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Ionic liquid promoted highly efficient aziridination of
alkenes with Chloramine-T using N-bromosuccinimide as
catalyst

Suman L. Jain and Bir Sain*

Ionic liquids [bmim]BF4 and [bmim]PF6 were found to be
recyclable reaction media for the aziridination of alkenes in
excellent yields and at high rates using Chloramine-T as
nitrene donor and NBS as catalyst.
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Stability and selectivity of a multiphase membrane,
consisting of dimethylpolysiloxane on an ionic liquid, used
in the separation of solutes from aqueous mixtures by
pervaporation

Pavel Izák,* Martin Köckerling and Udo Kragl

A multiphase membrane consisting of a novel ionic liquid
coated by dimethylpolysiloxane shows a high selectivity and
stability for the separation of 1,3-propanediol from aqueous
mixtures by vacuum pervaporation.

PAPERS

949

Subcritical water extraction and b-glucosidase-catalyzed
hydrolysis of quercetin glycosides in onion waste

Charlotta Turner,* Pernilla Turner, Gunilla Jacobson,
Knut Almgren, Monica Waldebäck, Per Sjöberg,
Eva Nordberg Karlsson and Karin E. Markides

A ‘‘green’’ procedure to isolate valuable antioxidants—the raw
material is onion waste, the extraction process uses only water
as a solvent, and the hydrolysis reaction is catalyzed by
enzymes.

This journal is � The Royal Society of Chemistry 2006 Green Chem., 2006, 8, 931–938 | 933
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A green route to b-amino alcohols via the uncatalyzed
aminolysis of 1,2-epoxides by alkyl- and arylamines

Simona Bonollo, Francesco Fringuelli,* Ferdinando Pizzo*
and Luigi Vaccaro

Under mildly basic and pH-controlled aqueous conditions the
aminolysis of 1,2-epoxides 1a–g by alkyl- and arylamines 2a–k
is generally highly regioselective giving the corresponding
b-amino alcohols in satisfactory to excellent yields.

965

Formation and catalytic activity of Pd nanoparticles on
silica in supercritical CO2

Shohreh Saffarzadeh-Matin, Francesca M. Kerton,*
Jason M. Lynam and Christopher M. Rayner

Recyclable, catalytically active palladium particles on silica
were formed in supercritical carbon dioxide. During Heck and
Suzuki reactions, the catalyst could be reused four times and
no Pd leaching was observed.

972

Immobilized metal complexes in porous hosts: catalytic
oxidation of substituted phenols in CO2 media

Sarika Sharma, Boris Kerler, Bala Subramaniam* and
A. S. Borovik*

The highest conversion to products (y60%) is achieved in
supercritical CO2 (scCO2) using dioxygen and a porous
heterogeneous catalyst containing immobilized Co(II) sites.

978

Phase behavior of novel fluorinated surfactants in
supercritical carbon dioxide

Zhao-Tie Liu,* Jin Wu, Ling Liu, Liping Song, Ziwei Gao,
Wensheng Dong and Jian Lu

Four fluorinated surfactants were synthesized, and their
properties and phase behaviors in water-in-CO2

microemulsions were investigated.

934 | Green Chem., 2006, 8, 931–938 This journal is � The Royal Society of Chemistry 2006
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Novel debromination method for flame-retardant high
impact polystyrene (HIPS-Br) by ammonia treatment

Mihai Brebu* and Yusaku Sakata

Ammonia is an effective bromine scavenger during thermal
degradation of flame-retardant high impact polystyrene
(HIPS-Br). The process can be used for bromine recovery and
feedstock recycling of plastic waste.

988

Limiting thermodynamic efficiencies of thermochemical
cycles used for hydrogen generation

B. C. R. Ewan* and R. W. K. Allen

The production of chemical free energy by water splitting is a
goal of thermochemical cycles. Some of these are examined in
detail to provide a comparison with other heat-to-work
processes.

995

CO2 absorption by aqueous NH3 solutions: speciation of
ammonium carbamate, bicarbonate and carbonate by a
13C NMR study

Fabrizio Mani,* Maurizio Peruzzini and Piero Stoppioni
13C NMR spectroscopy provides a straightforward, simple,
and reliable method to evaluate the relative amounts of
NH2CO2

2 (¤), HCO3
2 (m), and CO3

22 (&) which form in the
aqueous ammonia process for CO2 capture.

1001

Solvent-free bromination of 1,3-diketones and b-keto
esters with NBS

Igor Pravst, Marko Zupan and Stojan Stavber*

Solvent-free brominations of 1,3-diketones and b-keto esters
with NBS were performed, and a work-up procedure using
only water to remove succinimide was employed.

This journal is � The Royal Society of Chemistry 2006 Green Chem., 2006, 8, 931–938 | 935
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Waldebäck, Monica, 949
Wu, Jin, 978
Zupan, Marko, 1001

FREE E-MAIL ALERTS AND RSS FEEDS ADVANCE ARTICLES AND ELECTRONIC JOURNAL

Contents lists in advance of publication are available on the
web via www.rsc.org/greenchem - or take advantage of our free
e-mail alerting service (www.rsc.org/ej_alert) to receive
notification each time a new list becomes available.

Try our RSS feeds for up-to-the-minute news of the
latest research. By setting up RSS feeds, preferably

using feed reader software, you can be alerted to the latest
Advance Articles published on the RSC web site. Visit
www.rsc.org/publishing/technology/rss.asp for details.

Free site-wide access to Advance Articles and the electronic
form of this journal is provided with a full-rate institutional
subscription. See www.rsc.org/ejs for more information.

* Indicates the author for correspondence: see article for
details.

Electronic supplementary information (ESI) is available
via the online article (see http://www.rsc.org/esi for general
information about ESI).

936 | Green Chem., 2006, 8, 931–938 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
1 

N
ov

em
be

r 
20

06
 o

n 
ht

tp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/B
61

49
06

P
View Online

http://dx.doi.org/10.1039/B614906P


NJC (New Journal of Chemistry) publishes high-quality, original and 
signi� cant work that is of wide general appeal – articles can be letters, 
full papers, opinions and perspectives. With an Impact factor of 2.574, fast 
publication and international readership, NJC is the perfect choice for 
multidisciplinary work from areas including: supramolecular chemistry; 
chemistry for materials and applications; catalysis; chemistry for biology 
and medicine; chemistry of polymers and dendrimers; organic synthesis 
of complex molecules; chemical physics and theory.

Take a look at these examples of recently published papers:
Weak paramagnetism in compounds of the type Cp’2Yb(bipy) 
Marc D. Walter, Madeleine Schultz, Richard A. Andersen (USA)

A phen-terpy conjugate whose chelate coordination axes are 
orthogonal to one another and its zinc complex
Benoît Champin, Valérie Sartor, Jean-Pierre Sauvage (France)

A catalyst for an acetal hydrolysis reaction from a dynamic 
combinatorial library 
Laurent Vial, Jeremy K. M. Sanders, Sijbren Otto (UK)

The � rst total synthesis of aeruginosamide
Zhiyong Chen, Tao Ye (China)

Molecular knots, links, and fabrics: prediction of existence and 
suggestion of a synthetic route
Dirk Andrae (Germany)

Submit your work today at www.rsc.org/resource

www.rsc.org/njc

The home of new 
and emerging 
multidisciplinary 
work in the chemical 
sciences

Owned and published by 
learned societies 

The international Editorial Board is 
led by:

Jean-Pierre 
Majoral
Co-Editor-in-Chief
Toulouse, France

Jerry Atwood
Co-Editor-in-Chief
Columbia, USA

Registered Charity Number: 207890

14
09

06
36

ISSN 1144-0546

New Journal of Chemistry
www.rsc.org/njc

An international journal of the chemical sciences
Volume 30  Number 9  |  September 2006 |  Pages 1241–1348

 Volum
e  30 | N

um
ber 9  | 2006   

    N
JC

Pages 1109–1348

A. J. Downard et al.
Controlled assembly of gold 
nanoparticles on carbon surfaces

03
07

06
03

For more information visitRegistered charity Number 207890

www.rsc.org/databases

Specialised searching

requires specialised tools
Catalysts and Catalysed Reactions covers all areas of catalysis research, with 
particular emphasis on chiral catalysts, polymerisation catalysts, enzymatic 
catalysts and clean catalytic methods.

The graphical abstracting 

services at the RSC are an 

indispensable tool to help 

you search the literature.  

Focussing on specific areas 

of research they review key 

primary journals for novel 

and interesting chemistry.

The online database has excellent functionality. Search by: 
authors, products, reactants and catalysts, catalyst type 
and reaction type.

With Catalysts and Catalysed Reactions you can 
find exactly what you need. Search results include 
diagrams of reaction schemes. Also available as a 
print bulletin.

D
ow

nl
oa

de
d 

on
 0

8 
N

ov
em

be
r 

20
10

Pu
bl

is
he

d 
on

 0
1 

N
ov

em
be

r 
20

06
 o

n 
ht

tp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/B
61

49
06

P
View Online

http://dx.doi.org/10.1039/B614906P


07
08

06
31

Lust and Love
Is it more than chemistry?
By Gabriele and Rolf Froböse 

Lust and Love: Is it more than chemistry? provides 

answers to some of these questions through the eyes of 

science.  Covering research from the fields of chemistry, 

biochemistry, neurology, psychiatry, psychology, physics 

and medicine the book looks at our current knowledge 

of the science behind these feelings.  

www.rsc.org/lustandlove

Registered Charity Number: 207890

Hardback | 2006 | xii + 170 pages | £24.95 | RSC Member Price £16.50 | ISBN 10: 0 85404 867 7 
ISBN 13: 978 0 85404 867 0

Explores the science behind love, sex and passion

Why do people fall in love? Why do we find some people attractive?
How does our physiology affect the way we feel?

D
ow

nl
oa

de
d 

on
 0

8 
N

ov
em

be
r 

20
10

Pu
bl

is
he

d 
on

 0
1 

N
ov

em
be

r 
20

06
 o

n 
ht

tp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/B
61

49
06

P
View Online

http://dx.doi.org/10.1039/B614906P


Green chemistry at the 1st European
Chemistry Congress
DOI: 10.1039/b614462b

Christian Böing and Clemens B. Minnich recall the Green and Sustainable
Chemistry and Processes symposium of the 1st European Chemistry Congress.

Between August 27th and 31st, 2006 the

1st European Chemistry Congress was

held in Budapest. It was organised by the

European Association for Chemical and

Molecular Sciences (EuCheMS) and fea-

tured a broad spectrum of chemistry

topics covered through five plenary

lectures by nobel laureates and ten

special topic symposia. One of these

symposia, organised by Walter Leitner

(RWTH Aachen University, Aachen,

Germany) and István Horváth (Eötvös

University, Budapest, Hungary) and

sponsored by BASF AG, focused on

Green and Sustainable Chemistry and

Processes. Since it was impossible to

address all aspects of green chemistry

within two days, the focus was clearly set

on chemical reactions and processes. The

organisers were able to invite a number

of leading scientists as well as young

researchers to present their recent work

in that field. The symposium was well

recognised by the attendees of the con-

gress, so most of the time the lecture hall

was filled completely or even over-

crowded (see picture) with more than

150 listeners following stimulating talks

about cutting edge research and innova-

tion from academia as well as from

industry.

