2.790 1.090 2.932 1.232
Hexane 21.82 3.255 1.435 3.480 1.660
Heptane 21.96 3.745 1.785 4.001 2.041
Octane 22.11 4.238 2.128 4.525 2.415
Nonane 22.15 4.620 2.470 4.901 2.751
Decane 22.26 5.122 2.862 5.381 3.121
Undecane 22.38 5.598 3.218 5.879 3.499
Dodecane 22.53 6.103 3.573 6.404 3.874
Cyclopentane 20.88 2.397 1.517 2.558 1.678
Cyclohexane 20.90 2.745 1.845 2.902 2.002
Cycloheptane 20.58 3.163 2.583
Cyclopentene 20.41 2.088 1.678
Cyclohexene 20.27 2.400 2.130 2.530 2.260
1,3-Cyclohexadiene 2.398 2.489
Ethene 20.94 0.882 0.084
Propene 20.97 1.551 0.581
1-Butene 21.01 1.935 0.925
1-Pentene 21.23 2.530 1.300 2.662 1.432
1-Hexene 21.16 2.812 1.652 2.986 1.826
1-Heptene 21.22 3.216 1.996 3.411 2.191
1-Octene 21.41 3.747 2.337 3.969 2.559
1-Nonene 21.51 4.190 2.680 4.397 2.887
1-Dodecene 21.92 5.559 3.639 5.784 3.864
1-Hexyne 20.21 2.558 2.348
1-Heptyne 20.44 3.296 2.856
1-Octyne 20.52 3.656 3.136
Benzene 0.63 2.253 2.883 2.256 2.886
Toluene 0.65 2.553 3.203 2.650 3.300
Ethylbenzene 0.58 2.894 3.474 2.989 3.569
m-Xylene 0.61 3.078 3.688
p-Xylene 0.59 3.073 3.663
Propylbenzene 0.39 3.364 3.754 3.482 3.872
Butylbenzene 0.29 3.809 4.099 3.952 4.242
Pentylbenzene 0.17 4.296 4.466 4.538 4.708
Methanol 3.74 21.151 2.589 21.262 2.478
Ethanol 3.67 20.914 2.756 21.011 2.659
1-Propanol 3.56 20.508 3.052 20.544 3.016
1-Butanol 3.46 0.047 3.507 0.038 3.498
1-Pentanol 3.35 0.560 3.910 0.491 3.841
1-Hexanol 3.23 1.076 4.306 1.038 4.268
1-Heptanol 3.09 1.674 4.764
2-Propanol 3.48 20.649 2.831 20.683 2.797
2-Methyl-1-propanol 3.30 0.024 3.324 0.019 3.319
tert-Butanol 3.28 20.378 2.902 20.404 2.876
2-Butanol 3.39 20.240 3.150 20.254 3.136
2-Methyl-2-butanol 3.25 0.036 3.286 0.053 3.303
Cyclohexanol 4.01 0.452 4.462 0.326 4.336
Propanal 2.52 0.082 2.602 0.070 2.590
Butanal 2.33 0.592 2.922 0.612 2.942
Pentanal 2.22 0.881 3.101 0.934 3.154
Hexanal 2.06 1.591 3.651 1.656 3.716
Heptanal 1.96 2.068 4.028 2.116 4.076
Octanal 1.68 2.670 4.350 2.772 4.452
Acetonitrile 2.85 0.314 3.164 0.274 3.124
Acetone 2.79 0.083 2.873 0.058 2.848
2-Pentanone 2.58 0.925 3.505
Methyl propanoate 2.15 0.819 2.969 0.848 2.998
Methyl butanoate 2.08 1.192 3.271 1.233 3.313
Methyl pentanoate 1.88 1.718 3.598 1.809 3.689
Methyl hexanoate 1.83 2.035 3.865 2.104 3.934
Diisopropyl ether 0.39 1.757 2.147
Ethyl tert-butyl

ether
2.235

Methyl tert-amyl
ether

1.10 1.529 2.629

Tetrahydrofuran 2.55 0.316 2.866
1,4-Dioxane 3.71 20.204 3.506
Trichloromethane 0.79 1.853 2.643
Carbon

tetrachloride
20.06 2.534 2.474

Table 1 Log P and log K partitioning data for solutes in
([MBIm]+[Tf2N]2) and ([MHIm]+[Tf2N]2) ionic liquids (Continued )

Solute Log Kw

([MBIm]+[Tf2N]2) ([MHIm]+[Tf2N]2)

Log P Log K Log P Log K
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log K = 20.407(0.024) + 0.040(0.068)E + 2.158(0.089)S +
2.478(0.111)A + 0.665(0.116)B + 0.697(0.007)L

(N = 59, SD = 0.068, R2 = 0.997 and F = 3772.3)
(6)

where N is the number of data points, that is the number of

solutes, R2 denotes the coefficient of determination, SD is

the standard deviation and F corresponds to the Fischer F

statistic. The errors on the coefficients are shown in

parentheses. Also in Table 1 are values of log P and log K

for 62 solutes in 1-methyl-3-hexylimidazolium bis(trifluoro-

methylsulfonyl)imide, ([MHIm]+[Tf2N]2). The regression

equations for partition from water and from the gas phase

into ([MHIm]+[Tf2N]2) are,

Log P = 0.219(0.085) 2 0.015(0.128)E + 0.067(0.147)S 2
1.742(0.188)A 2 4.241(0.165)B + 3.394(0.067)V

(N = 60, SD = 0.136, R2 = 0.995 and F = 2153.1)
(7)

log K = 20.170(0.047) 2 0.116(0.082)E + 2.079(0.085)S +
2.141(0.112)A + 0.429(0.096)B + 0.704(0.121)L

(N = 62, SD = 0.090, R2 = 0.989 and F = 991.2)
(8)

Table 2 contains data on trimethylbutylammonium bis(tri-

fluoromethyl sulfonyl) imide ([M3BAm]+[Tf2N]2) and regres-

sion equations for partition from water and from the gas phase

are:

Log P = 0.209(0.067) + 0.046(0.099)E + 0.224(0.122)S 2
1.509(0.151)A 2 4.331(0.145)B + 3.092(0.050)V

(N = 48, SD = 0.089, R2 = 0.998 and F = 4211.1)
(9)

log K = 20.288(0.055) + 0.115(0.094)E + 2.047(0.108)S +
2.152(0.144)A + 0.723(0.141)B + 0.627(0.014)L

(N = 51, SD = 0.089, R2 = 0.990 and F = 865.1)
(10)

In Table 2 also are data on 1-methyl-3-octylimidazolum

tetrafluoroborate [MOIm]+ [BF4]2), and the corresponding

regression equations are:

Log P = 0.174(0.099) 2 0.132(0.149)E + 0.123(0.197)S 2
0.300(0.242)A 2 4.731(0.246)B + 3.419(0.074)V

(N = 47, SD = 0.131, R2 = 0.996 and F = 2112.7)
(11)

log K = 20.268(0.066) 2 0.100(0.113)E + 1.800(0.149)S +
3.224(0.186)A + 0.453(0.193)B + 0.722(0.016)L

(N = 48, SD = 0.104, R2 = 0.986 and F = 571.3)
(12)

In Table 3 are given values of values of log P and log K for

partition into 4-methyl-N-butylpyridinium tetrafluoroborate

([MBPy]+[BF4]2) and 1-methyl-3-butylimidazolium hexafluor-

ophosphate ([MBIm]+[PF6]2). The regression equations for

([MBPy]+[BF4]2) are,

Log P = 20.032(0.058) + 0.489(0.147)E + 0.466(0.165)S 2
0.873(0.210)A 2 4.143(0.164)B + 2.944(0.068)V

(N = 38, SD = 0.141, R2 = 0.992 and F = 1005.3)
(13)

log K = 20.611(0.018) + 0.487(0.067)E + 2.484(0.070)S +
3.190(0.090)A + 0.558(0.071)B + 0.606(0.007)L

(N = 38, SD = 0.062, R2 = 0.999 and F = 6108.9)
(14)

and for ([MBIm]+[PF6]2) are,

Log P = 20.084(0.067) + 0.079(0.107)E + 0.792(0.121)S 2
0.871(0.218)A 2 4.665(0.145)B + 3.053(0.088)V

(N = 44, SD = 0.162, R2 = 0.987 and F = 574.9)
(15)

log K = 20.602(0.032) 20.087(0.080)E + 2.841(0.811)S +
2.785(0.145)A + 0.140(0.098)B + 0.631(0.014)L

(N = 44, SD = 0.110, R2 = 0.996 and F = 1704.6)
(16)

Table 3 Log P and log K partitioning data for solutes in
([MBIm]+[PF6]2) and ([MBPy]+[BF4]2) ionic liquids

Solute Log Kw

([MBIm]+[PF6]2) ([MBPy]+[BF4]2)