After a short introduction by the

symposium chairman Walter Leitner,

Roger Sheldon (TU Delft, Delft,

Netherlands) opened the first session

with his lecture about ‘‘Multistep

Catalytic Cascade Processes for

Sustainable Organic Synthesis’’. He

reported on his recent work on one pot

processes using a combination of chemo-

catalytic methods with biocatalysts. His

group succeeded in overcoming the well

known problem of incompatibility of

the required surroundings for chemical

catalysts and enzymes by means of

compartmentalisation techniques. In

particular, the coupled immobilisation

of lipases for the racemisation and

deacylases for the hydrolysis of amides

was presented (preparation of cross-

linked enzymatic aggregates, CLEA).

Furthermore, he showed highly elegant

ways for the production of chiral

alcohols and amines.

The second invited lecture given by

Peter Saling (BASF AG, Ludwigshafen,

Germany) was entitled ‘‘Strategies for

Sustainable Development of Chemical

Synthesis with the Eco-Efficiency

Analysis and SEE-Balance’’. He showed

how BASF AG estimates the sustain-

ability of a process by using the eco-

efficiency analysis and SEE-balance. The

eco-efficiency analysis was developed as

a tool to visualise environmental and cost

factors to decision makers, and leads to a

fingerprint of a process already in an

early phase of process design. As an

example he compared the BASIL pro-

cess, which utilises the easy separation of

an ionic liquid by-product from a reac-

tion mixture, with the original process

that instead leads to the formation of a

solid ammonium salt. It was clearly

shown that the BASIL process, which is

well recognised in the green chemistry

community, is superior to the traditional

process. Finally the SEE-balance tool

was introduced where societal aspects of

the process are also included.

The second session of the first day

continued with a lecture from industry.

Keith W. Hutchenson (DuPont

Central Research and Development,

Wilmington, DE, USA) reported on

‘‘Sustainable Products and Processes

from Biorenwables at DuPont’’. He

pointed out that DuPont committed

themselves to gather 25% revenue from

renewables in 2010. A key project to

fulfil this target is the development of

a so-called ‘‘Integrated Corn-Based

BioRefinery’’ (ICBR), which allows the

production of alternative fuels, such as

bioethanol, or chemicals from renewable

sources. The ICBR can convert corn

grain into fermentable sugars for the

production of value added products.

Another example is the production of

1,3-propanediol, a building block for

polyester synthesis (commercialised

under the trade name Sonora), from

glycerol feedstock. Levulinic acid is

another important building block and

platform molecule for DuPont’s strategy,

and this can be synthesised from cellulose

in a commercially viable way as exempli-

fied by the Biofine process that started

operation most recently in Italy.

The last invited lecture of the first day

was given by Ronny Neumann from the

Weizmann Institute (Rehovot, Israel) on

the ‘‘Activation of Molecular Oxygen by

Binary Polyoxometalate Containing

Catalysts’’. He demonstrated his concept

of using organometallic polyoxometalate

or nanoparticle-polyoxometalate hybrid

catalysts in oxidation reactions with

molecular oxygen as the oxidant. This

was exemplified by the aerobic oxidation
Fig. 1 Crowded lecture hall during a session

(photo: László T. Mika).

NEWS www.rsc.org/greenchem | Green Chemistry
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of methane to methanol and acetalde-

hyde, by the aerobic epoxidation of

alkenes, as well as the oxidative dehy-

drogenation of alkenes to alkanes.

After the last lecture of the first day,

the poster session started and, despite the

fact that it was located in another

building, a lively discussion between the

attendees started and contributed to the

positive impression of the symposium.

The second day of the symposium was

opened by the keynote lecture of Walter

Leitner (RWTH Aachen University,

Aachen, Germany). It was a general

feature of the congress that the organiser

of a special topic symposium also gave

the appending keynote lecture. He pre-

sented the recent progress in utilising

supercritical carbon dioxide in combina-

tion with water, poly(ethylene)glycol

and ionic liquids as advanced solvent

systems for catalysis. Techniques for

catalyst immobilisation and continuous-

flow operations with organometallic,

nano-scale as well as organic catalysts

were discussed. He completed his talk

with the enantioselective aza-Baylis–

Hillman reaction catalysed by an achiral

Lewis base in a chiral ionic liquid,

providing the first example of high level

chiral induction by a reaction solvent.

Shu Kobayashi (The University of

Tokyo, Tokyo, Japan) described his

recent work on ‘‘Lewis Acid Catalysis

in Aqueous Media’’ and addressed the

water compatibility of different Lewis

acidic rare earth metals, and in particular

bismuth complexes. He has developed

Lewis acid catalysts based on Bi(OTf)3

in combination with chiral bipyridine

ligands for asymmetric reactions in

water. Furthermore, his group stabilised

scandium-based Lewis acidic catalysts on

homogeneous and heterogenised long-

chain alkyl sulfonates. During this talk

a multitude of impressive results were

shown, and the speaker was able to

convince the audience that water plays

a key role in Lewis acid catalysis.

Dieter Vogt (TU Eindhoven,

Eindhoven, The Netherlands) was given

the opportunity to present the closing

lecture of the symposium, and he

talked about the ‘‘Immobilisation and

Compartmentalisation of Homogeneous

Catalysts’’ in ‘‘Shades of green’’. After

talks on heterogeneous systems and

catalyst immobilisation in biphasic

media, this presentation addressed cata-

lyst recycling with membrane techniques.

Dendritic catalysts were used to ensure

that the catalyst is held back by the

membrane. In the second part of his

lecture Vogt showed his recent work on

emulsified borate containing submicron

particles as support for cationic homo-

geneous catalysts and their application in

the rhodium catalysed hydrogenation.

Apart from the keynote and invited

lectures described above, a variety of

outstanding short oral contributions

and poster appetisers given by young

researchers and students were

contributed to the symposium. To recog-

nise these, the Green Chemistry journal

and BASF AG sponsored a price for the

best oral contribution by a young scien-

tist and for the best poster presentation

by a student, respectively. Federica

Zaccheria (Università degli Studi di

Milano, Milan, Italy) was awarded the

Green Chemistry Prize for the best oral

contribution and received a free one-year

subscription to Green Chemistry. In her

lecture, she presented her recent work on

‘‘Selective Transfer Dehydrogenation of

Non-activated Alcohols over Cu/Al2O3’’.

The BASF poster price was given to

Sarah L. Poe (Cornell University, Ithaca,

NY, USA) for her excellent poster about

the development and application of a

one-pot Henry reaction/Michael addition

cascade.

All in all, the special topic symposium

on Green and Sustainable Chemistry and

Processes was a full success, and we are

looking forward to a similarly focused

symposium as part of the 2nd European

Chemistry Congress in Torino 2008!

Christian Böing and Clemens B.

Minnich.

Institut für Technische und

Makromolekulare Chemie, RWTH

Aachen University, Germany. E-mail:

boeing@itmc.rwth-aachen.de, minnich@

itmc.rwth-aachen.de.

Fig. 2 Discussions in front of the posters

(photo: László T. Mika).

Fig. 3 The BASF Prize for Sarah L. Poe

(photo: André Mortreux).
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Highlights
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Markus Hölscher reviews some of the recent literature in green chemistry.

Biphasic catalysis with high-
melting ionic liquids in the
presence of CO2—rational
exploitation of melting point
depression

Ionic liquids have received considerable

attention over the past few years as they

can be potentially used as green solvents.

However, to be useful in catalytic appli-

cations the ionic liquid should be a liquid

at low temperatures, which is one of the

original criteria that define an ionic

liquid. As many organic salts consisting

of an organic cation and an organic/

inorganic anion exist which have high

melting points, they cannot be used as

ILs even though they might be very

useful. Leitner and Scurto,1 from

RWTH Aachen University, have very

recently exploited the depression of

melting points in the presence of carbon

dioxide. A variety of organic salts with

melting points between moderate and

high temperatures were slowly heated in

the presence of CO2 (150 bar for most

experiments), and the onset of the melt-

ing process was inspected visually

(Fig. 1). Interestingly, in all cases a

significant depression of the melting

points was observable, ranging between

20 and 120 uC.

As an example, tetrabutylammonium

tetrafluoroborate [NBu4][BF4], which

under ambient pressure in the absence

of CO2 melts at ca. 160 uC, was found to

melt at 36 uC. As a result the otherwise

solid compound is available for chemical

reactions and was used as a prototype

for the evaluation of catalytic perfor-

mance. As a test reaction, 2-vinyl-

naphthalene was tested in

hydrogenations, hydroborations and

hydroformylations in the presence of

common rhodium catalysts. For the

hydroboration and hydroformylation,

the conversions were found to be quanti-

tative, while for the hydrogenation

conversion was about 92%. Recycling of

the catalyst is also possible, as was shown

for the hydrogenation.

Taking micelles for a ride—
thermoreversible
transportation of polymer
micelles between an ionic
liquid and water

Whenever chemists think of wrapping

something up, i.e. to shield it from

unwanted influences, and transporting it

to another place, with the parcel needing

to travel through quite different chemical

surroundings, they usually think of

micelles as both the present paper and

shuttle bus. Drug delivery vehicles are a

common example for such applications.

To date most systems only show one

way transportation, while it would be

interesting to make chemical compounds

as drugs or nanoparticles to be able to

move back and forth between different

chemical environments. Very recently He

and Lodge,2 from the University of

Minnesota, developed block copolymers

which enable round trips between an

ionic liquid phase and a water phase. In

self-assembly processes of polymer poly-

((1,2-butadien)-block-ethylene oxide)

(PB-PEO), appropriate micelles can be

generated which show different solubi-

lities in ionic liquids and water, depend-

ing on the temperature. The PEO block is

soluble in water and the ionic liquid

studied (1-butyl-3-methylimidazolium

hexafluorophosphate [BMIM][PF6]),

while the PB blocks segregate into

micellar cores. The polymer firstly was

dissolved in the ionic liquid. Water was

added and, as the IL and water are

immiscible, two phases formed. By equi-

libration at ambient temperature sup-

ported by gentle agitation, the formed

micelles resided in the aqueous phase. On

heating the mixture to 75 uC, the micelles

leave the aqueous phase and travel into

the IL phase in which they remain up to

90 uC. Cooling down the mixture to

ambient temperature reversed the travel-

ling process, after which the micelles

again resided in the aqueous phase.

These results nicely prove the concept

of micelles that can be moved around in

an intact form between different phases

and chemical environments.

Molecular rhodium clusters as
hydrogen storage materials
with redox switchability for H2

uptake and loss

Provided hydrogen can be supplied in a

clearly sustainable way in the future, the

usage of H2 as fuel, e.g. for automobiles,

would significantly help in reducing CO2

emissions and saving on fossil fuels in

general. Within this context hydrogen

storage materials are currently under

intense investigation, as storing and

releasing H2 under practical conditions

Fig. 1 CO2-induced melting point depression

to generate ionic liquids.
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is not an easy task. Weller et al.,3 from

the University of Bath, undertook an

investigation of molecular rhodium

clusters with regard to H2 storage and

releasing behaviour and obtained some

remarkable results. Dicationic rhodium

cluster 1 was found to have a modest

HOMO–LUMO gap, which suggested

the compound could easily take up four

more electrons.

The authors showed that these four

electrons can easily be introduced into

the cluster by adding two H2 molecules

to it, resulting in complex 2. Interestingly

the H2 uptake is facile both in solution

and in the solid state. Product 2 retains

the H2 absorbed for weeks with no

partial pressure of H2, under conditions

which could be useful in practical appli-

cations (1 atm Ar, 298 K). Cluster 2 can

be oxidized chemically or electrochemi-

cally, which re-generates the starting

complex 1. As a result, in solution a

complete uptake/release cycle can be

obtained. The storage capacity is still

very low, as the cluster and associated

anions have a large mass compared to

the mass of hydrogen. On the other hand

it is unique in the way that H2 storage is

possible without the need of having a H2

atmosphere at increased pressures.

Environmental kids club

In numerous publications, including this

one, it has been repetitiously made very

clear that politicians, entrepreneurs and

every private individual (to name three

important groups) should reconsider the

way mankind is currently living (e.g.

production and usage of energy). As

the problems to overcome are complex

(scientific, economic and political

challenges), more adults need to think

of the planet’s resources and their use of

them differently from the preceding

generations in order to reshape modern

industrial societies. But how about

the following generations? Shouldn’t

children grow up with an awareness of

these complex interactions? According

to the environmental protection agency

of the U.S. (EPA) they should (http://

www.epa.gov). The EPA not only runs

a website with information from all

fields relevant to green topics (science,

economy, politics), it also maintains a

variety of pages accessible following the

link ‘‘For Kids’’ which brings much more

information to the next generation than

high school teachers can cover, even if

they were to give numerous courses.

Impressively 17 sub-links easily create an

initial glance at the complexity of green

topics while further websites explain

some of the most important issues (e.g.

greenhouse gases, garbage and recycling,

water consumption). Some interactions

are both simple and scary: by the end

of this century, global warming, if

unaddressed, is expected to ruin most

of the coral reefs, which in turn

destroys the initial parts of the ocean

food chain. From here on the threads are

spun further, helping everybody to see

that the earth’s species cannot live in

isolation, but belong to closed cycles,

which are interdependent. Teachers are

also addressed and helped with informa-

tion and input to create stimulating

and successful lessons. And—very

importantly—the necessary motivation

for everyone who wants to change for

the better is also generated: we can do

something! Isn’t this the message we all

need?
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Ionic liquids [bmim]BF4 and [bmim]PF6 were found to be

recyclable reaction media as well as promoters for the

aziridination of alkenes in excellent yields at a faster rate than

previously reported methods using Chloramine-T as nitrene

donor and NBS as catalyst under mild reaction conditions.

Aziridines, are highly important synthetic intermediates that are

widely used as chiral auxiliaries or ligands in asymmetric synthesis,

present as important structural motifs in natural products in which

they show potent and diverse biological activities.1 Various

biologically important compounds such as amino acids, b-lactam,

antibiotics and alkaloids are derived from aziridines.2 Although

the formation of aziridines from the addition of thermally or

photochemically generated nitrenes to olefins is a well-known

reaction, its utility is limited due to low yields and competing

hydrogen abstraction and insertion reactions.3 Transition metal

catalyzed reaction of in situ generated nitrene with olefins is an

efficient and practical method for the preparation of aziridines and

has received considerable attention in recent years. In this context

[N-(p-tolylsulfonyl)imino] phenyliodinane (PhILNTs)4 has been

widely used as a nitrene precursor for the aziridination of alkenes

in the presence of several transition metal based catalysts.5

However, there are drawbacks with the use of PhILNTs as a

nitrene precursor,6 it is expensive, yields iodobenzene in equimolar

amounts and oxygenated hydrocarbons are dominant by-

products. Therefore, in recent years several improved methodo-

logies using Chloramine-T as a cheap and convenient nitrene

precursor have been explored in the literature.7 However these

methods suffer from drawbacks such as use of expensive and

heavy transition metals as catalyst, toxic and volatile organic

solvents as reaction media, large excess of olefins and lower yields

of the isolated aziridines.

In recent years the room temperature ionic liquids owing to their

unique properties such as non-volatile nature, higher solvating

ability to great number of organic and inorganic compounds, high

thermal stability, reusability and recyclability have been acknowl-

edged as eco-friendly alternatives to the toxic and volatile organic

solvents in various organic reactions such as Diels–Alder, Heck,

alkylation, cyclopropanation, epoxidation and mannich reaction

etc.8 However to the best of our knowledge there is only one

literature report on the use of ionic liquids as green reaction media

for the aziridination of alkenes using PhILNTs as nitrene precursor

and Cu(acac)2 as catalyst.9 Herein we report for the first time

the use of ionic liquids as recyclable reaction media as well as

promoter for the aziridination of alkenes using Chloramine-T as

nitrene donor and N-bromosuccinimide (NBS) as catalyst at room

temperature (Scheme 1).

At first we studied the aziridination of 4-methylstyrene (1 mmol)

with Chloramine-T (1 mmol) in [bmim]BF4 ionic liquid without

using any catalyst at room temperature. We thought that due to

the greater polarity of ionic liquids, it would enable polarization of

the Chloramine-T in the absence of any catalyst, albeit the reaction

was found to be slow and gave poor yield of the corresponding

aziridine as shown in Table 1 (entry 1). Further, when we carried

out the aziridination of 4-methylstyrene using Chloramine-T in 1 : 1

ratio in the presence of a catalytic amount of NBS under similar

reaction conditions, the reaction was completed within 1 h and

gave N-(p-tolylsulfonyl)-2-(p-methylphenyl)aziridine in 90% yield

(Table 1, entry 2). The aziridine from the reaction mixture could be

selectively separated by extraction with diethyl ether leaving the

ionic liquid, succinimide and NaCl as residue. The residue was

diluted with ethyl acetate and the insoluble succinimide and NaCl

from the reaction mixture separated by filtration. The ethyl acetate

was evaporated under reduced pressure and the ionic liquid was

recovered and reused further three times for the aziridination of

4-methyl styrene, affording similar yields to the aziridine (Table 2).

The reaction was generalized by reacting a series of aliphatic and

aromatic alkenes using Chloamine-T as nitrene precursor in 1 : 1

ratio and NBS (10 mol%) as catalyst in [bmim]BF4 reaction

media.10 These results are summarized in Table 1 and indicate

clearly that aromatic substituted alkenes afforded better yields of

aziridines as compared to aliphatic and alicyclic alkenes.

Furthermore, aromatic substituted alkenes bearing electron-

donating groups on the benzene ring were found to be more

reactive (Table 1, entries 2 and 5).

To compare the efficiency of this method, aziridination of

4-methylstyrene was carried out under similar reaction conditions

in different solvents such as acetonitrile, [bmim]BF4, [bmim]PF6

and nitromethane (Table 1, entry 2). In general the reaction was

found to be faster in ionic liquids than conventional solvents

such as acetonitrile and nitromethane. However, both ionic liquids

[bmim]BF4 and [bmim]PF6 showed similar reactivity for the

aziridination of alkenes. It is assumed that this enhanced reactivity

of NBS in the ionic liquid could be due to the increased

polarization of the N–Br bond in the more polar ionic liquid,

Chemical and Biotechnology Division, Indian Institute of Petroleum,
Dehradun, 248005, India. E-mail: birsain@iip.res.in Scheme 1
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facilitating the formation of the bromonium ion, leading to the

observed enhanced reactivity. The avoidance of volatile organic

solvents combined with increased reaction rates, ease of recovery

and reuse of this novel reaction media will make this protocol

more environmentally friendly for the synthesis of aziridines.

In summary, we have described the use of ionic liquids

[bmim]BF4 and [bmim]PF6 as recyclable reaction media as well

as promoters for the aziridination of alkenes with Chloramine-T

Table 1 Ionic liquid promoted aziridination of olefins with Chloramine-T using NBS as catalysta

Entry Olefin Aziridine Reaction time/h Yield (%)b,c mp/uC5e

1 6.5 40

2 1.0 90, 62,d 65,e 88f 135–6

3 4.5 75 85–86

4 2.5 75 54–55

5 1.5 88 130–1

6 1.0 92 80–82

7 CH2LC(CH3)CO2CH3 3.0 62 Oil

8 3.0 65 43.5

9 2.5 80 111–2

10 3.0 67 87–88

a Reaction conditions: Substrate (1 mmol), Chloramine-T (1 mmol), NBS (10 mol%), [bmim]BF4 (1 ml) at room temperature. b Isolated yields.
c All the products were characterized by using IR and 1H NMR. d Experiment carried out using acetonitrile as solvent. e Experiment carried
out using nitromethane as solvent. f Experiment carried out using [bmim]PF6 as solvent.

Table 2 Results of reuse of ionic liquid [bmim]BF4
a

Entry Substrate Run Yieldb (%)

1 4-Methylstyrene 1 90
2 4-Methylstyrene 2 90
3 4-Methylstyrene 3 88
a 1 mmol of substrate, 1 mmol of Chloramine-T in 1 ml of
[bmim]BF4 in the presence of 10 mol% NBS at room temperature;
reaction time 1.0 h. b Isolated yield.

944 | Green Chem., 2006, 8, 943–946 This journal is � The Royal Society of Chemistry 2006
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using a catalytic amount of NBS in excellent yields within very

short reaction times. The considerably enhanced reactivity due to

the greater polarization of NBS in ionic liquid, use of inexpensive

transition metal free catalyst, simple reaction conditions, high

reaction rates, excellent yields of aziridines as compared to those

obtained using Chloramine-T in conventional organic solvents

make this procedure useful and attractive for aziridination of

alkenes.

Experimental

The melting points were determined in open-capillaries on a Buchi

apparatus and are uncorrected. The 1H NMR spectra were

recorded on 300 MHz instrument and the chemical shifts are

expressed in d parts per million relative to tetramethylsilane (TMS)

as the internal standard. The IR spectra were recorded on a

Perkin-Elmer FTIR X 1760 instrument.