Log P Log K Log P Log K

Hydrogen 21.72 0.383 21.337
Argon 21.47 0.469 21.001
Nitrogen 21.80 0.719 21.081
Oxygen 21.51 0.476 21.034
Carbon monoxide 21.62 0.526 21.094
Carbon dioxide 20.082 0.366 0.284
Methane 21.46 0.596 20.864
Ethane 21.34 0.960 20.380
Hexane 21.82 2.802 0.982
Heptane 21.96 3.351 1.391 3.299 1.339
Octane 22.11 3.744 1.634 3.776 1.666
Nonane 22.15 4.156 2.006 4.140 1.990
Decane 22.26 4.558 2.298
Cyclohexane 20.90 2.362 1.462 2.375 1.475
2,2,4-Trimethylpentane 22.12 3.362 1.242
Cyclohexene 20.27 2.166 1.896
Styrene 0.95 2.961 3.911
Benzene 0.63 2.057 2.687 2.149 2.779
Toluene 0.65 2.322 2.972 2.448 3.098
Ethylbenzene 0.58 2.691 3.271 2.725 3.305
o-Xylene 0.66 2.897 3.507 2.923 3.583
p-Xylene 0.59 2.752 3.342 2.829 3.419
m-Xylene 0.61 2.659 3.319 2.786 3.396
Isopropylbenzene 0.22 3.183 3.403
tert-Butylbenzene 0.32 3.261 3.581
1-Hexene 21.16 2.429 1.269
1-Hexyne 20.21 2.111 1.901
1-Heptyne 20.44 2.929 2.489
Methanol 3.74 21.237 2.503 20.952 2.788
Ethanol 3.67 21.043 2.627 20.771 2.899
1-Propanol 3.56 20.698 2.862 20.363 3.197
1-Butanol 3.46 20.239 3.221 0.063 3.523
1-Pentanol 3.35 0.476 3.826
1-Hexanol 3.23 0.972 4.202
2-Propanol 3.48 20.826 2.654 20.600 2.880
2-Methyl-1-propanol 3.30 20.210 3.090
tert-Butanol 3.28 20.422 2.858
2-Butanol 3.39 20.233 3.157
2-Methyl-2-butanol 3.25 20.083 3.167
Cyclohexanol 4.01 0.539 4.549
Acetonitrile 2.85 0.409 3.259 0.389 3.239
Acetone 2.79 20.140 2.650
2-Butanone 2.72 0.253 2.973
2-Pentanone 2.58 0.744 3.324
Ethyl acetate 2.16 0.408 2.568
Dichloromethane 0.96 1.465 2.425 1.499 2.459
Trichloromethane 0.79 1.757 2.547 2.049 2.839
Tetrachloromethane 20.06 2.132 2.072 2.408 2.348
1-Methylcyclohexene 20.48 2.659 2.179
a-Methylstyrene 0.96 3.251 4.211
Diethyl ether 1.17 0.221 1.391
Methyl tert-butyl ether 1.62 0.067 1.687
Methyl tert-amyl ether 1.10 0.902 2.002
1-Nitropropane 2.45 1.447 3.897
Triethylamine 2.36 20.653 1.707
Pyridine 3.44 0.239 3.679
Thiophene 1.04 1.848 2.888
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The regression statistics for eqn (5) to eqn (16) are all quite

good. While there is insufficient data to construct separate

training and test sets to fully assess the predictive capability of

the derived correlations, based on our past experience

regression equations using the Abraham model we expect that

these equations would be able to estimate log P and log K

values of additional compounds to close to the obtained SD

values. The SD values of the coefficients show that some of the

coefficients, usually E or S, are not statistically significant. We

retain all the coefficients, however, in order better to compare

the various equations. We also carried out a correlation

analysis on the descriptors for each equation in order to check

for cross-correlations. The maximum correlation, in terms of

R2, between the descriptors was with one exception always for

E and S as follows: eqn (5) 0.254, eqn (6) 0.237, eqn (7) 0.231,

eqn (8) 0.231, eqn (9) 0.268, eqn (10) 0.262, eqn (11) 0.251,

eqn (12) 0.251, eqn (13) 0.518, eqn (14) 0.518, eqn (15) 0.268,

and for eqn (16) the maximum correlation of 0.417 was

between E and L.

Discussion

There is nothing very unusual about the regression equations

for partition from water or from the gas phase into the RTILs.

The statistics are reasonably good, and the fits of calculated

values to experimental values are of about the same order of

magnitude as those for fits with conventional organic solvents.

The equations for partition from the gas phase to the RTILs,

Table 4 Molecular solute descriptors of the organic compounds
considered in the present study

Solute E S A B V L

Hydrogen 0.000 0.000 0.000 0.000 0.109 21.200
Argon 0.000 0.000 0.000 0.000 0.191 20.688
Nitrogen 0.000 0.000 0.000 0.000 0.222 20.978
Oxygen 0.000 0.000 0.000 0.000 0.183 20.723
Carbon monoxide 0.000 0.000 0.000 0.040 0.222 20.836
Carbon dioxide 0.000 0.280 0.050 0.100 0.281 0.058
Nitrous oxide 0.068 0.350 0.000 0.100 0.281 0.164
Methane 0.000 0.000 0.000 0.000 0.250 20.323
Ethane 0.000 0.000 0.000 0.000 0.390 0.492
Propane 0.000 0.000 0.000 0.000 0.531 1.050
Butane 0.000 0.000 0.000 0.000 0.672 1.615
Pentane 0.000 0.000 0.000 0.000 0.813 2.162
Hexane 0.000 0.000 0.000 0.000 0.954 2.668
Heptane 0.000 0.000 0.000 0.000 1.095 3.173
Octane 0.000 0.000 0.000 0.000 1.236 3.677
Nonane 0.000 0.000 0.000 0.000 1.377 4.182
Decane 0.000 0.000 0.000 0.000 1.518 4.686
Undecane 0.000 0.000 0.000 0.000 1.659 5.191
Dodecane 0.000 0.000 0.000 0.000 1.799 5.696
Cyclopentane 0.263 0.100 0.000 0.000 0.705 2.477
Cyclohexane 0.305 0.100 0.000 0.000 0.845 2.964
Cycloheptane 0.350 0.100 0.000 0.000 0.986 3.704
2,2,4-Trimethyl-

pentane
0.000 0.000 0.000 0.000 1.236 3.106

Cyclopentene 0.335 0.200 0.000 0.100 0.661 2.402
Cyclohexene 0.395 0.200 0.000 0.100 0.802 3.021
1,3-Cyclohexa-

diene
0.515 0.300 0.000 0.140 0.759 2.917

Ethene 0.107 0.100 0.000 0.070 0.347 0.289
Propene 0.103 0.080 0.000 0.070 0.488 0.946
1-Butene 0.100 0.080 0.000 0.070 0.629 1.529
1-Pentene 0.093 0.080 0.000 0.070 0.770 2.047
1-Hexene 0.078 0.080 0.000 0.070 0.911 2.572
1-Heptene 0.092 0.080 0.000 0.070 1.052 3.063
1-Octene 0.094 0.080 0.000 0.070 1.193 3.568
1-Nonene 0.090 0.080 0.000 0.070 1.334 4.073
1-Dodecene 0.089 0.080 0.000 0.070 1.757 5.515
1-Hexyne 0.166 0.220 0.100 0.120 0.868 2.510
1-Heptyne 0.160 0.230 0.090 0.100 1.009 3.000
1-Octyne 0.155 0.220 0.090 0.100 1.150 3.521
Styrene 0.849 0.650 0.000 0.160 0.955 3.908
Benzene 0.610 0.520 0.000 0.140 0.716 2.786
Toluene 0.601 0.520 0.000 0.140 0.857 3.325
Ethylbenzene 0.613 0.510 0.000 0.150 0.998 3.788
o-Xylene 0.663 0.560 0.000 0.160 0.998 3.939
p-Xylene 0.613 0.520 0.000 0.160 0.998 3.839
m-Xylene 0.623 0.520 0.000 0.160 0.998 3.839
Propylbenzene 0.604 0.500 0.000 0.150 1.139 4.230
Isopropylbenzene 0.602 0.490 0.000 0.160 1.139 4.084
Butylbenzene 0.600 0.510 0.000 0.150 1.280 4.730
tert-Butylbenzene 0.619 0.490 0.000 0.180 1.280 4.413
Pentylbenzene 0.594 0.510 0.000 0.150 1.421 5.230
Methanol 0.278 0.440 0.430 0.470 0.308 0.970
Ethanol 0.246 0.420 0.370 0.480 0.449 1.485
1-Propanol 0.236 0.420 0.370 0.480 0.590 2.031
1-Butanol 0.224 0.420 0.370 0.480 0.731 2.601
1-Pentanol 0.219 0.420 0.370 0.480 0.872 3.106
1-Hexanol 0.210 0.420 0.370 0.480 1.013 3.610
1-Heptanol 0.211 0.420 0.370 0.480 1.154 4.115
2-Propanol 0.212 0.360 0.330 0.560 0.590 1.764
2-Methyl-1-

propanol
0.217 0.390 0.370 0.480 0.731 2.413

tert-Butanol 0.180 0.300 0.310 0.600 0.731 1.963
2-Butanol 0.217 0.360 0.330 0.560 0.731 2.338
2-Methyl-2-

butanol
0.194 0.300 0.310 0.600 0.872 2.630

Cyclohexanol 0.460 0.540 0.320 0.570 0.904 3.758
Propanal 0.196 0.650 0.000 0.450 0.547 1.815
Butanal 0.187 0.650 0.000 0.450 0.688 2.270
Pentanal 0.163 0.650 0.000 0.450 0.829 2.770
Hexanal 0.146 0.650 0.000 0.450 0.970 3.370

Heptanal 0.140 0.650 0.000 0.450 1.111 3.860
Octanal 0.160 0.650 0.000 0.450 1.252 4.380
Acetonitrile 0.237 0.900 0.070 0.320 0.404 1.739
Acetone 0.179 0.700 0.040 0.490 0.547 1.696
2-Butanone 0.166 0.700 0.000 0.510 0.688 2.287
2-Pentanone 0.143 0.680 0.000 0.510 0.829 2.755
Methyl propanoate 0.128 0.600 0.000 0.450 0.747 2.431
Methyl butanoate 0.106 0.600 0.000 0.450 0.888 2.943
Methyl pentanoate 0.108 0.600 0.000 0.450 1.028 3.442
Methyl hexanoate 0.080 0.600 0.000 0.450 1.169 3.984
Ethyl acetate 0.106 0.620 0.000 0.450 0.747 2.314
Dichloromethane 0.387 0.570 0.100 0.050 0.494 2.019
Trichloromethane 0.425 0.490 0.150 0.020 0.617 2.480
Tetrachloromethane 0.458 0.380 0.000 0.000 0.739 2.823
1-Methylcyclohexene 0.391 0.180 0.000 0.100 0.943 3.483
a-Methylstyrene 0.851 0.640 0.000 0.190 1.096 4.290
Diethyl ether 0.041 0.250 0.000 0.450 0.731 2.015
Diisopropyl ether 0.000 0.190 0.000 0.410 1.013 2.559
Methyl tert-butyl

ether
0.024 0.210 0.000 0.590 0.872 2.372

Methyl tert-amyl
ether

0.050 0.210 0.000 0.600 1.016 2.916

Tetrahydrofuran 0.289 0.520 0.000 0.480 0.622 2.636
1,4-Dioxane 0.329 0.750 0.000 0.640 0.681 2.892
1-Nitropropane 0.242 0.950 0.000 0.310 0.706 2.894
Triethylamine 0.101 0.150 0.000 0.790 1.054 3.040
Pyridine 0.631 0.840 0.000 0.520 0.675 3.022
Thiophene 0.687 0.560 0.000 0.150 0.641 2.943
Difluoromethane 20.320 0.490 0.060 0.050 0.285 0.040
Trifluoromethane 20.427 0.183 0.110 0.034 0.303 20.274
1,1-Difluoroethane 20.250 0.490 0.040 0.050 0.426 0.517
1,1,1,2-Tetrafluoro-

ethane
20.640 0.200 0.240 0.000 0.461 0.226

Table 4 Molecular solute descriptors of the organic compounds
considered in the present study (Continued )

Solute E S A B V L
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as log K, are usually slightly better than those for partition

from water to the RTILs, as log P. This is as expected, because

the log P values include the extra error in the gas to water

partition coefficients that are used to obtain the log P values,

through eqn (4).