Product characterization data

N-(p-Tolylsulfonyl)-2-(p-methylphenyl)aziridine (Table,

entry 2). mp 135–136 uC (Lit. 136–137 uC);5e IR (cm21) 3034,

1600, 1516, 1360, 1158; 1H NMR (d ppm) 2.30 (s, 3H), 2.36 (d, J =

4.2 Hz, 1H), 2.42 (s, 3H), 2.96 (d, 7.16 Hz, 1H)), 3.73 (dd, 7.16,

4.2 Hz, 1H), 7.33–7.09 (m, 6H), 7.87 (d, 2H).

N-(p-Tolylsulfonyl)-2-phenylaziridine (Table, entry 3). mp

85–86 uC (Lit. 86–87 uC);5e IR (cm21) 3017, 1600, 1520, 1327,

1162; 1H NMR (d ppm) 2.38 (d, J = 4.5 Hz, 1H), 2.43 (s, 3H), 2.98

(d, J = 7.2 Hz, 1H), 3.77 (dd, J = 7.2, 4.5 Hz, 1H), 7.27–7.33 (m,

7H), 7.86 (d, 2H).

N-(p-Tolylsulfonyl)-7-azabicyclo[4.1.0] heptane (Table,

entry 4). mp 54–55 uC (Lit. 55–56 uC);5e IR (cm21) 3020, 2950,

1598, 1305, 1155; 1H NMR (d ppm) 1.20–1.35 (m, 4H, ring CH),

1.75–1.90 (m, 4H, ring CH), 2.42 (s, 3H), 2.95 (t, J = 1.4 Hz, 2H),

7.32 (d, 2 H), 7.80 (d, 2H).

N-(p-Tolylsulfonyl)-2-(m-methylphenyl)aziridine (Table,

entry 5). mp 130–131 uC (Lit. 131–132 uC);5e IR (cm21) 3032,

1600, 1525, 1355, 1160; 1H NMR (d ppm) 2.31 (s, 3H), 2.34 (d, J =

4.5 Hz, 1H), 2.43 (s, 3H), 2.97 (d, J = 7.4 Hz, 1H), 3.72 (dd, J =

7.4, 4.5 Hz, 1H), 7.10–7.31 (m, 6H), 7.85 (d, 2H).

N-(p-Tolylsulfonyl)-2-methyl-2-phenylaziridine (Table,

entry 6). mp 80–82 uC (Lit. 83–84 uC);5e IR (cm21) 3060, 2990,

1600, 1549, 1330, 1160; 1H NMR (d ppm) 2.01 (s, 3H), 2.43 (s,

3H), 2.71 (s, 1H), 2.79 (s, 1H), 7.27–7.34 (m, 7H), 7.85 (d, 2H).

N-(p-Tolylsulfonyl)-2-methyl-2-carbmethoxyaziridine (Table,

entry 7). colorless oil IR (cm21) 3015, 2980, 2950, 1752, 1600,

1324, 1156; 1H NMR (d ppm) 1.89 (s, 3H), 2.42 (s, 3H), 2.54 (s,

1H), 2.77 (s, 1H), 3.71 (s, 3H), 7.33 (d, 2H), 7.86 (d, 2H).

trans-N-(p-Tolylsulfonyl)-2-carbmethoxy) 3-phenyl aziridine

(Table, entry 8). mp 43.5 uC (Lit. 42–44 uC);5e IR (cm21) 3068,

2960, 1750, 1600, 1290, 1161; 1H NMR (d ppm) 2.40 (s, 3H), 3.50

(d, J = 4.0 Hz, 1H), 3.87 (s, 3H), 4.46 (d, J = 3.9 Hz, 1H), 7.25–

7.30 (m, 7H), 7.75 (d, 2H).

N-(p-Tolylsulfonyl)-2-(p-chlorophenyl)aziridine (Table,

entry 9). mp 111–112 uC (Lit. 113–114 uC);5e IR (cm21) 3052,

1596, 1370, 1182; 1H NMR (d ppm) 2.34 (d, J = 4.2 Hz, 1H), 2.45

(s, 3H), 2.85 (d, J = 7.0 Hz, 1H), 3.77 (dd, J = 7.0, 4.2 Hz, 1H),

7.15–7.37 (m, 6H), 7.83 (d, 2H).

N-(p-Tolylsulfonyl)-8-azabicyclo[5.1.0]octane (Table,

entry 10). mp 87–88 uC (Lit. 88–89 uC);5e IR (cm21) 3010, 2954,

2770, 1602, 1315, 1165; 1H NMR (d ppm) 1.19–1.82 (m, 10H), 2.43

(s, 3H), 3.10 (m, 2H), 7.31 (d, 2H), 7.84 (d, 2H).
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completion of the reaction was monitored by TLC (SiO2). After
completion, the product was extracted by diethyl ether and purified by
passing through a small column of silica gel using ethyl acetate/hexane
(4 : 6) as eluent. Evaporation of the solvent under vacuum yielded pure
N-(p-tolylsulfonyl)-2-(p-methylphenyl)aziridine in 90% yield (258 mg),

mp 135 uC. The ionic liquid layer containing succinimide and NaCl was
diluted with ethyl acetate and insoluble solids were separated by
filtration through a small Buckner funnel. The ethyl acetate was
evaporated under reduced pressure and ionic liquid was used for the
next run.
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A novel ionic liquid ([(C3H7)4N][B(CN)4]) was immobilized and

coated by silicon in a ceramic nanofiltration module; this

multiphase membrane shows a high selectivity (separation

factor up to 177) and stability (over nine months) during

separation of 1,3-propanediol from aqueous mixtures by

vacuum pervaporation.

Downstream processing still continues to be one of the major

challenges not only in chemical and biotechnological production

processes, but also in waste water treatment.1 The aim of our work

is to combine recent development in the field of membrane

technology, e.g. in nanofiltration,2 liquid membranes3 or perva-

poration,4 with the use of ionic liquids (ILs) to provide novel

solutions in downstream processing or process intensification. ILs

are currently explored as new reaction media for chemical

synthesis or electrochemical applications. ILs seem to have a large

potential in downstream processing, especially when applied in a

form that requires only a small amount of them, e.g. in supported

liquid membranes.5 The special property of ILs is their negligible

vapour pressure at room temperature that makes their application

in liquid membranes attractive for pervaporation.6 Pervaporation

is considered a forward looking and modern membrane process

for separation of various liquids or vapour mixtures.

Supported ionic liquid membranes (SILMs) offer a range of

possible advantages: molecular diffusion is higher in ionic liquids

than in polymers thanks to the presence of charged ions, which are

responsible for more selective and often faster transport, especially

of polar permeates, through the semi-permeable membrane; the

selectivity of the separation can be influenced by variation of the

liquid—in particular ILs offer the advantage of a wide variety of

properties;7 thanks to their special mixing behavior, ILs as liquid

membranes easily allow three-phase systems; contrary to extrac-

tion, only a small amount of liquid is necessary to form the liquid

membrane, thus also allowing the use of more expensive materials;

thanks to the usage of a ceramic nanofiltration (NF) module,

concentration polarization6 can be diminished by a rough liquid-

membrane surface.

The novel hydrophobic IL tetrapropylammonium tetracyano-

borate [(C3H7)4N][B(CN)4]), which has a quite large cation and a

relatively small but stable anion, and a melting point about 60 uC,

was prepared.8,9 The potassium tetracyanoborate was heated in

water and an equal amount of tetrapropylammonium bromide

was added at 50 uC. A viscous IL was obtained after extraction

with, and removal of, dichlormethane on a rotary pump at 55 uC.

Firstly, we evaluated the transport of the solute (1,3-propanediol)

from an aqueous mixture through an empty ceramic NF

module under low pressure at room temperature (22 uC). The

ceramic nanofiltration module with pore size 0.9 nm was then

impregnated by [(C3H7)4N][B(CN)4] at 70 uC inside a burette. We

performed pervaporation experiments under the same conditions

with an impregnated module. The whole separation process was

monitored by gas chromatography in the classical pervaporation

arrangement.

The ceramic NF module with [(C3H7)4N][B(CN)4] was stable

under low pressure (20 Pa) in aqueous solution for 92 hours. The

IL was then flushed out from the pores by water. To improve

the stability and also the selectivity, the NF module with IL was

immersed for 1 hour in dimethylpolysiloxane, viscosity 350 cSt

(25 uC). Both sides of the NF ceramic module, made of TiO2, got

coated, and the hydrophobicity and also selectivity of this set-up

increased dramatically10 as shown in Fig. 1.

The selectivity of 1,3-propanediol separation from aqueous

mixtures by pervaporation can be described by the separation

aRostock University, Institute of Chemistry, Technical Chemistry Group,
Albert Einstein Str. 3a, D-18059, Rostock, Germany.
E-mail: udo.kragl@uni-rostock.de; Fax: +49 381 4986452;
Tel: +49 381 4986451
bInstitute of Chemical Process Fundamentals, Rozvojova 135, 165 02
Prague 6, Czech Republic. E-mail: izak@icpf.cas.cz
cRostock University, Institute of Chemistry, Inorganic/Solid State
Chemistry Group, Albert Einstein Str. 3a, D-18059, Rostock, Germany.
E-mail: martin.koeckerling@uni-rostock.de

Fig. 1 Comparison of the 1,3-propanediol separation factor with its

feed concentration, (m) using the empty NF module, (#) using the NF

ceramic module with the 0.9 nm pores filled with IL, (&) using the NF

ceramic module with the 0.9 nm pores filled with IL and both sides coated

with silicon.
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factor a, defined by aij = (wiP/wjP)/(wiF/wjF) where wiP is the weight

fraction of component i (1,3-propanediol) in the permeate and wjF

is the weight fraction of component j (water) in the feed. The

separation factor of 1,3-propanediol increased from 0.4 to an

average value of 5.6 when the IL was inside the pores, and to an

average value of 152 when the whole ceramic module with IL was

coated by dimethylpolysiloxane.

During the pervaporation with IL being present inside the pores

the separation factor decreased with time and with solute

concentration. This unusual behavior is caused by the decline of

the 1,3-propanediol concentration in the permeate. It was actually

the first sign that water was interacting with the IL. After 92 hours,

the water flushed the IL out of the pores and the experiment was

terminated.

When the hydrophobicity of the NF module and IL was

improved by double layers of dimethylpolysiloxane (one from

inside and the second from outside of the ceramic module), the

separation factor was increasing with the time of experiment and

also with the decreasing 1,3-propanediol feed concentration. Even

after nine months we did not see any drop in selectivity or an

increase of total permeation flux, which would indicate a decline of

the stability of the IL–dimethylpolysiloxane selective layer. The

permeation flux of 1,3-propanediol was calculated by: Ji = JwiP;

where J is the total permeation flux through the SILM. Fig. 2,

which represents the speed of the separation, shows that the NF

module without IL has the highest permeation flux.

However, the preferentially permeating component is water,

which has a smaller molecular size than 1,3-propanediol. The

IL in this case inside the nano-pores decreases the flux of

1,3-propanediol by half. Due to its hydrophobicity the preferen-

tially permeating component is already 1,3-propanediol. It

was also observed that the flux decreases with decreasing

1,3-propanediol concentration in the feed.

Coating of the ceramic module with IL inside the pores

formed two more boundary layers between dimethylpolysiloxane–

[(C3H7)4N][B(CN)4]–dimethylpolysiloxane. This effect increases

the separation dramatically, but it also decreased the

1,3-propanediol flux through the perm-selective barrier. The

permeating flux decreased with time and with 1,3-propanediol

concentration in the feed.

According to the literature, 1,3-propanediol has been recently

separated from water using pervaporation through an X-type

zeolite membrane,11 when the membrane is selective for water. The

permeation flux of 1,3-propanediol was 16 g m22 h21 and the

separation factor about 3.6 at 35 uC. If we compare this with our

multiphase membrane (MFM) data, we can see a significant

improvement in selectivity (177) and a little drop in permeability

(3.86 g m22 h21) at 22 uC. The application of liquid–liquid

extraction for the downstream separation of 1,3-propanediol from

dilute aqueous solutions hinders the continuous process, in which

we want to remove 1,3-propanediol from the fermentation broth

‘‘in situ’’. However, experimental verification revealed that the

distribution of 1,3-propanediol into organic solvents is not good

enough to make a simple extraction efficient.12

In conclusion, the instability of SILMs in contact with aqueous

solutions, which has limited their commercial application so far,

has been solved by using a dimethylpolysiloxane coating.10 By

using a multiphase membrane in an NF ceramic module we

increased the separation factor of the solute from 0.4 up to 177. On

the other hand, the average permeating flux of the solute decreased

from 34.3 g m22 h21 to 3.86 g m22 h21. Although the separation

process with the MFM was one order of magnitude slower, its

selectivity increased by more than two orders of magnitude, which

shows a great potential for improving downstream separation

processes. The pervaporation of the system was checked after nine

months and we did not see any changes in transport properties,

which shows the very high stability of the MFM. The binary

system that we used as a case study (removal of 1,3-propanediol

from aqueous solution) has a practical application in biotrans-

formation processes, where the fermentation broth from

K. pneumoniae is normally used.{
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module with the 0.9 nm pores filled with IL and both sides coated with

silicon.

948 | Green Chem., 2006, 8, 947–948 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
5 

Se
pt

em
be

r 
20

06
 o

n 
ht

tp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/B
60

81
14

B
View Online

http://dx.doi.org/10.1039/B608114B


Subcritical water extraction and b-glucosidase-catalyzed hydrolysis of
quercetin glycosides in onion waste

Charlotta Turner,*a Pernilla Turner,b Gunilla Jacobson,c Knut Almgren,a Monica Waldebäck,a Per Sjöberg,a
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Onion waste is a renewable raw material, rich in different molecular species of the antioxidant

quercetin. To utilize this resource, an environmentally sustainable procedure has been developed,

using pressurized hot water to extract the quercetin species, followed by biocatalytic conversion of

the quercetin glycosides to quercetin and carbohydrates. Two different recombinantly expressed

thermostable b-glucosidases, Thermotoga neapolitana b-glucosidase A and B, were utilized as

catalysts. These enzymes maintain activity at temperatures around 90 uC, and are therefore ideal

to use in combination with hot water extraction. Our results, based on experimental design,

showed that they converted quercetin glycosides to active quercetin in less than 10 min reaction

time in water at 90 uC, pH 5.0. Experimental design showed that the optimal extraction conditions

included three 5 min extraction cycles with water at 120 uC and 50 bars, giving a total extraction

time of 15 min. Several different types of quercetin and isorhamnetin glycosides as well as

kaempferol were detected in onion waste using LC-MS/MS analysis. After converting the

different glycosidic compounds to their respective aglycones, the quercetin content was 10 to

50 mg g21 dry weight of onion waste (RSD 8%). In summary, our research demonstrates that

subcritical water extraction followed by b-glucosidase-catalyzed hydrolysis is a rapid method to

determine the content of quercetin and isorhamnetin in onion samples, and is environmentally

sustainable as it only uses water as solvent and enzymes as catalysts.

Introduction

Antioxidants are compounds with electron scavenging pro-

perties that may slow down or prevent the development of

cancer.1–4 Fruits and vegetables are rich in antioxidants,5 for

example lycopene in tomatoes, b-carotene in carrots, antho-

cyanins in grapes and red onions, and quercetin in grapes,

apples and onions. Furthermore, several recent studies have

shown that different types of natural polyphenols may have

neuroprotective effects both in vitro and in vivo,6–10 partly due

to their electron scavenging properties. For example, it has

been shown in a few studies that quercetin may prevent or slow

down the development of Alzheimers disease.8,11–13

Quercetin is a polyphenolic compound that occurs in

vegetables and fruits mainly as different glycosides, although

the skin of the fruit/vegetable commonly contains higher

amounts of the quercetin aglycone. Fig. 1 shows the chemical

structure of quercetin and the two most common glycosides in

onion, quercetin-49-glycoside and quercetin-3,49-diglycoside.14

Several research projects have undertaken the isolation and

identification of quercetin and its glycosides in various fruits

and vegetables, including onion,15 kale,16 broccoli,17 apple

skin,18 green tea,19 and grapes and wine.20,21 However, most

of these studies use simple liquid/solid extraction techniques

combined with chemically catalyzed hydrolysis reaction

followed by liquid/liquid extraction of quercetin aglycone.

These procedures are tedious and require the disposal of

organic solvents, such as the commonly used ethyl acetate.

The most environmentally friendly solvent that can be used

for extraction of quercetin is water. However, since pure water

at ambient condition is too polar to be a good solvent for

quercetin, we instead use water at elevated temperatures as a

solvent, i.e. subcritical water at temperatures above 100 uC. It

is well known that the dielectric constant of water decreases

significantly as the temperature of the water is increased above

its atmospheric boiling point, while applying pressure to

maintain water as a liquid.22 Less polar compounds such as

antioxidative compounds,23 polycyclic aromatic hydro-

carbons,22 insecticides24 and essential oils25 have all been

successfully extracted from various plant and soil samples

using subcritical water at temperatures between 100 and

374 uC. Above 374 uC water is supercritical, giving too harsh

conditions to use for extraction of antioxidative compounds.

In a few publications, supercritical carbon dioxide mixed

with around 20% (v/v) of an alcohol such as methanol or

ethanol was used to extract quercetin from fruits and

agricultural samples.26–29 The solubility of quercetin in neat

supercritical carbon dioxide is unfortunately extremely low,30

otherwise this would be a viable alternative to subcritical water

extraction. To the best of our knowledge, there is no previous
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Analytical Chemistry, P.O. Box 599, Uppsala, SE-75124, Sweden.
E-mail: charlotta.turner@kemi.uu.se; Fax: +46 18 471 3681
bLund University, Department of Biotechnology, P.O. Box 124, Lund,
SE-22100, Sweden
cStanford University, Department of Chemistry, 333 Campus Drive,
Stanford, CA, 94305, USA
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report on subcritical water extraction of quercetin from fruit/

agricultural samples.

There are several advantages with subcritical water extrac-

tion compared to classical liquid/liquid extraction techniques,

such as faster and more efficient extractions due to higher

diffusion rates and lower viscosity and surface tension,

environmentally safe and non-toxic extractions and easy-to-

tune properties of the solvent by merely changing temperature

and pressure.

Flavonoids are common and widespread secondary plant

metabolites, which have a wide range of biological and

physiological activities.31 Flavonoids occur in plants (and

food products) as different glycosides, which is also the

preferred form for uptake in the human intestine. After

uptake, the glycosides are converted to aglycone and free

carbohydrates in hydrolysis reactions mainly catalyzed by

b-glucosidase and to some extent by lactase phloridzin

hydrolase.32 Hence, in quantitative analysis of flavonoid

content in food, b-glucosidase is a useful catalyst for

transforming the several different occurring flavonoid

glycosides to a single measurable aglycone. Some of these

glycosidic compounds are present at concentrations below

1% of the total flavonoid content, which naturally is difficult

to quantify. Furthermore, it is difficult to obtain appropriate

reference standards for quantifying the different quercetin

glycosides.

In this paper, we have evaluated the use of subcritical water

for extraction of antioxidative quercetin and other flavonoid

molecular species from onion waste. The onion waste raw

material (rich in e.g. quercetin molecular species) was selected,

being a waste product available in Sweden that could be

obtained in large amounts from local restaurants and onion

industries. It was also judged to be advantageous to couple the

extraction to a product conversion step (deglycosylation by

hydrolysis), allowing collection of the aglycone substances

for quantification. To further improve the environmentally

friendly profile, a biocatalytic conversion was applied.

This paper demonstrates a fully ‘‘green’’ procedure, where

the raw material is a biodegradable and renewable agricultural

waste (onion waste), the extraction process uses only water as a

solvent, and the hydrolysis reaction is catalyzed by enzymes

rather than by chemicals or non-renewable catalysts.

Furthermore, onion waste is largely produced in Sweden as a

byproduct of no value for the producer in amounts of several

million kilograms per year. After quercetin extraction, the

onion waste can still be used as animal feed, energy source or

compost material. Hence, the herein described procedure fits

well to the twelve principles of green chemistry.33

Results and discussion

In this study, several steps were developed and optimized,

including a LC-MS/MS-analysis method for quantification of

the antioxidants of interest, and selection/production of a

suitable catalyst, and with the analysis methodology in place,

optimization of both the extraction and deglycosylation

reaction steps in the procedure. Finally, the yield obtained in

the newly developed procedure was compared to the yield of

an established extraction/hydrolysis method for quercetin.

LC-MS/MS analysis of quercetin and isorhamnetin molecular

species

A simple HPLC method was developed using a reversed phase

C18 column and an isocratic mobile phase consisting of equal

portions of methanol and water as well as 0.1% formic acid

(giving a pH of around 3). UV detection at 350 nm was used

to enable detection of smaller amounts of various glycosidic

compounds, although quercetin aglycone has its maximum

absorbency around 370 nm.34 Fig. 2a and 2b show two

representative chromatograms of yellow onion-waste samples

before and after enzymatic treatment with one of the selected

b-glucosidases (TnBgl1A, described in more detail below). At

the concentration used, most of the glycosidic compounds

were transformed to quercetin aglycone after only 10 minutes

of reaction with the TnBgl1A enzyme, indicating a good

potential for the enzymatic conversion.

LC-MS/MS analysis was performed to identify the different

aglycone and glycosidic polyphenolic compounds. Electro-

spray ionization in positive mode was applied to transfer the

analytes from the liquid mobile phase from the HPLC-column

to gas phase before introduction into the QTrap MS.

Information dependent acquisition (IDA) was applied to

allow collection of as much information as possible during

each HPLC run. Fig. 3a shows MS data for the quercetin

aglycone peak in a yellow onion waste extract, and Fig. 3b

Fig. 1 Chemical structure of (a) quercetin, (b) quercetin-49-glycoside

and (c) quercetin-3,49-diglycoside.
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shows MS/MS data for the selected mother ion for quercetin

(m/z 303). Fig. 3c shows the sum of the extracted mother ions

m/z 303 (quercetin); 465 and 627 (mono- and diglycosides of

quercetin); 317 and 479 (isorhamnetin and its monoglyco-

sides); and finally 287 (kaempferol, i.e. quercetin lacking one

of its hydroxyl groups).