The coefficients in the equations for log P reflect the

difference in properties of a RTIL (or an organic solvent) from

those of water. In Table 5 are given coefficients for water to

RTILs and for water to a number of solvents. Note that the

water to RTILs are ‘hypothetical partitions’ between pure

water and pure RTIL, whereas the water to solvent partitions

are practical partitions between the mutually saturated

solvents. Even so, it can be seen that the RTIL coefficients

are not extraordinarily different to those for the organic

solvents. The major differences are in the magnitude of the

sand a coefficients. The positive s coefficients for the water to

RTIL systems show that the RTILs are more dipolar than

water, as expected. The negative a coeffficients indicate that

the RTILs are weaker hydrogen bond bases than water, or

octan-1-ol, and are somewhere between water and the common

organic solvents in Table 5.

It is much easier to compare coefficients in eqn (2) than in

eqn (1), because eqn (2) refers to partition from the gas phase,

and hence the coefficients are in a sense absolute (as compared

to the gas phase) and not relative (as compared to water)

as with eqn (1). In Table 6 are given coefficients in eqn (2)

for partition from the gas phase to RTILs and to a selection

of organic solvents, and to water. We include in Table 6

coefficients for 1-methyl-3-ethylimidazolium bis(trifluoro-

methylsulfonyl)amide, ([MEIM]+[Tf2N]2), and 1,2-dimethyl-

3-ethylimidazolium bis(trifluoromethylsulfonyl)-amide,

([M2EIM]+[Tf2N]2) as given by Acree and Abraham.20

Again, it can be seen that the coefficients for the RTILs are

not extraordinarily different to those for organic solvents.

The e coefficients are all numerically quite small, but the s

coefficients show quite a wide spread of values, with the more

dipolar solvents having the larger s coefficients. The s

coefficients for the RTILs are about the same as those for

the more polar solvents such as acetonitrile, dimethylform-

amide and N-methylpyrrolidinone but less than those for

dimethylsulfoxide (DMSO) or water. The a coefficients reflect

the hydrogen bond basicity of the solvents, with the RTILs

lying near the middle of the a coefficient range. This places the

hydrogen bond basicity of the RTILs near to that of ether,

acetone or ethyl acetate. The hydrogen bond basicity of the

RTILs will largely be due to the anion. It is no surprise that the

two RTILs with the BF4
2 anion are the strongest hydrogen

bond bases. In the PF6
2 anion, and in the Tf2N2 anion, the

negative charge is more dispersed than in the BF4
2 anion. The

b coefficient in eqn (2) reflects the hydrogen bond acidity of

the solvent. The RTILs have quite small b coefficients and are

therefore not very strong hydrogen bond acids. This might be

thought rather extraordinary in view of the positively charged

cation. However, these are all of the form of tetraalkylammo-

nium ions, [M3BAm]+ or [MBPy]+, or 1,3-dialkylimidazolium

ions, and have no ‘active’ hydrogen atom such as [R3N–H]+

or [LNR–H]+. As hydrogen bond acids, the RTILs are about

as strong as a long chain alcohol, and much weaker than

trifluoroethanol, TFE, ethylene glycol or water. The l

coefficient is very interesting, in that it is a measure of the

‘hydrophobicity’ of a solvent. Very hydrophobic solvents have

l = unity or near unity, and solvents that are hydrophilic,

rather than hydrophobic, have much lower values of the l

coefficient; for example, TFE (0.633) or ethylene glycol

(0.558). The RTILs with l values between 0.606 and 0.722

are clearly classed as hydrophilic solvents.

The coefficients in eqn (2) reflect the chemical nature of the

solvent, in terms of solvent-interactions, and so the coefficients

should indicate how near one solvent is to another, in these

terms. It is not easy to compare coefficients just by eye, but a

useful comparison is obtained through principal component

analysis (PCA). The five columns of the e coefficients in

Table 6 are transformed into five orthogonal PCs. In the

present case, the first two PCs encode 76% of the total

information and so a plot of the scores of PC2 against PC1 will

give an approximate indication of how near solvents are in

terms of chemistry. Such a plot is shown in Fig. 1. Points 25

(TFE), 28 (ethylene glycol) and 29 (water) are far away from

points for the other solvents; this is not surprising when it is

noted that these three solvents have large s , a , and b

coefficients and small l coefficients. There are other methods of

visualizing the ‘closeness’ of equations based on their

coefficients, such as cluster analysis, but a PC score plot as

shown in Fig. 1 seems the best method to use.

The points for the RTILs do not inhabit a different area of

space to the organic solvents, but chemically resemble a

Table 5 A comparison of coefficients in the general eqn (1) for RTILs and organic solvents

Solvent c e s a b v

([MBIm]+[Tf2N]2), eqn (5) 0.041 0.088 0.381 21.146 24.421 3.336
([MHIm]+[Tf2N]2), eqn (7) 0.219 20.015 0.067 21.742 24.241 3.394
([M3BAm]+[Tf2N]2), eqn (9) 0.209 0.046 0.224 21.509 24.331 3.092
([MOIm]+ [BF4]2), eqn (11) 0.174 20.132 0.123 20.300 24.731 3.419
([MBPy]+[BF4]2), eqn (13) 20.032 0.489 0.466 20.873 24.143 2.944
([MBIm]+[PF6]2), eqn (15) 20.084 0.079 0.792 20.871 24.665 3.053
([MEIM]+[Tf2N]2), ref 20 0.040 0.377 0.247 21.805 23.814 3.066
([M2EI.M]+[Tf2N]2), ref 20 20.095 0.299 0.360 21.906 23.805 3.177
Hexane 0.361 0.579 21.723 23.599 24.764 4.344
Toluene 0.143 0.527 20.720 23.010 24.824 4.545
Tetrachloromethane 0.260 0.573 21.254 23.558 24.558 4.589
1,2-Dichloroethane 0.227 0.278 20.167 22.816 24.324 4.205
Trichloromethane 0.327 0.157 20.391 23.191 23.437 4.191
Octan-1-ol 0.088 0.562 21.054 0.034 23.460 3.814
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number of ‘polar’ organic solvents such as points 18

(acetonitrile), 20 (N-methylpyrrolidinone, NMP), 24 (nitro-

benzene) and 26 (methanol). A similar conclusion was reached

by examination of water to solvent partition coefficients,19 but

the gas to solvent partition coefficients are much easier to

interpret.

Because the first two PCs account for 76% of the total

information, the PC plot gives only an estimate, although very

useful, of the chemical ‘nearness’ of solvents. Abraham and

Martins55,56 have shown how this chemical ‘nearness’ can be

calculated exactly. The five coefficients for any solvent, e to l,

are regarded as defining a point in five dimensional space.

Then for any two solvents, the distance between the two points

in five dimensional space, D, will be a more exact criterion of

how close the two solvents are chemically, than the distance

between points on the PCA plot, Fig. 1. Values of the distance,

D, are in Table 7. Of the solvents listed, only acetonitrile can

Table 6 Coefficients in eqn (2) for partition from the gas phase-to-RTILs and to organic solvents

Solvent No c e s a b l

([MBIm]+[Tf2N]2), eqn (6) 1 20.407 0.040 2.158 2.478 0.665 0.679
([MHIm]+[Tf2N]2), eqn (8) 2 20.170 20.116 2.079 2.141 0.429 0.704
([M3BAm]+[Tf2N]2), eqn (10) 3 20.288 0.115 2.047 2.152 0.723 0.627
([MOIm]+ [BF4]2), eqn (12) 4 20.268 20.100 1.800 3.224 0.453 0.722
([MBPy]+[BF4]2), eqn (14) 5 20.611 0.487 2.484 3.190 0.558 0.606
([MBIm]+[PF6]2), eqn (16) 6 20.602 20.087 2.840 2.786 0.140 0.631
([MEIM]+[Tf2N]2), ref 20 7 20.439 0.148 2.277 2.172 1.041 0.629
([M2EIM]+[Tf2N]2), ref 20 8 20.565 0.214 2.347 2.075 0.896 0.655
Hexane 9 0.292 20.169 0.000 0.000 0.000 0.979
Hexadecane 10 0.000 0.000 0.000 0.000 0.000 1.000
Tetrachloromethane 11 0.282 20.303 0.460 0.000 0.000 1.047
Carbon disulfide 12 0.101 0.251 0.177 0.027 0.095 1.068
1,2-Dichloroethane 13 0.011 20.150 1.436 0.649 0.736 0.936
Trichloromethane 14 0.116 20.467 1.203 0.138 1.432 0.994
Ether 15 0.288 20.347 0.775 2.985 0.000 0.973
Acetone 16 0.154 20.277 1.522 3.258 0.078 0.863
Ethyl acetate 17 0.203 20.335 1.251 2.949 0.000 0.917
Acetonitrile 18 20.007 20.595 2.461 2.085 0.418 0.738
Dimethylformamide 19 20.174 20.339 2.315 4.112 0.000 0.830
N-Methylpyrrolidinone 20 20.293 0.253 2.210 5.094 0.000 0.818
DMSO 21 20.619 0.131 2.811 5.474 0.000 0.734
Toluene 22 0.121 20.222 0.938 0.467 0.099 1.012
Chlorobenzene 23 0.053 20.553 1.254 0.364 0.000 1.041
Nitrobenzene 24 20.295 0.121 1.682 1.247 0.370 0.915
Trifluoroethanol 25 20.133 20.611 1.457 1.899 4.461 0.633
Methanol 26 20.004 20.215 1.173 3.701 1.432 0.769
Octan-1-ol 27 20.119 20.203 0.560 3.576 0.702 0.940
Ethylene glycol 28 20.876 0.278 1.431 4.584 2.525 0.558
Water 29 21.271 0.822 2.743 3.904 4.814 20.213

Table 7 Estimates of the nearness of solvents in chemical terms, D,
and in calculational terms, cos h

Solvent No D Cos h

([MBIm]+[Tf2N]2) 1 0.00 1.000
([MHIm]+[Tf2N]2) 2 0.45 0.995
([M3BAm]+[Tf2N]2) 3 0.36 0.998
([MOIm]+ [BF4]2) 4 0.87 0.976
([MBPy]+[BF4]2) 5 0.91 0.990
([MBIm]+[PF6]2) 6 0.92 0.983
([MEIM]+[Tf2N]2) 7 0.51 0.989
([M2EIM]+[Tf2N]2) 8 0.53 0.988
Hexane 9 3.37 0.194
Hexadecane 10 3.37 0.198
Tetrachloromethane 11 3.12 0.418
Carbon disulfide 12 3.23 0.327
1,2-Dichloroethane 13 1.99 0.860
Trichloromethane 14 2.71 0.612
Ether 15 1.69 0.873
Acetone 16 1.22 0.944
Ethyl acetate 17 1.30 0.927
Acetonitrile 18 0.84 0.969
Dimethylformamide 19 1.82 0.958
NMPa 20 2.71 0.934
DMSOb 21 3.14 0.950
Toluene 22 2.46 0.777
Chlorobenzene 23 2.49 0.713
Nitrobenzene 24 1.38 0.957
Trifluoroethanol 25 3.96 0.638
Methanol 26 1.77 0.913
Octan-1-ol 27 1.97 0.857
Ethylene glycol 28 2.91 0.884
Water 29 4.58 0.800
a Dimethylsulfoxide. b N-Methylpyrrolidinone.

Fig. 1 A plot of the scores of PC2 against scores of PC1 for the

analysis of the coefficients in Table 6. Points are numbered as in

Table 6. Symbols: $ RTILs, # remaining solvents.
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be regarded as chemically near to the RTILs, in terms of

solvation through solute–solvent interactions.

This distance, D, does not indicate whether equations for

two solvents are close in calculational terms. That is if values

of log K for solutes in one solvent are plotted against values of

log K for solutes in another solvent, will a good correlation

result or not? Ishihama and Asakawa57 have shown how the

nearness of solvents in a calculational sense may be estimated.

They regard the coefficients e to l for any solvent as defining a

line, in five dimensional space, that passes through the origin.

Then for any other solvent, the angle, h, between the two lines

may be calculated. If cos h is near unity, the two lines can be

superimposed and the solvents can be said to be near to each

other in a calculational sense. Unfortunately, cos h does not

correspond to the correlation coefficient that might be

expected if values of log K for solutes in one solvent are

plotted against values of log K for solutes in another solvent,

and seems to decrease from unity faster than does R2. Thus cos

h = 0.95 would correspond to no more than a reasonable

calculational connection between equations for two solvents.

Of the listed solvents, acetonitrile seems to be the only one that

is near to the RTILs in a calculational sense. If acetonitrile is

taken as the standard solvent, then cos h is nearest unity

(0.986) for RTIL no 2, ([MHIm]+[Tf2N]2).

log K values for partition of the 28 common solutes from the

gas phase to acetonitrile and ([MHIm]+ [Tf2N]2) are available,

and a plot of the two sets of log K values against each other

yields N = 28, SD = 0.161, R2 = 0.968 and F = 810.1, see Fig. 2.

It would be difficult by other means to predict that the

solubility properties of acetonitrile and ([MHIm]+ [Tf2N]2)

would be so similar. The ideas of Abraham and Martins55,56

and of Ishihama and Asakawa57 are therefore not just

theoretical concepts, but form the basis of a practical method

to identify solvents that have the same, or similar, solvation

properties.

Eqn (2) can also be used in another practical sense, and that

is to predict the selective solubility of gases in solvents. We

illustrate this for four pairs of solutes: isopropanol-acetone,

phenol-cyclohexanol, benzene-cyclohexane, and butylamine-

chlorobutane. In Table 8 we give log K(1) 2 log K(2), where

log K(1) refers to the first solute and log K(2) to the second

solute, for solubility of the gaseous compounds in all the listed

solvents. The log K values have been calculated from the

respective eqn (2) and the descriptors for the various com-

pounds. Note that a negative value of log K(1) 2 log K(2) still

Table 8 Calculation of the selectivity of solvents towards pairs of gaseous compounds, in terms of log K(1) 2 log K(2)

Compound (1) Isopropanol Phenol Benzene Butylamine
Compound (2) Acetone Cyclohexanol Cyclohexane Chlorobutane

([MBIm]+[Tf2N]2) 0.079 1.289 0.891 0.558
([MHIm]+[Tf2N]2) 20.012 1.177 0.773 0.383
([M3BAm]+[Tf2N]2) 0.025 1.168 0.884 0.547
([MOIm]+ [BF4]2) 0.400 1.382 0.660 0.580
([MBPy]+[BF4]2) 0.177 1.785 1.162 0.615
([MBIm]+[PF6]2) 20.108 1.711 1.074 0.308
([MEIM]+[Tf2N]2) 20.024 1.180 1.035 0.701
([M2EIM]+[Tf2N]2) 20.082 1.240 1.060 0.606
Hexane 0.061 20.050 20.226 20.104
Hexadecane 0.068 0.008 20.178 20.104
Tetrachloromethane 20.095 0.065 20.086 20.136
Carbon disulfide 0.035 0.139 20.026 20.064
1,2-Dichloroethane 20.190 0.441 0.494 0.308
Trichloromethane 20.217 20.080 0.386 0.582
Ether 0.657 0.995 0.046 0.333
Acetone 0.482 1.335 0.412 0.391
Ethyl acetate 0.481 1.155 0.260 0.309
Acetonitrile 20.172 1.133 0.779 0.339
Dimethylformamide 0.451 1.851 0.721 0.451
NMP 0.790 2.294 0.860 0.623
DMSO 0.686 2.568 1.090 0.661
Toluene 20.115 0.364 0.160 20.030
Chlorobenzene 20.268 0.358 0.173 20.120
Nitrobenzene 20.118 0.887 0.632 0.211
Trifluoroethanol 0.390 20.369 0.937 2.432
Methanol 0.820 0.992 0.491 1.181
Octan-1-ol 0.953 0.945 0.104 0.802
Ethylene glycol 1.067 1.203 0.940 1.896
Water 0.549 1.035 2.115 2.976

Fig. 2 A plot of log K values in acetonitrile against log K values in the

RTIL, ([MHIm]+[Tf2N]2), solvent no 2.
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corresponds to selective solubility. In general, the RTILs show

about the same selectivity as the polar organic solvents such as

acetonitrile, dimethylformamide, NMP and dimethylsulfoxide

(DMSO). The alcohol and water solvents, that are strong

hydrogen bond acids, exhibit much larger selectivity towards

solutes that are hydrogen bond bases, e.g. butylamine.

Conversely, solvents that are strong hydrogen bond bases

such as NMP, DMSO, methanol, octan-1-ol, ethylene glycol

and water exhibit much larger selectivity towards solutes that

are hydrogen bond acids, e.g. isopropanol.

From Table 8, it seems that the usefulness of RTILs does

not depend on any extra selectivity over standard organic

solvents, but on other properties such as low vapor pressure

that make them environmentally more friendly than organic

solvents. The method can, of course, be used to calculate

selectivity for any solute pair, or multiple solutes, simply by

inserting known descriptors for solutes into the equations

listed in Table 6. Since the relevant descriptors for some

thousands of solutes are available,54 and can also be calculated

from structure if required,54,58,59 it is trivial to deduce

selectivities for a huge number of solutes.

Of course care should be taken to use any obtained

algorithm to predict new values only within the range of the

independent variables, or descriptors, used to construct the

algorithm. Most of the descriptors we employ cover quite a

good range, and so predictions can be made for a very large

number of compounds. The only descriptor that leads to any

significant restriction on the type of compound for which

predictions may be required is the A descriptor that ranges

from 0.00 to 0.43 only. This small range has little effect on the

robustness of the various equations for log P or log K, as

can be seen from the comparatively small errors on the a

coefficients, but does limit the type of hydrogen bond acids

for which predictions of log P or log K or selectivity can

be made.
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Facile bromination of various organic substrates has been demonstrated with a 2 : 1

bromide:bromate reagent prepared from the alkaline intermediate of the conventional bromine

recovery process. The reagent is acidified in situ to generate HOBr as the reactive species, which

effects bromination. Aromatic substrates that have been successfully brominated under ambient

conditions without use of any catalyst include phenols, anilines, aromatic ethers and even

benzene. Non-aromatic compounds bearing active methylene group were monobrominated

selectively with the present reagent and olefinic compounds were converted into the

corresponding bromohydrins in moderate yields. By obtaining the present reagent from the liquid

bromine precursor, the twin advantages of avoiding liquid bromine and producing the reagent in

a cost-effective manner are realised. When coupled with the additional advantage of high bromine

atom efficiency, the present protocol becomes attractive all the way from ‘‘cradle to grave’’.

1 Introduction

Bromo derivatives have wide utility both as products and

intermediates.1,2 Many of these compounds are prepared using

liquid bromine. Liquid bromine is used both for addition

reactions as well as for substitution reactions. Activated

aromatic compounds, such as phenols, anilines, and aromatic

ethers, can be brominated without a catalyst, even at relatively

low temperatures,3 whereas other substrates may demand use

of a catalyst. Commonly used catalysts include halides of

aluminum, iron, zinc, or antimony.4 Liquid bromine is

corrosive and its transport and handling pose difficulties.

Moreover, substitution reactions with liquid bromine lead to

only 50% bromine atom efficiency, although the HBr by-

product can be recycled with oxidizing agents such as H2O2.5

HBr can, alternatively, be recovered and sold, or used for

co-production of alkyl bromides such as methyl bromide.6

Besides liquid bromine, there are latent brominating

reagents, such as pyridiniumbromide-perbromide,7 and

quaternary ammonium tribromide,8 which are safer and easier

to use but such reagents are also produced using liquid

bromine. Moreover, the bromine atom efficiency is only 50%.