The MS/MS data for quercetin, one of the few compounds

available as a reference standard in this work, was useful for

indicating the presence of possible quercetin conjugates (e.g.

glycosides) in the sample extracts. Up-front fragmentation of

the conjugates generates a fragment ion (m/z 303) correspond-

ing to protonated quercetin aglycone that, when selected for

Fig. 2 HPLC chromatogram of (a) yellow onion extract and (b) b-glucosidase-treated yellow onion extract. Q-3,49 = quercetin-3,49-diglycoside,

I-3,49 = isorhamnetin-3,49-diglycoside, Q-3 = quercetin-3-glycoside, Q-49 = quercetin-49-glycoside, I-49 = isorhamnetin-49-glycoside, M = morin

(internal standard), Q = quercetin, K = kaempferol and I = isorhamnetin.

This journal is � The Royal Society of Chemistry 2006 Green Chem., 2006, 8, 949–959 | 951
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further MS/MS fragmentation, showed the same fragmenta-

tion pattern as quercetin.

The position of the glucose moieties was determined by

knowing (and confirming, see Experimental, Enzyme specifi-

city) that the b-glucosidase has a very limited activity

on polyphenolic glycosides linked at position 3, but high

activity on position 49 glycosides (data not shown). This, in

combination with the fact that the two major polyphenolic

glycosides in onion are quercetin-49-glycoside and quercetin-

3,49-diglycoside,14 make us quite confident that the identity

of the glycosides are as labeled in Fig. 2 and Fig. 3c.

Typical composition of quercetin and related compounds in

one gram of wet yellow onion waste extracted by subcritical

water at 120 uC and 50 bar for 15 min was 0.63 mg

quercetin, 0.53 mg quercetin-49-glycoside, 0.19 mg quercetin-

3,49-diglycoside (co-eluting with trace amount of iso-

rhamnetin-3,49-diglycoside), 0.06 mg isorhamnetin, 0.04 mg

isorhamnetin-49-glycoside, 0.03 mg quercetin-3-glycoside, and

0.008 mg kaempferol.

Subcritical water extraction

Extraction of quercetin molecular species from yellow onion

waste was performed using pressurized hot water at 50 bar and

Fig. 3 (a) Enhanced MS data for quercetin, (b) enhanced product ion (MS/MS) for the selected mother ion of quercetin, m/z 303.2, and (c) a sum

of the extracted ions 287, 303, 317, 465, 479 and 627 detected in a yellow onion extract. Abbreviations: see Fig. 2.
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extraction cycles of 5 min each. A response surface design was

applied to investigate the effects of temperature (40, 80 and

120 uC) and number of extraction cycles (1, 2 and 3) on the

yield of quercetin. The onion waste extract was thereafter

hydrolyzed according to the method optimized below. The

statistical data is shown in Table 1 and the response surface

plot for number of cycles versus extraction temperature is

shown in Fig. 4.

Table 1 clearly demonstrates that the response surface

design was suitable for investigating number of cycles and

extraction temperature (R square = 97.4%). Extraction

temperature and number of cycles as well as the interaction

temperature 6 cycles all show significant effects on a 95%

confidence level. The response surface plot shows that the

highest yields are obtained at the highest temperature

investigated, 120 uC, using two or preferably three cycles

(Fig. 4). However, it does not seem to be crucial whether two

or three cycles are used when operating at the highest

temperature, 120 uC.

In order to find out if an even higher temperature

would result in an improved recovery of quercetin, triplicate

yellow onion waste samples were extracted at 80, 120 and

160 uC using three cycles of five minutes extraction each. The

quercetin yield obtained were as follows: 0.85 mg g21 at 80 uC
(RSD 14%), 1.97 mg g21 at 120 uC (RSD 8%), and 1.92 mg g21

at 160 uC (RSD 5%), showing that 120 uC extraction tem-

perature was sufficient.

Catalyst selection, production and purification

The extraction procedure, using subcritical water, requires

elevated temperatures and a biocatalyst that operates as

close as possible to the extraction temperature. Therefore, a

thermostable enzyme was considered as a suitable alternative.

Two b-glucosidases originating from the hyperthermophilic

bacterium Thermotoga neapolitana were selected as candidates

for this purpose. T. neapolitana grows optimally above 80 uC,

and its enzymes are therefore likely to have high thermo-

stability. High temperature optima for activity for both

enzymes have also been shown in previous works,35,36 making

them good candidates for high-temperature applications. The

two thermostable glucosidases are, despite their common

origin, unrelated in primary as well as tertiary structure, and

belong to glycoside hydrolase families 1 and 3, respectively

(according to the classification by Coutinho et al.37) and are

termed TnBgl1A and TnBgl3B in accordance with the

taxonomy proposed by Henrissat et al.38 Both enzyme families

are, however, known to share a retaining reaction mechanism.

The genes encoding the two b-glucosidases were amplified

by PCR from genomic DNA, and cloned in the vector

pET22b(+) under control of the T7/lac promoter for expres-

sion in Escherichia coli. Both enzymes were produced in the

E. coli expression host Tuner(DE3) using a protocol developed

for a GH13 enzyme where reduction in the IPTG concentra-

tion used for induction of the T7/lac promoter yielded more

active and soluble protein.39 TnBgl1A was more prone to form

inclusion bodies than TnBgl3B, but a substantial amount of

soluble protein could still be produced using the described

strategy (Fig. 5a, lane 2). Production of TnBgl1A resulted in

the recombinant enzyme constituting approximately 10% of

the total soluble protein content, while for TnBgl3B more

than 20% of the total soluble proteins consisted of the target

enzyme (Fig. 5b, lane 2). Before use in the conversion, the

b-glucosidases were purified using a two-step purification

protocol. The extracts obtained after sonication of E. coli cell

pellets were heat treated, which removed a large part of the

E. coli proteins (Fig. 5, lane 3) and the subsequent affinity

chromatography by immobilized metal ion chromatography

Fig. 4 Response surface of quercetin yield (mg g21 onion) vs.

temperature and number of extraction cycles for the PHW extraction.

Fig. 5 SDS-PAGE analysis of expression and purification of (a)

TnBgl1A and (b) TnBgl3B. The apparent molecular weights corre-

sponded well with the theoretically calculated values of 52.6 kDa

(TnBgl1A), and 82.2 kDa (TnBgl3B). The samples in the lanes are:

lane 1, molecular weight standard; lane 2, crude extract; lane 3, heat-

treated protein; lane 4, protein purified by IMAC.

Table 1 Response surface coefficients for quercetin yield (mg g21

onion) at different extraction conditions

Term Coefficient SE Coefficient P

Constant 2.10 0.16 ,0.001
Temp. 1.77 0.09 ,0.001
Cycles 0.31 0.09 0.004
Temp. 6 Temp. 0.68 0.15 0.001
Cycles 6 Cycles 20.05 0.15 0.758
Temp. 6 Cycles 0.26 0.11 0.032
S = 0.30 R-Sq = 97.4% R-Sq(adj) = 96.3%

This journal is � The Royal Society of Chemistry 2006 Green Chem., 2006, 8, 949–959 | 953

D
ow

nl
oa

de
d 

on
 0

8 
N

ov
em

be
r 

20
10

Pu
bl

is
he

d 
on

 3
1 

A
ug

us
t 2

00
6 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/B
60

80
11

A
View Online

http://dx.doi.org/10.1039/B608011A


using copper ions further removed contaminating proteins to

yield a purity of over 90% (Fig. 5, lane 4).

Optimization of deglycosylation reactions

As expected, preliminary data clearly showed the advantage of

using these thermostable b-glucosidases rather than the

commercially available b-glucosidase from almond (classified

under glycoside hydrolase family 1) obtainable from Sigma–

Aldrich, as the two former enzymes showed significantly faster

reaction kinetics towards polyphenolic glycosides, even well

below their temperature optima (data not shown).

After confirming the improvement of the deglycosylation

reaction using the thermostable enzyme representatives, an

initial study was performed to find out approximately how

much of the enzyme solution was needed to convert the most

abundant glycoside in yellow onion waste, quercetin-49-glyco-

side, into quercetin aglycone. The results showed that for a

complete reaction of an onion waste extract, 28 pmol TnBgl3B

per mmol of quercetin-49-glycoside was needed for the chosen

conditions pH 5.6, 80 uC and a 5 min reaction time. For

TnBgl1A, four times more of the enzyme was necessary to

obtain the same result. These data were used to set up an

experimental design for the optimization of glucosidase-

catalyzed reactions.

A response surface design was used to investigate the effects

of varying the temperature and pH on the yield of quercetin

formed from quercetin glycosides in onion waste extract.

Temperatures of 40, 65 and 90 uC were applied combined with

pHs of 3.0, 5.0 and 7.0. The reaction time was 10 min and the

amount of enzyme used was 136 pmol for TnBgl1A and

35 pmol for TnBgl3B, based on the preliminary experiments

described above. The statistics in Tables 2 and 3 show that

only the pH 6 pH term is significant on a 95% confidence

level using a response surface design for the two enzymes

investigated. However, the response surface plots in Fig. 6a

and 6b still show that the optimal pH for the hydrolysis

reaction is around 5 and the best temperature is 90 uC.

The statistics, however, also show that the response surface

design was less suitable for investigating reaction pH and

temperature (R square = 44.8% and 54.5% for TnBgl1A and

TnBgl3B, respectively), compared to the number of extraction

cycles and the extraction temperature (R square = 97.4%)

shown in Table 1. Higher temperatures than 90 uC were not

tried, since the melting points of Bgl1A and Bgl3B are 102

and 90 uC, respectively (unpublished data). It was therefore

necessary to decrease the temperature from the optimal 120 uC
extraction temperature, before adding the enzyme. From the

response surface plots (Fig. 6) it can be seen that TnBgl3B has

a larger area of quercetin yield, larger than 6 mg g21 onion

waste, compared to TnBgl1A. Hence, it seems that although

less amount of TnBgl3B was used for the reaction, still higher

yield was achieved at a wider temperature/pH range compared

to TnBgl1A.

The effect of different enzyme/substrate ratios on the

quercetin yield versus reaction time was investigated for

both enzymes at 90 uC and pH 5.0. An addition of 50 mL of

TnBgl1A was needed to convert the quercetin glycosides in

Table 2 Response surface coefficients for quercetin yield (mg g21

onion) using TnBgl1A

Term Coefficient SE Coefficient P

Constant 5.93 0.23 ,0.001
Temp. 0.15 0.13 0.279
pH 0.05 0.14 0.739
Temp. 6 Temp. 20.04 0.23 0.879
pH 6 pH 20.64 0.22 0.009
Temp. 6 pH 20.27 0.17 0.123
S = 0.50 R-Sq = 44.8% R-Sq(adj) = 28.5%

Table 3 Response surface coefficients for quercetin yield (mg g21

onion) using TnBgl3B

Term Coefficient SE Coefficient P

Constant 6.01 0.27 ,0.001
Temp. 0.21 0.17 0.231
pH 20.22 0.17 0.203
Temp. 6 Temp. 0.03 0.27 0.925
pH 6 pH 20.95 0.27 0.004
Temp. 6 pH 0.06 0.20 0.785
S = 0.57 R-Sq = 54.5% R-Sq(adj) = 37.1%

Fig. 6 Response surface of quercetin yield (mg g21 onion) vs. pH

and temperature of the reaction, catalyzed by (a) TnBgl1A and (b)

TnBgl3B.