There are other brominating agents that are employed when

the reactions either do not proceed with liquid bromine or

proceed with low selectivity. Examples of such brominating

agents include N-bromosuccinimide (NBS) for allylic bromi-

nation,9 and 2,4,4,6-tetrabromo-2,5-cyclohexadien-1-one

(TBCD) for monobromination with para-selectivity,10 but in

these cases their preparation also involves liquid bromine.11

Other reagents reported for bromination of aromatic sub-

strates include: Br2–NaY zeolite and Br2–alumina,12 HBr–

DMSO,13 and P2O5–Bu4NBr.14 NaBrO3–H2SO4 has been

shown to be a promising reagent for bromination of aromatic

rings having electron deactivating substituents.15–19 NaBrO3–

HBr in sulfuric acid/acetic acid medium has been used for

bromination of several amides and imides,20a while NaBrO3–

NaHSO3 has been shown to be a good reagent for bromination

of alkyl benzenes and for the synthesis of bromohydrins from

alkenes.20b,c BrCl has also been used for substitution reactions

and the reactions are reported to be faster than those involving

bromine alone.21 Even in these cases, the preparations of

basic inorganic bromide salts and acids involve downstream

reactions with liquid bromine followed by purification

processes,22 i.e., liquid bromine is ubiquitous in the product

life cycle of all the above bromination reactions. Given the

hazards of liquid bromine, it is desirable to develop schemes

that dispense with its use directly or indirectly.

2 Results and discussion

Bromine is manufactured from sea bittern. We have recently

patented the preparation and utility of a brominating reagent

obtained from the liquid bromine precursor in the ‘‘cold

process’’ of bromine manufacture.23 The precursor comprises

a 5 : 1 mole ratio of NaBr:NaBrO3, which is formed when

bromine vapor evolved from bittern is trapped in aqueous

NaOH. Instead of acidifying the precursor to evolve bromine

as practiced in conventional manufacture (eqn 1), it is treated

with Cl2–NaOH (or NaOCl) to obtain a 2 : 1 mole ratio of

aCentral Salt and Marine Chemicals Research Institute, Gijubhai
Badheka Marg, Bhavnagar, 364 002, Gujarat, India.
E-mail: pkghosh@csmcri.org; grama@csmcri.org;
Fax: +91-278-2567562
bDepartment of Organic Chemistry, Indian Association for the
Cultivation of Science, Jadavpur, Kolkata, 700032, India.
E-mail: bcranu@gmail.com
{ Electronic supplementary information (ESI) available: UV-spectro-
photometric evidence for the formation of BrOH; procedure for
reaction calorimetric study; analytical data; NMR spectra; DSC plots
and HPLC chromatograms of select compounds. See DOI: 10.1039/
b606586d
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NaBr:NaBrO3 (eqn 2), which can be used as such or

evaporated to dryness to yield a solid reagent containing

40% (w/w) active Br.24 The reagent, upon acidification with

HCl25 in the presence of an organic substrate, yields bromo

derivative as per the stoichiometry of eqn 3. NaCl that is co-

present in the reagent to the extent of 33% (w/w) does not

affect the results, as confirmed through control experiments

with a pure 2 : 1 mixture of NaBr:NaBrO3.

5NaBr + NaBrO3 + 6HCl A 3Br2 + 3H2O + 6 NaCl (1)

5NaBr + NaBrO3 + 3NaOCl A
4NaBr + 2NaBrO3 + 3NaCl

(2)

ð3Þ

Table 1 shows the bromination of phenol and phenol

derivatives undertaken with the present reagent system. All the

reactions proceeded in high yields under ambient conditions

and without recourse to any catalyst. Entries 1–3 were carried

out with neat substrate, while CH2Cl2 was employed as solvent

in the remaining reactions. Alternatively, 1,2-dichloroethane

can also be used. In the case of reaction with bisphenol

A—which yields the commercially important fire retardant

tetrabromobisphenol A—the product is obtained directly in

solid form in 98% purity and the mother liquor is recycled in

subsequent batches resulting in high (92%) overall yield.

Reaction calorimetric studies suggest that the reaction is near

instantaneous with an adiabatic rise in temperature of only

18 uC, indicating that the bromination is facile and safe. We

examined the efficacy of the reagent with aniline and its

derivatives as well. The results are provided in Table 2. A

molar excess of acid was used as the amine forms a salt with

acid, which was neutralized with sodium bicarbonate after

completion of the reaction. 2,4,6-Tribromoaniline could be

prepared in 96% yield and 98.6% purity from aniline.

We also undertook reactions with other aromatic substrates.

Monobromination of anisole and acetanilide was achieved in

good yields and with high p-selectivity (entries 1 and 3,

Table 3). Naphthalene could also be converted into 1-bromo-

naphthalene, albeit only in 36% isolated yield under the same

conditions (others products of the reaction have not been

characterised). With benzene the reaction was facile only under

reflux conditions, and the yield was better (81.3% at 100 g

scale; 95% purity by HPLC) when sodium lauryl sulfate (SLS)

was used as a phase transfer catalyst.23d

We have also studied the monobromination of several CH-

acidic compounds (Table 4). Whereas such selective bromina-

tion with conventional brominating agents is difficult,26 the

reactions could be achieved in good yields with the present

reagent.27–32 N-Bromosuccinimide, employed for allylic bro-

mination, could also be synthesized with the present reagent

prepared from the bromine intermediate.20 The product is

obtained directly in solid form when water is used as solvent,

and the filtered mass is purified by washing with water to

remove adhering impurities (yield 78%; purity 92%).

UV-visible spectroscopic studies helped us establish that,

upon acidification of the reagent, BrOH is produced (lmax =

260 nm), albeit with traces of elemental bromine.33 We

therefore explored the possible utility of the reagent for

synthesis of bromohydrins.20c,34 This was successfully accom-

plished as can be seen from Table 5. However, the dibromo

derivative was inevitably formed as an impurity.

3 Experimental

3.1 Materials and methods

NMR spectra of bromo derivatives of 1,3-dicarbonyl com-

pounds (Table 4) were recorded on model DPX300 Bruker

FT-NMR instruments while all other NMR were recorded

on model DPX 200 Bruker FT-NMR. FT-IR spectra were

recorded on Perkin Elmer GX-2000 spectrometer. Gas

Chromatograms were recorded on Shimadzu GC-14B using

SE-30 column. Melting points were recorded on Veego

capillary instrument and may be uncorrected. Analytical thin

layer chromatography (TLC) was performed on Aluchrosep

Silica Gel 60/UV254 plate. Purification of some of the reac-

tion products (tribromophenol; 4,6-dibromo-2-chlorophenol;

1-bromo-2-naphthol; 4-bromo-N,N-dimethylaniline; 1-bromo-

naphthalene; bromohydrins) was carried out by column

chromatography using 100–200 mesh silica gel. All reactions

were carried out under ambient conditions with magnetic

stirring unless otherwise stated. Unless otherwise stated, yield

refers to isolated yield. The purity of all compounds was

checked by 1H-NMR, FT-IR, microanalyses (Perkin-Elmer

model 2400), melting point and boiling point. Purities of

tribromoaniline, tetrabromobisphenol A, N-bromosuccinimide

and bromobenzene were estimated by HPLC (Shimadzu model

with CTO 10A UV-vis detector and Nucleosil C18 column)

and also by differential scanning calorimetry (Mettler Toledo

Model DSC 822e Differential Scanning Calorimeter using

Stare software). Reaction calorimetric studies were conducted

on an RC1:Mettler make SV01 calorimeter fitted with an

800 ml capacity all glass reactor equipped with a propeller

type upflow agitator, jacketed with a controlled temperature

circulator, addition funnel, condenser, and the calibration and

temperature probes.

3.2 Preparation of 2 : 1 Br2 : BrO3
2 reagent from alkaline

bromine mixture and sodium hypochlorite

62 g (0.83 moles) of sodium hypochlorite was added into

894 mL of alkaline bromine intermediate, containing a total

of 262 g (3.26 moles) of dissolved bromine in the form of

4.7 : 1 mole ratio of Br2 : BrO3
2. The contents were mixed

thoroughly and allowed to react for 24 h in a closed 5 L round-

bottom flask, to obtain the 2 : 1 Br2 : BrO3
2 reagent having

241.85 g of available bromine. Eqn 2 shows the stoichiometry

for conversion of 5 : 1 Br2 : BrO3
2 into 2 : 1 Br2 : BrO3

2.

3.3 General procedure for the preparation of bromophenols

A known quantity of the organic substrate was taken in a

single neck 100 mL round-bottom flask containing either

water (entries 1–3; Table 1) or dichloromethane in 1 : 10

and 1 : 5 (w/v) substrate to solvent ratio, respectively. To it,

an aqueous solution (ca. 5 mL water per gram of reagent)

containing the stoichiometric equivalent of brominating

reagent was added under stirring at 25–40 uC. Then the
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Table 1 Polybromination of phenolsa

Entry Substrate No. eq. of Br Time/h Product Yield (%)b

1 1 2 91c

2 3 2–3 93

3 4 2–3 94

4 2 2–3 90d

5 2 2–3 98

6 2 2 98.5

7 2 2 96

8 2 2 99

9 2 2 97.5

10 1 2 97

11 2 2–3 95

12 1 2 86d

13 4 5 92e

a 1–3 are carried out in water medium and other reactions are carried out using CH2Cl2 as solvent. b Unless indicated otherwise, reported
yields are the crude yields after work up. c p/o ratio was 81 : 19 by GC. d Isolated yields after column chromatography. e Average yield of
5 batches with recycling of the mother liquor.
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required quantity of 12 N hydrochloric acid solution was

added drop-wise to the flask under stirring at room

temperature over a period of 30–60 min. After complete

addition of the acid solution, the stirring was continued for

another 40 to 60 min and the product was extracted with 3 6
25 ml of dichloromethane or diethyl ether. (Note that in the

case of entries 2 and 3 of Table 1, the product was washed

directly with water and dried.) The combined organic extracts

were washed successively with 5% sodium thiosulfate, water

and then brine, followed by drying over anhydrous sodium

Table 2 Bromination of aminesa

Entry Substrate No. eq. Br Time/h Product
Yield
(%)

1 3 2 96

2 2 2 98.7

3 2 2 98.5

4 2 2 84a

5 1 2 85a

a MeOH is used as solvent in entry 1 and CH2Cl2 in entries 2–5.
b Yields after column chromatography.