954 | Green Chem., 2006, 8, 949–959 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

 3
1 

A
ug

us
t 2

00
6 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/B
60

80
11

A
View Online

http://dx.doi.org/10.1039/B608011A


4 mL of onion waste extract (corresponding to around 40 mg

of onion per mL) within 5 min of reaction (Fig. 7a), compared

to TnBgl3B for which only 5 to 10 mL was needed to do the

same job (Fig. 7b). Hence, it was decided that the optimal

reaction method was to use 10 mL of TnBgl3B (690 pmol) per

4 mL of onion waste extract, and to perform the reaction at

90 uC and pH 5.0 for 10 min. However, in all further

experiments, 5 mL of TnBgl3B was added to 1.2 mL of onion

extract in order to be able to perform the reaction in standard

1.5 mL HPLC vials, and still ensure a sufficient enzyme/

substrate ratio.

Comparison of the novel extraction and conversion procedure

with an established method

A common conventional methodology to extract and hydro-

lyze polyphenolic glycosides from fruits and plants is to use a

mixture of methanol and hydrochloric acid with a final

concentration of around 1.2 M and heat for one or several

hours at 80 to 90 uC.34,40 Usually, the extraction/hydrolysis

step is followed by an additional extraction of quercetin into

an organic solvent and/or filtration of the mixture prior to

analysis. The hydrolysis procedure is relatively harsh to the

sample and may result in degradation of the compounds of

interest, even when a protective antioxidant has been added.40

In fact, our initial studies showed that it is crucial to select

the optimal HCl concentration to avoid degradation but still

obtain complete hydrolysis (data not shown). From a green

chemistry point-of-view, it is also obvious that hydrochloric

acid is not as environmentally friendly a catalyst as enzymes,

especially when it is used in large volumes and is not recycled.

Moreover, methanol (as well as ethyl acetate if used) is an

organic solvent that requires disposal in addition to produc-

tion and transport. Furthermore, the conventional methodo-

logy is rather tedious and requires a substantial amount of

manual work. In the novel procedure developed here, the

extraction is the first step, using solely water as solvent. In the

following hydrolytic conversion step, the enzyme, specifically

hydrolyzing the glycosidic bond, is added to the extract in a

buffer assuring a suitable pH for the enzymatic reaction.

To compare the yield from both methodologies, onion waste

from the same batch was extracted using both a method based

on conventional extraction with methanol–2.4 M HCl (1 : 1)

for two hours at 80 uC followed by filtration, and using the

subcritical water extraction/biocatalytic conversion. The con-

ventional method gave a quercetin yield of 1.86 mg g21 (RSD

9%), which corresponds very well to the result obtained by the

new subcritical water extraction method (1.97 mg g21, RSD

8%), see Table 4. Analysis of the quercetin species composition

in yellow onion skin and pulp, and red onion skin and pulp

before and after enzymatic hydrolysis, proved that the enzymes

efficiently hydrolyzed quercetin-glycosides linked at position

49, but it was also obvious that although the new method gave

results very similar to those obtainable with a conventional

method, the TnBgl3B enzyme was not capable of converting

quercetin-3-glycoside to quercetin aglycone and glucose

(Fig. 8). This effect of enzyme specificity was also confirmed

in an experiment in which quercetin-3-glycoside and quercetin-

49-glycoside were used as substrates for the two studied

enzymes (data not shown).

In summary, our results show that the new environmentally

benign method gives not only similar results to the conven-

tional method, but also demonstrates a faster method with less

manual extractions (see Table 4). The new method consumes

100 times less organic solvents (here: methanol) using the same

amount of onion waste sample, and it shows similar or better

RSD values than the conventional method. Note that the

conventional method used in this work for comparison was

quite simple in that the extraction/hydrolysis mixture was only

filtrated and injected directly into the HPLC instrument for

analysis. Most other conventional methods apply an addi-

tional organic solvent extraction, e.g. with ethyl acetate, and

washing off the acid residues from the HCl, which results in an

even more tedious and hazardous method, although it is more

friendly to the HPLC column.

Conclusions

In summary, the new method using subcritical water as the

only extraction solvent and enzymes in the hydrolysis reaction

Table 4 Comparison of the developed method with a conventional
extraction/hydrolysis method (n = 3)

Parameter
New
method

Conventional
method

Quercetin yield/mg g21 onion) 1.97 1.86
Quercetin yield/mg g21 (dry weight) 13.31 12.55
RSD (%) 7.94 9.32
Total time per sample y40 min y150 min
Total time manual work per sample y5 min y30 min
Volume of organic solvent per sample 0.5 mL y50 mL

Fig. 7 Effects of enzyme amount and reaction time on the quercetin

yield for (a) TnBgl1A and (b) TnBgl3B. 1 mL TnBgl1A equals

y68 pmol and 1 mL TnBgl3B equals y69 pmol. The reaction was per-

formed with 4 mL of yellow onion skin extract (y40 mg onion mL21)

at 90 uC and pH 5.0.
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is clearly a viable alternative to conventional organic solvent-

based extractions and HCl-catalyzed hydrolysis. The raw

material used in the process is renewable and biodegradable.

The new method does not use or produce any hazardous or

toxic compounds. Furthermore, biocatalysis is used in the

hydrolysis reaction, which is environmentally more sustainable

than chemical catalysis. The developed method is also faster

and close to 100% automated, which allows for high sample

throughput. Finally, the method could potentially be applied

to other agricultural waste materials as well, such as apple

skin, grape skin and berry wastes from the juice industry.

Experimental

Raw material (onion waste)

Onion (Allium cepa) waste was obtained from a local

restaurant as well as from a Swedish onion industry. In some

cases, onions were purchased in a local market and samples

were thereafter prepared in the lab. Onion sample, indepen-

dent from which source, was cut into small pieces (y1–10 mm

in diameter) using a food processor.

Chemicals used

Methanol and formic acid was purchased from Merck

(Darmstadt, Germany). Quercetin dihydrate (.98%), morin

(puriss p.a.), quercetin-3-glycoside, kaempferol, citric acid

monohydrate and disodium hydrogen phosphate were

purchased from Sigma-Aldrich (Steinheim, Germany). Ultra-

pure water (MilliQ) was used at all times.

Cloning of Tnbgl1A and Tnbgl3B

The genes encoding Bgl1A and Bgl3B were amplified from

genomic Thermotoga neapolitana (DSM strain 4359) DNA.

Primers were designed to amplify the coding sequences of

bgl1A (also termed gghA) and bgl3B obtained from the NCBI

server (http://ncbi.nlm.nih.gov) under the accession numbers

AF039487 and Z77856. Primers were forward 59- TAT TCT

TAT C_A_T_ A_T_G_ AAA AAG TTT CCC GAA GGG TTC

and reverse 59- TAT TCT TAT C_T_C_ G_A_G_ ATC TGT TAG

TCC GTT GTT TTT G for bgl1A and forward 59- TAT TCT

TAT C_A_T_ A_T_G_ GAA AAG GTG AAT GAA ATC CTG

and reverse 59- TAT TCT TTA C_T_C_ G_A_G_ CGG TTT GAA

TCT TCT CTC C for bgl3B with the restriction sites for

cloning underlined. The complete genes were PCR-amplified

under standard conditions (94 uC 5 min; 25 cycles: 94 uC 30 s,

55 uC 30 s, 68 uC 2 min; 68 uC 7 min) on a Biometra T

Gradient thermal cycler (Nordic BioSite, Täby, Sweden) using

the Expand High Fidelity PCR System (Roche Diagnostics,

Mannheim, Germany) for insertion into the expression vector

pET22b(+) (Novagen, Madison, WI, USA) incorporating the

C-terminal hexa-histidine tag. The PCR products were purified

with QIAEXII Gel Extraction kit (Qiagen, Hilden, Germany)

after gel separation. Both the PCR products and the vector

were digested with appropriate restriction enzymes (New

England Biolabs, Beverly, MA, USA) and the vector was

treated with bacterial alkaline phosphatase before being

ligated to the insert using T4 DNA ligase (Invitrogen Life

Technologies, Frederick, MD, USA). The resulting plasmids

were transformed into E. coli Nova Blue cells (Novagen) and

screened by colony PCR using the T7 forward and T7 reverse

primers and Taq DNA polymerase under standard conditions.

Positive clones were transformed into the E. coli expression

host Tuner(DE3) (Novagen). The complete genes were

sequenced at MWG Biotech (Ebersberg, Germany). The

bgl1A sequence contained a single residue change (G436V),

compared to the deposited sequence. The previously deposited

bgl3B sequence was cloned from strain Z2706-MC24,36 while

in this work the DSM-strain 4359 was used as template. The

newly amplified gene contained several changes compared to

the deposited gene, especially in the 59-end where a deletion

caused a frame shift which was restored by an insertion after a

stretch encoding 24 amino acids. A few more changes further

downstream were also found. The new sequence was deposited

to GenBank under accession number DQ873691. The mole-

cular weight of the respective gene (including the His-tag) was

theoretically calculated using the ProtParam-tool (http://

www.expasy.org/tools/protparam.html).

Expression and purification

The genes were expressed at 37 uC in a 2.5 L bioreactor

during a probed temperature limited fed-batch cultivation as

described previously.41 The expression was initiated by the

addition of 0.1 mM isopropyl-1-thio-b-D-galactopyranoside

and the production was continued for 6 h before the cells were

harvested by centrifugation at 5000 6 g, 4 uC, 5 min. The

Fig. 8 Composition of quercetin molecular species in yellow onion

pulp and skin, and red onion pulp and skin (mg g21 dry weight),

(a) before and (a) after enzymatic deglycosylation (n = 2). The

concentration of the various components was calculated using a

quercetin standard calibration curve with morin as internal standard

and detection at 350 nm. Hence, the results are only approximate, since

quercetin has a different absorption coefficient than its glycosides. For

abbreviations, see Fig. 2.
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obtained cell dry weight was typically 35 g L21 at the end of

the cultivation, with a total protein content of approximately

15 g L21. The cell pellet was dissolved in binding buffer

(20 mM Tris-HCl, 0.75 M NaCl, 20 mM imidazole, pH 7.5)

and lysed in a Gaulin 60 high pressure homogenizer (APV-

Schröder, Lübeck, Germany) at 600 bar (3 cycles). The crude

extract was obtained by centrifugation at 27 000 6 g, 4 uC,

30 min. After heat treatment at 70 uC for 40 min, the protein

fraction was centrifuged twice at 27 000 6 g, 4 uC, 30 min.