Table 3 Bromination of other aromatic substratesa

Entry Substrate Time/h Product
Yield
(%)b

1 1.5 97c

2d 2 96.5c

3 1 93

4 2 81.3

5 2.4 36e

a CH2Cl2 is used as solvent in entries 1, 2 and 5, MeOH in entry 3
and excess benzene in entry 4. b Isolated yields. c Crude yields.
d Two equivalents of brominating reagent is used. e Isolated yield
after column chromatography. (Note: selectivity of formation was
not quantitatively estimated for crude product mixture.)

Table 4 Selective monobromination of CH-active compounds

Entry Substrate Product Time/h
Yield
(%)a Ref.

1 1.5 65 27

2 1.5 70 28

3 1.2 80 29

4 0.5 90 30

5 3.0 78 29

6 2.5 76 30

7 2.0 83

8 2.0 80

9 2.0 91 30

10 0.25 95 30

11 3.5 70 31

12 4.0 60 31

13 3.5 72 32

a Isolated yields.
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sulfate and evaporation of solvent under reduced pressure. The

product was purified wherever required by column chromato-

graphy on silica gel. The identity and purity of the products

formed were characterized by the analytical techniques

mentioned above.

3.4 General procedure for the bromination of anilines

A known quantity of the organic substrate was taken in a

single neck 100 mL round-bottom flask containing dichloro-

methane or methanol in 1 : 5 (w/v) substrate to solvent ratio.

To it, an aqueous solution containing the calculated quantity

of brominating reagent (BR) was added under stirring at

25–40 uC. Then the required quantity of aqueous hydrochloric

acid solution was added drop-wise to the flask under stirring at

room temperature over a period of 60 min. (Note: One mole

excess acid w.r.t. amine was used to offset the formation of

amine salt.) After complete addition of the acid solution, the

stirring was continued for another 40 to 60 min and the

product was extracted with 3 6 25 ml of either dichloro-

methane or diethyl ether. The combined organic extracts were

washed successively with 5% NaHCO3, water and then brine,

followed by drying over anhydrous sodium sulfate and

stripping off solvent under reduced pressure. The product

was purified wherever required by column chromatography on

neutral alumina (active) using the desired % of ethyl acetate

and hexane. The identity and purity of the products formed

were established by conventional analytical techniques.

3.5 General procedure for bromination of CH acidic compounds

1.5 g of the brominating reagent was added to the dispersion

of ethyl acetoacetate (5 mmol) in aqueous methanolic

solution (15 ml) at 0 uC. After that y0.9 N HCl solution

(15 ml) was added dropwise over 15 minutes at that

temperature and stirred for 1.5 h until completion of the

reaction (TLC). The excess bromine was decomposed with

aqueous Na2SO3 solution. The product was extracted with

diethyl ether and washed with water and evaporated in

vacuum to leave the crude compound, which was purified

by column chromatography over silica gel (n-hexane : ether =

95 : 5) to give pure monobromo compound (80%) as a

yellow oil.

Analytical data for entry 7, Table 4: Brownish oil;

nmax(neat)/cm21 1722, 1759; dH/CDCl3 1.31 (t, J = 7.2 Hz,

3H), 2.10–2.18 (m, 2H), 2.25–2.52 (m, 3H), 2.70–2.81 (m, 1H),

4.29 (q, J = 7.2 Hz, 2H); dC/CDCl3 13.8, 19.3, 35.2, 38.6, 54.6,

63.0, 166.7, 205.8. (Found: C, 40.57, H, 4.52. C8H11O3Br

requires C, 40.87; 4.72%).

Analytical data for entry 8, Table 4: Yellow oil;

nmax(neat)/cm21 1725, 1755; dH/CDCl3 1.06 (d, J = 6.3 Hz,

3H), 1.36–1.38 (m,2H), 1.70–1.77 (m, 1H), 1.97–2.13 (m, 2H)

2.48–2.54 (m, 1H) 2.98–3.04 (m, 1H), 3.78 (s, 3H); dC/CDCl3
15.2, 24.2, 35.7, 42.1, 44.2, 53.5, 68.2, 168.2, 199.2. (Found: C,

43.19; H, 5.11.C9H13O3Br requires C, 43.39; H, 5.26%).

3.6 General procedure for preparation of bromohydrins

1.0 g (12.2 mmol) of cyclohexene in 10 mL of dioxane was

placed in a 100 mL round-bottom flask. Into it was added

2.436 g (12.18 mmol active Br) of brominating reagent in

30 mL of water. The mixture was stirred at room temperature

with controlled addition of dilute sulfuric acid (12.2 mmol)

over 15 minutes, stirred for an additional 30 minutes and

extracted with 75 mL (25 mL 6 3) of diethylether. The

combined organic extract was washed with dilute sodium

thiosulfate (5%), water, and brine, and dried over anhydrous

sodium sulfate. Evaporation of ether left the crude product

which was purified by column chromatography over silica gel

(hexane–ethyl acetate 9 : 1) to get the pure trans 2-bromo-

cyclohexanol as colorless liquid (1.42 g, 7.94 mmol) in 65%

yield and 1,2-dibromocyclohexane (0.25 g, 1.033 mmol) in 17%

yield. Spectroscopic data (1H, 13C NMR and IR) of the above

products are in good agreement with those of authentic

samples.

3.7 Special procedures

Tetrabromobisphenol A (TBBP-A) from bisphenol-A (BP-A)

(entry 13, Table 1). 0.50 kg (2.193 mol) of BP-A, 1.5 L

dichloromethane (DCM), 1.752 kg brominating reagent

(containing 8.772 mol available Br) and 3.1 L water were

placed in a 10 L glass reactor. To this reaction mixture, 0.912 L

(8.86 mol) of 12 N HCl was added drop-wise over a period of

12 h under stirring at R.T. After the complete addition of acid,

stirring was continued for further 30 min. 0.80 kg (1.471 mol;

67% yield) of TBBP-A (m.p.180–184 uC) was obtained after

filtering and drying at 100 uC for 3 h. The organic layer (0.85 L)

was separated from the aqueous layer. It was recycled in the

subsequent 0.50 kg batch of BP-A subjected to bromination in

analogous manner. 1.07 kg (1.97 mole) of TBBP-A (m.p. 181–

184 uC) was obtained. The overall isolated yield from the two

batches was 78.5% and the organic layer, which also contained

Table 5 Synthesis of bromohydrins

Entry Substrate
Time/
min Product ratio (%)

Total
yield (%)a

1 30 66

2 30 85

3 45 85

4 45 91

5 45 90

a Isolated yields after column chromatography in dioxane as solvent.
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TBBP-A and intermediates, was once again recycled to

continue the process. In this manner, yields in excess of 92%

could be realized. The purity of TBBP-A thus obtained was

estimated to be .98% by HPLC and DSC.

4-Bromoacetanilide (entry 3, Table 3). The title compound

was prepared according to the general procedure described in

3.3 above using acetanilide (1.0 g, 7.407 mmol) in 10 mL

methanol. 1.480 g of brominating reagent in 20 mL water was

added into the above solution, followed by dropwise addition

of 20 ml of aqueous 0.923 N hydrochloric acid (17.964 mmol).

White amorphous solid separated out, which was filtered and

washed with water until it became free from acid. The product

was dried at 100 uC to yield 1.4742 g of 4-bromoacetanilide in

93% yield.

Preparation of bromobenzene (entry 4, Table 3). A 2 : 1

mixture of NaBr : NaBrO3 constituted from 10 g (0.097 mol)

of NaBr and 7.33 g (0.485 mol) of NaBrO3 was dissolved in

75 mL water and placed in a 250 mL three neck round-bottom

flask fitted with a water condenser. 0.2 g of sodium lauryl

sulfate (SLS) was also added. Excess benzene (57 mL,

0.64 mol) was added next and the flask slowly heated to

70–75 uC under stirring. 25 mL of 7.3 N HCl (0.18 mol) was

added to the hot reaction mixture over 10 h. The hot reaction

mixture was stirred for another 30 h and then cooled to room

temperature. The organic and aqueous layers were separated.

The aqueous layer was extracted at least three times with

minimum quantity of ether. The extracts were combined with

the organic layer, washed successively with water and brine

and dried over anhydrous sodium sulfate. Solvent was

stripped at reduced pressure and the resultant liquid was

vacuum distilled to yield 18.6 g (81.3% yield w.r.t. to

brominating reagent) of bromobenzene. The purity was

estimated to be 95% by HPLC (ca. 2% of benzene was

present in the product due to imperfect distillation). A similar

result was obtained at 100 g scale using the 2 : 1 brominating

reagent prepared from the alkaline bromine intermediate as

described above.

N-Bromosuccinimide (NBS). A 2 : 1 mixture of NaBr :

NaBrO3 constituted from 13.87 g (0.135 mol) of NaBr and

10.17 g (0.067 mol) of NaBrO3 was dissolved in 60 mL water

and placed in 250 mL round-bottom flask. 20.0 g (0.202 mol)

of succinimide was added and the contents stirred at 10–15 uC
for 5–10 min to dissolve the solids. Then 12 mL of 18.0 N

H2SO4 was added slowly under stirring over 2 h. The white

solid formed was filtered, washed with cold water, and dried in

an oven at 100 uC for 2 h to yield 28.0 g (78%) of NBS. A

similar result was obtained at 100 g scale using the 2 : 1

brominating reagent prepared from the alkaline bromine

intermediate as described above. The isolated yield was

80% and the purity was estimated to be ca. 92% by iodometry

method. Analytical data: 1H-NMR (CDCl3-200 MHz) (d)

2.97(4H, s). IR: nmax (KBr) 3184, 3057, 2934, 2649, 2541,

1696, 1417, 1309, 1199, 919, 638, 581, 425 cm21. CHN:

Found C, 28.05%; H, 2.47; N, 7.78%; calcd C, 29.63%;

H, 1.98%; N, 8.64%. Melting point: observed 180–181 uC
(reported 180–183uC).

4 Conclusion

We have exploited the redox reaction between bromide and

bromate ions in the presence of acid to develop an eco-friendly

brominating reagent directly from the 5 : 1 Br2 : BrO3
2

alkaline intermediate of bromine plants that are based on the

‘‘cold process’’ of manufacture. By adjusting the Br2 : BrO3
2

mole ratio to 2 : 1 through oxidation with Cl2–NaOH,

BrOH—instead of Br2—is obtained on acidification. This

redox process may be carried out in the presence of organic

substrates to effect bromination. Scheme 1 shows the eco-

friendly nature of the process all the way from cradle to grave.

BrOH—more specifically BrOH2
+ which forms in the

presence of excess acid35—is not only more active than liquid

bromine, but it also results in high bromine atom efficiencies in

most of the reactions studied. NaCl present as an inert salt in

the reagent has no adverse effect on the reaction, whereas

significant gains are realized in terms of simplicity and cost-

effectiveness of preparation of the reagent. Since bromine

manufacturers themselves can produce the reagent from the

precursor—rather than from liquid bromine—the reagent

has the potential to be eco-friendly across the entire life cycle.

Besides aromatic bromination reactions, CH-acidic com-

pounds could be monobrominated selectively and olefins

could be converted into the corresponding bromohydrins in

moderately good yields and selectivity. Another application is

the clean synthesis of other brominating reagents such as

N-bromosuccinimide and 2,4,4,6-tetrabromo-2,5-cyclohexa-

dienone, which extends the scope of application considerably

for selective bromination as well as for bromination of water-

sensitive substrates. It is hoped that the present protocol will

also make it simple to recycle the spent reagents. An important

extension of the present work would be the conversion of

bromide-containing waste streams—e.g., during formation of

trimethoxyaniline from tribromoaniline—into 2 : 1 bromide–

bromate mixture which can be reutilised for synthesising the

bromo intermediate once again with high atom efficiency.

Although some of the reactions were conducted with only

water as solvent, we would like to avoid the use of organic

solvents—especially that of chlorinated solvents—to the

maximum extent possible. Alternatively, the processes can be

made eco-friendly by recycling the organic phase as demon-

strated in the preparation of TBBP-A. When the recycling

option is feasible, less volatile solvents can be used, e.g., use of

dichloroethane instead of methylene chloride. The process can

Scheme 1
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be made still more eco-friendly by regenerating HCl and

NaOH from the aqueous effluent through electrodialysis with

bipolar membranes.

Finally, efforts are underway to explore other possible

applications of the present reagent going beyond bromination.
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A green method for alkene epoxidation based on the chemo-enzymatic perhydrolysis of

carboxylic acids and esters has been optimized using Novozyme 435, the immobilized form of

Candida antarctica lipase B, and the complex urea–hydrogen peroxide (UHP). UHP, an

anhydrous form of hydrogen peroxide, has the potential of releasing hydrogen peroxide in a

controlled manner and thus avoids the need to add the aqueous hydrogen peroxide slowly to the

reaction mixture. The absence of water in the reaction media was also beneficial, because it

minimized undesired reactions of the oxidized products. A minimum amount of enzyme was

necessary to show the catalytic effect. On recycling, the enzyme maintained its activity up to six

rounds of epoxidations. A range of alkenes was epoxidized by this method providing yields

ranging from 75 to 100 percent.

Introduction

Lipases (EC 3.1.1.3) catalyze the hydrolysis and synthesis of

fatty acid ester bonds in triglycerides.1 Organic chemists have

exploited the ability of lipases to accept a wide variety of

substrates and also non-natural acyl acceptors.2 Lipase-

mediated perhydrolysis of carboxylic acids in the presence of

aqueous hydrogen peroxide was initially described by

Björkling and co-workers in 1990.3 Hydrogen peroxide reacts

with the acyl enzyme complex, formed by a fatty acid and the

hydroxyl group of a serine aminoacid in the active site, to yield

a peroxycarboxylic acid. The peroxycarboxylic acid released

has been utilized as an in situ formed oxidant for the

epoxidation of alkenes (Scheme 1),3–6 in Baeyer–Villiger

reactions,7,8 and also in the oxidation of sulfanyl to sulfinyl

groups.3b Candida antarctica lipase-B was found to efficiently

catalyze the perhydrolysis of octanoic acid more effectively

among a variety of lipases. The gene of Candida antarctica

encoding for lipase-B has been cloned into a host micro-

organism, Aspergillus oryzae.9 The overexpressed enzyme has

been immobilized in a macroporous polyacrylic resin by Novo

Nordisk (Novozyme-435). Although several publications

describe the lipase-based epoxidation with Novozyme-435,3–8

no optimization of reaction parameters has yet been reported.

As part of our program in environmentally beneficial catalysis,

we are interested in designing a ‘‘green’’ process to effectively

carry out the epoxidation reaction. We report herein, an

inexpensive, practical, safe and environmentally friendly

method to oxidize a variety of alkenes under extremely mild

conditions.

Results and discussion

One of the drawbacks in the original protocol reported by

Björkling and co-workers,3 is the necessity to gradually add

aqueous hydrogen peroxide to the reaction mixture over

several hours to avoid lipase deactivation and to obtain higher

conversions. To overcome this problem, we replaced the aq.

hydrogen peroxide with urea–hydrogen peroxide complex

(UHP) because of its potential to release the oxidant in a

controlled manner.10,11 Other advantages of utilizing this

anhydrous form of hydrogen peroxide include safer handling

and minimal undesired hydrolysis of the epoxide products in

the absence of water.

Effect of solvent

The lipase-mediated epoxidation of phenyl cyclohexene with a

catalytic amount of octanoic acid was studied in different

solvents employing UHP and 50% aq. hydrogen peroxide,

Table 1. In general, reactions were faster when using aq.

hydrogen peroxide than when using UHP. High conversions

were observed when using low partition coefficient solvents,12

except in the case of acetonitrile and diethyl ether. The lowest

conversions were observed when using hydrocarbon solvents

(entries 1–3) and diethyl ether (entry 8). The conversions in

aromatic solvents were higher than in non-aromatic hydro-

carbon solvents (entries 4 and 6). It is known that some esters

can also be used as substrates in the lipase-mediated

perhydrolysis; no octanoic acid was added when an ester was

used as solvent (entry 9). High conversions were observed

aDepartment of Chemical and Biochemical Engineering, The University
of Iowa, Iowa City, IA 52242, USA
bDivision of Medicinal and Natural Products Chemistry The University
of Iowa, Iowa City, IA 52242, USA. E-mail: horacio-olivo@uiowa.edu;
Fax: +1 (319) 335-8766; Tel: +1 (319) 335-8849
{ Electronic supplementary information (ESI) available: 1H and 13C
NMR spectra for 1–12. See DOI: 10.1039/b604984b
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when ethyl acetate was employed with both oxidants. In this

case, the presence of acetic acid was observed at the end of the

reaction. We selected ethyl acetate to be the solvent of choice

because of its low boiling point, ability to dissolve many

substrates, highest conversion, environmentally friendliness,

and non-toxicity. Interestingly, conversions using UHP in

acetonitrile and diethyl ether were lower when using aq.

hydrogen peroxide.3a

Oxidant

Bjorkling et al. reported that exposure of the enzyme to high

concentrations of aq. hydrogen peroxide resulted in complete

deactivation of the lipase.3a Therefore, slow addition of aq.

hydrogen peroxide to the reaction media was shown to increase

the yields of peroxycarboxylic acids. We found that replace-

ment of the aq. hydrogen peroxide for UHP was beneficial.

High concentrations of UHP had a positive effect on the

chemo-enzymatic reaction (Fig. 1). However, one equivalent of

UHP was enough to carry the reaction to completion.

Amount of enzyme

The conversion of phenylcyclohexene to the epoxide was

carried out in ethyl acetate with different amounts of

Novozyme-435 and determined by 1H NMR spectroscopy,

Table 2. Interestingly, similar conversions were observed even

when the amount of enzyme was minimal. No appreciable

amount of epoxide was detected when the experiment was

conducted in the absence of lipase.

Examination of enzyme recycle

The re-use of Novozyme-435 was investigated to assess the

economic potential of the process, Fig. 2. The lipase was

washed with acetonitrile–water (9 : 1) to remove urea, and

washed with ethyl acetate after each cycle. The activity of the

lipase was retained in the first two cycles. Conversion

decreased to 81–85% after three cycles. The enzyme was

recycled six times without appreciable loss of activity. The

ability to recycle the immobilized lipase is important to

implement a low cost process. In contrast, when aq. hydrogen

peroxide was employed, the activity of the enzyme was lost

after the second cycle.

General procedure

A general procedure was applied to the oxidations of a variety

of olefins, Table 3. The reaction was carried out employing

1.1 equiv. of UHP, and a small amount of Novozyme-435

with a variety of olefins dissolved in ethyl acetate. Oxidation

of cyclic olefins furnished the corresponding epoxides in very

good and excellent yields (entries 1–6). Epoxidations of

norbornene and a-pinene (entries 5 and 6) were completely

stereoselective, furnishing the oxirane ring exclusively on the

less hindered side of the olefins in high yields.13 Oxidation of

Table 1 Epoxidation of phenylcyclohexene in different solvents

Entry Solvent Log P
% conversion
UHP added

% conversion aq.
50% H2O2 added

1 Hexane 3.5 14 39
2 Pentane 3.4 11 47
3 Cyclohexane 3.2 10 31
4 Toluene 2.5 35 66
5 Chloroform 2.2 21 75
6 Benzene 2.0 42 84
7 Dichloromethane 1.4 45 97
8 Diethyl ether 0.8 22 11
9 Ethyl acetate* 0.7 82 91
10 Acetonitrile 20.3 42 27
a Conditions: UHP (1 equiv.) or 50% aq H2O2 (1 equiv.), rt,
octanoic acid (cat), time = 5 h. * No octanoic acid was added.

Fig. 1 Amount of UHP. Conditions: phenylcyclohexene, 1 mmol;

ethyl acetate, 1.5 mL; Novozyme-435, 30 mg; time, 5 h.

Table 2 Optimization of amount of enzyme

Entry Amount of enzyme/mg Time/h Conversion (%)

1 50 5 82
2 40 5 86
3 25 5 86
4 15 5 85
5 10 5 85
6 5 5 86
7 2 5 81
8 1 5 61
9 No enzyme 65 0

Fig. 2 Enzyme recycling.

924 | Green Chem., 2006, 8, 923–926 This journal is � The Royal Society of Chemistry 2006

D
ow

nl
oa

de
d 

on
 0

8 
N

ov
em

be
r 

20
10

Pu
bl

is
he

d 
on

 0
8 

A
ug

us
t 2

00
6 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/B
60

49
84

B
View Online

http://dx.doi.org/10.1039/B604984B


terminal olefins of lineal hydrocarbons is known to be slow

(entries 7 and 8).14 Oxidation of olefins bonded to aromatics

was also successful (entries 9–12).

Conclusion

We presented a general and practical chemo-enzymatic

procedure for the oxidation of a variety of olefins which

minimizes the use of enzyme. The method employs an oxidant

which is safer to handle than aq. hydrogen peroxide, utilizes an

environmentally friendly solvent and generates peracetic acid

in situ. The resulting epoxides were obtained in very good to

excellent yields using stoichiometric amounts of UHP and

catalytic amounts of Novozyme-435 in ethyl acetate. Studies

on the asymmetric version of this chemo-enzymatic procedure

are currently underway in our laboratory.

Experimental

Effect of solvent

The experiments were performed with 1 mmol of the alkene,

1.1 mmol of UHP, 50 mg of Novozyme-435, and 3 ml of the

corresponding solvent. The reaction was shaken in a test tube

sealed with a cap in a shake-table at 27 uC and 250 rpm. The

reaction was stopped after 5 h and filtered through a cotton

plug. The solvent was evaporated and the residue was analyzed

by 1H NMR to determine the ratio of alkene to epoxide. The

residue was dissolved in ethyl acetate and washed with water

and aq. sat. soln of NaHCO3 to remove urea and acid.

General procedure for the epoxidation of olefins

A solution of the olefin (1 mmol) in ethyl acetate (1.5 mL) was

added urea–hydrogen peroxide (1.1 mmol) and Novozyme-435

(50 mg). The mixture was shaken in a test tube closed with a

cap in a shake-table at 250 rpm for the time as shown in

Table 4. The solution was filtered through a small piece of

cotton and the solid washed with more ethyl acetate. The

filtrate was washed with water, dried over Na2SO4, filtered and

the solvent evaporated under reduced pressure. The products

were analyzed by 1H and 13C NMR.

Cyclohexene oxide, 1. 1H NMR (CDCl3): d 3.13 (2H, m),

2.00–1.91 (2H, m), 1.86–1.76 (2H, m), 1.49–1.36 (2H, m), 1.31–

1.16 (2H, m); 13C NMR (CDCl3): d 52.3 (2CH), 24.6 (2CH2),

19.6 (2CH2).

1-Methylcyclohexene oxide, 2. 1H NMR (CDCl3): d 2.95

(1H, br s), 1.95–1.78 (3H, m), 1.66 (1H, m), 1.48–1.34 (2H, m),

1.30 (3H, d, J = 1.8 Hz), 1.32–1.10 (2H, m); 13C NMR

(CDCl3): d 59.7 (CH), 57.6 (C), 30.0 (CH), 24.9 (CH3), 24.1

(CH2), 20.2 (CH2), 19.8 (CH2).

Phenylcyclohexene oxide, 3. 1H NMR (CDCl3): d 7.40–7.21

(5H, m), 3.06 (1H, s), 2.27 (1H), 2.11 (1H), 1.98 (2H, m), 1.66–

1.24 (4H, m); 13C NMR (CDCl3): d 142.6 (C), 128.4 (2CH2),

127.3 (CH), 125.4 (2CH2), 62.0 (CH), 60.3 (C), 29.0 (CH2),

24.8 (CH2), 20.2 (CH2), 19.9 (CH2).

Cyclooctene oxide, 4. 1H NMR (CDCl3): d 2.93–2.87 (2H,

m), 2.19–2.10 (2H, m), 1.68–1.39 (8H, m), 1.35–1.21 (2H, m);
13C NMR (CDCl3): d 55.7 (2CH), 26.7 (2CH2), 26.4 (2CH2),

25.7 (2CH2).

Table 3 Epoxidation of different alkenes

Entry Alkene Epoxide Time/h
Yield
(%)

1 Cyclohexene 40 83

2 1-Methylcyclohexene 2 100

3 1-Phenylcyclohexene 28 100

4 Cyclooctene 11 100

5 Norbornene 60 90

6 a-Pinene 5.5 95

7 1-Hexene 161 73

8 1-Octene 46 85

9 Styrene 33 81

10 a-Methylstyrene 46 90

11 b-Methylstyrene 46 86

12 Indene 50 77

This journal is � The Royal Society of Chemistry 2006 Green Chem., 2006, 8, 923–926 | 925
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exo-Norbornene oxide, 5. 1H NMR (CDCl3): d 3.06 (2H, s),

2.44 (2H, s), 1.48 (2H, m), 1.31 (1H, m), 1.21 (2H, m), 0.70

(1H, d, J = 9.9 Hz); 13C NMR (CDCl3): d 51.6 (2CH), 36.8

(2CH), 26.4 (CH2), 25.3 (2CH2).

a-Pinene oxide, 6. 1H NMR (CDCl3): d 3.07 (1H, m), 2.06–

1.90 (4H, m), 1.73 (1H, m), 1.62 (1H, m), 1.35 (3H, s), 1.30

(3H, s), 0.94 (3H, s); 13C NMR (CDCl3): d 60.5 (C), 57.0 (CH),

45.2 (CH), 40.7 (C), 39.9 (CH), 27.8 (CH2), 26.8 (CH3), 26.0

(CH2), 22.5 (CH3), 20.3 (CH3).

1-Hexene oxide, 7. 1H NMR (CDCl3): d 2.91 (1H, m), 2.75

(1H, dd, J = 5.0, 4.0 Hz), 2.47 (1H, dd, J = 5.1, 2.7 Hz), 1.58–

1.26 (6H, m), 0.92 (3H, t, J = 6.7 Hz); 13C NMR (CDCl3): d

52.6 (CH), 47.3 (CH2), 32.4 (CH2), 28.3 (CH2), 22.7 (CH2),

14.2 (CH3).

1-Octene oxide, 8. 1H NMR (CDCl3): d 2.92 (1H, m), 2.76

(1H, t, J = 4.6 Hz), 2.48 (1H, dd, J = 5.1, 2.7 Hz), 1.58–1.27

(10H, m), 0.90 (3H, t, J = 7.0 Hz); 13C NMR (CDCl3): d 52.6

(CH), 47.3 (CH2), 32.7 (CH2), 31.9 (CH2), 29.3 (CH2), 26.1

(CH2), 22.7 (CH2), 14.2 (CH3).

Styrene oxide, 9. 1H NMR (CDCl3): d 7.39–7.26 (5H, m),

3.87 (1H, dd, J = 4.0, 2.6 Hz), 3.15 (1H, dd, J = 5.5, 4.1 Hz),

2.81 (1H, dd, J = 5.5, 2.6 Hz); 13C NMR (CDCl3): d 137.8 (C),

128.7 (2CH), 128.4 (CH), 125.7 (2CH), 52.6 (CH), 51.4 (CH2).

a-Methylstyrene oxide, 10. 1H NMR (CDCl3): d 7.38–7.23

(5H, m), 2.95 (1H, d, J = 5.5 Hz), 2.78 (1H, dq, J = 5.5, 0.8 Hz),

1.71 (3H, t, J = 0.7 Hz); 13C NMR (CDCl3): d 141.3 (C), 128.5

(2CH), 127.6 (CH), 125.4 (2CH), 57.1 (CH), 56.9 (C), 21.9

(CH3).

b-Methylstyrene oxide, 11. 1H NMR (CDCl3): d 7.34–7.21

(5H, m), 3.55 (1H, d, J = 2.0 Hz), 3.01 (1H, dq, J = 5.1, 2.0 Hz),

1.42 (3H, t, J = 5.1 Hz); 13C NMR (CDCl3): d 137.9 (C), 128.5

(2CH), 128.1 (CH), 125.6 (2CH), 59.6 (CH), 59.1 (CH), 18.0

(CH3).

Indene oxide, 12. 1H NMR (CDCl3): d 7.47 (1H, d, J =

7.2 Hz), 7.26–7.14 (3H, m), 4.23 (1H, d, J = 2.8 Hz), 4.09 (1H,

t, J = 2.8 Hz), 3.18 (1H, d, J = 18 Hz), 2.93 (1H, dd, J = 17.9,

2.9 Hz); 13C NMR (CDCl3): d 143.6 (C), 140.9 (C), 128.6

(CH), 126.2 (CH), 126.1 (CH), 125.2 (CH), 59.1 (CH), 57.7

(CH), 34.6 (CH2).

Acknowledgements

This research was supported with funds provided by the

Center for Environmentally Beneficial Catalysis under the

National Science Foundation Engineering Research Grant

(EEC-0310689).

References

1 A. Houde, A. Kademi and D. Leblanc, Appl. Biochem. Biotechnol.,
2004, 118, 155–170.

2 (a) U. T. Bornscheuer and R. J. Kazlauskas, Angew. Chem., Int.
Ed., 2004, 43, 6032–6040; (b) P. Bernhardt, K. Hult and
R. J. Kazlauskas, Angew. Chem., Int. Ed., 2005, 44, 2742–2746.

3 (a) F. Björkling, S. E. Godtfredsen and O. Kirk, J. Chem. Soc.,
Chem. Commun., 1990, 1301–1303; (b) F. Björkling, H. Frykman,
S. E. Godtfredsen and O. Kirk, Tetrahedron, 1992, 48, 4587–4592;
(c) O. Kirk, M. W. Christensen, T. Damhus and S. E. Godtfredsen,
Biocatalysis, 1994, 11, 65–77.

4 R. M. Lau, F. van Rantwijk, K. R. Seddon and R. A. Sheldon,
Org. Lett., 2000, 2, 4189–4191.
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