The His-tagged recombinant proteins were purified by

immobilized metal ion affinity chromatography (IMAC).

Onto a column containing 30 mL IDA-linked DEAE

Sepharose CL-6B (Amersham Biosciences, Uppsala,

Sweden), 60 mL of 5 mg mL21 copper sulfate was applied

and the matrix was subsequently washed with 120 mL ultra-

filtrated deionized water. Next the column was equilibrated

with 150 mL binding buffer before the heat-treated protein

solution (300 mL) was loaded by gravitational flow. Unbound

proteins were washed off by 90 mL binding buffer. The His-

tagged b-glucosidase was eluted by passing through 80 mL

20 mM Tris-HCl, 250 mM imidazole, 0.75 M NaCl, pH 7.5,

and collected in 10 mL fractions. The purified b-glucosidases

were dialyzed extensively towards 20 mM citrate phosphate

buffer, pH 5.6, in a Spectra/Por Membrane WMCO 3500

(Spectrum Laboratories, Rancho Dominguez, CA, USA)

before protein estimation. The protein content in the purified

protein sample was estimated by the BCA-copper method with

BSA as standard (Sigma, Steinheim, Germany). SDS-PAGE

according to Laemmli42 was used to analyze the purity of the

enzyme, and the expected molecular weight of TnBgl1A

(52.6 kDa) and TnBgl3B (82.2 kDa) was confirmed by

comparing the migration with those of the protein standard

Precision Plus (BioRad, Sundbyberg, Sweden).

Experimental design

Response surface designs were used to optimize both the

subcritical water extraction method and the enzymatic

hydrolysis method (see below). The software Minitab1

(Release 14.1) was used to evaluate the data. Two factors

were studied in both designs (extraction cycles, 1, 2 and 3;

and temperature, 40, 90 and 120 uC, in the subcritical water

extraction method and pH, 3.0, 5.0 and 7.0; and temperature,

40, 65 and 90 uC, in the enzymatic hydrolysis method). Two

replicates and three central points were used, giving a total

number of runs of 18 in both designs.

Subcritical water extraction

Ten grams of onion samples were weighed into 33 mL stainless

steel extraction cells containing a cellulose filter at the bottom.

Extractions were performed on a Dionex ASE1-200 pres-

surized fluid extraction system (Dionex, Sunnyvale, CA, USA)

using water as the only solvent. The pressure was set to 50 bar

and the initial heating lasted for 5 min. One to three extraction

cycles (steps) of five minutes each were used in a response

surface design aiming at optimizing the extraction yield of

quercetin and its glycosides from onion waste. Extraction

temperatures of 40 to 160 uC were also investigated (in the

response surface design 40, 90 and 120 uC). The optimized final

method used three extraction cycles and 120 uC extraction

temperature. Purging between extractions was performed with

nitrogen. Collection was accomplished in 100 mL clear glass

vials. The volumes of the aqueous extracts were determined by

weighing the collection vials before and after the extraction,

and were around 40 to 50 mL.

Enzymatic hydrolysis

Enzymatic hydrolysis was achieved by taking 1.2 mL of onion

extract and mixing with 300 mL citrate phosphate buffer

(0.1 M). The buffer was prepared by mixing citric acid

monohydrate (0.1 M) with disodium hydrogen phosphate

Na2HPO4 (0.2 M) in different proportions depending on the

pH: 79.5, 48.5 and 17.6 vol% of citric acid monohydrate for

pH 3.0, 5.0 and 7.0, respectively. The effect of these pH values

on the quercetin yield in the enzymatic hydrolysis reaction was

investigated in a response surface design. In the same design,

the effect of reaction temperature was also studied (40, 65 and

90 uC). After heating to the desired reaction temperature for

5 min, an initial 100 mL fraction was taken and thereafter the

reaction was started by adding the enzyme. The reaction took

place during magnetic stirring and controlled heating, and

samples of 100 mL were collected during the course of the

reaction. To each collected 100 mL fraction, 400 mL formic acid

(0.25%), 100 mL morin (50 mg mL21, internal standard in

methanol) and 400 mL methanol were added. These vials were

analyzed by HPLC.

The optimized method used a buffer of pH 5.0 and reaction

temperature of 90 uC. Five microlitres of TnBgl3B was used to

catalyze the reaction during a reaction time of 10 min.

Conventional extraction/hydrolysis

Conventional extraction/hydrolysis was performed by adding

30 mL of methanol–2.4 M HCl (1 : 1) and a small amount

of ascorbic acid (y20 mg) to 5 g of onion waste and letting

it boil at 80 uC (ambient pressure) for 2 hours with stirring

and occasional shaking.40 The extraction slurry was allowed

to reach room temperature and then filtered through a

Munktell’s paper filter (0A, 12.5 cm). The volume was made

up to 50 mL with methanol–water (1 : 1). Thereafter, 100 mL

was taken and mixed with 400 mL water, 100 mL morin

(50 mg mL21, internal standard in methanol) and 400 mL

methanol. These vials were analyzed by HPLC.

Enzyme specificity

Enzyme specificity of TnBgl1A and TnBgl3B were determined

for two of the substrates, quercetin-3-glycosides and quercetin-

49-glycoside, of which the latter was prepared from onion

extracts using preparative HPLC. Substrates dissolved in

methanol (y30 mg or y65 nmol of each) were evaporated

and 1 mL of citrate phosphate buffer (0.1 M, pH 5.0) was

added. After stirring for 5 min at 90 uC, an initial 50 mL

fraction was taken and thereafter the reaction was started by

adding the enzyme. The enzyme concentrations used in this

experiment was 35.7 and 55.9 mg mL21, for TnBgl1A and

TnBgl3B, respectively. Five microlitres of enzyme was used,

i.e. 3.4 and 3.5 pmol, respectively. The reaction took place
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during magnetic stirring, and fractions of 50 mL were collected

after 5, 10, 15, 30 and 60 min of reaction. To each collected

50 mL fraction, 50 mL morin (50 mg mL21, internal standard in

methanol) and 900 mL of mobile phase were added. These vials

were analyzed by HPLC-UV.

HPLC analysis

Two RP-HPLC systems were used during this study, one

system with UV detection and one system with both UV and

MS detection in parallel.

HPLC-UV analysis was performed using a chromatographic

system composed of a Jasco HPLC pump (Jasco Scandinavia,

Mölndal, Sweden), an HP 1050 autosampler (Agilent

Technologies, Kista, Sweden) and a Waters 490E UV detector

(Waters, Sollentuna, Sweden). A Waters Symmetry C18

column (150 6 2.1 mm, 3.5 mm) was used for separation

with a methanol–water–formic acid (50 : 50 : 0.1) mobile phase

at a flow rate of 0.15 mL min21. Ten microlitre portions

were injected and detection was accomplished at 350 nm.

Quantification of quercetin was performed using a four-point

calibration curve of a quercetin dihydrate standard (obtained

from Sigma–Aldrich, Steinheim, Germany) at concentrations

between 2 and 40 mg mL21. Each vial taken to analysis had a

total volume of 1 mL and contained an internal standard,

morin (Sigma–Aldrich), at a concentration of 5 mg mL21.

Estimation of quercetin glycoside composition in different

onion parts, the same quantification procedure was applied,

although the absorbency of the glycosides was not identical to

that obtained with quercetin.

LC-UV-MS/MS analysis was accomplished using a similar

chromatographic system but with a manual Rheodyne injector

instead of an autosampler. A QTrap linear ion trap mass

spectrometer (Applied Biosystems, MDS Sciex, Toronto,

Canada) equipped with a pneumatically assisted ESI interface

was used. The effluent from the column was split in a Valco-tee

connection (Valco International, Schenkon, Switzerland) using

two capillaries: one 40 cm silica capillary (i.d. 51 mm) from

Polymicro Technologies (Phoenix, AZ, USA) resulting in a

flow rate of around 5 mL min21 into the MS, and one 15 cm

peek tubing (i.d. 0.25 mm) (Scantec Lab, Partille, Sweden)

giving a flow rate of slightly less than 0.15 mL min21 into the

UV detector. The ion spray voltage and declustering potential

were typically set to 5000 and 50 V respectively. The nebulizer

and curtain gas (boil off from liquid nitrogen) were set to 25

and 15 psi, respectively. An information dependent acquisition

(IDA) experiment was performed in positive ion mode, which

for each chromatographic run involved: (i) enhanced MS scan

(EMS) covering a mass range of 200–1000 amu; (ii) enhanced

product ion scan (EPI) on four selected parent ions in the

above mass range with a collision energy (CE) set to 40 eV and

a collision gas pressure (CAD) set to high (4 6 10-5 Torr). A

scan rate of 4000 amu s21 with a step size of 0.12 amu was used

for both types of scans.
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41 L. d. Maré, S. Velut, E. Ledung, C. Cimander, B. Norrman,
E. N. Karlsson, O. Holst and P. Hagander, A cultivation technique
for E. coli fed-batch cultivations operating close to the maximum
oxygen transfer capacity of the reactor, Biotechnol. Lett., 2005,
27(14), 983–990.

42 U. Laemmli, Cleavage of structural proteins during assembly of the
head of bacteriophage T4, Nature, 1970, 227(5259), 680–685.

This journal is � The Royal Society of Chemistry 2006 Green Chem., 2006, 8, 949–959 | 959

D
ow

nl
oa

de
d 

on
 0

8 
N

ov
em

be
r 

20
10

Pu
bl

is
he

d 
on

 3
1 

A
ug

us
t 2

00
6 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/B
60

80
11

A
View Online

http://dx.doi.org/10.1039/B608011A


A green route to b-amino alcohols via the uncatalyzed aminolysis of
1,2-epoxides by alkyl- and arylamines

Simona Bonollo, Francesco Fringuelli,* Ferdinando Pizzo* and Luigi Vaccaro

Received 30th May 2006, Accepted 18th July 2006

First published as an Advance Article on the web 10th August 2006

DOI: 10.1039/b607620c

Under mildly basic and pH-controlled aqueous conditions the aminolysis of 1,2-epoxides 1a–g by

alkyl- and arylamines 2a–k is generally highly regioselective giving the corresponding b-amino

alcohols in satisfactory to excellent yields.

Water is playing an important role in the development of new

synthetic processes both by improving their chemical efficiency

and by reducing their environmental impact.1

The aminolysis of 1,2-epoxides is an important synthetic

tool which furnishes the direct access to b-amino alcohols, that

are an undoubtedly important class of molecules in organic

synthesis.2

The oxirane ring-opening by an amine is a widely studied

process and the use of a large number of metal catalysts has

been investigated.3 However, the results have never been

completely satisfactory due to typical limitations of these

procedures (high temperatures, large amounts of catalysts,

hazardous solvents, formation of bis-adducts). Surprisingly,

water has been scarcely used as reaction medium for this

transformation.4

Aminolysis of 1,2-epoxides with arylamines has been

recently performed in water in the presence of 1,4-diazabicycl-

[2.2.2]octane (DABCO),4d triethylamine,4d and b-cyclo-

dextrin.4e In addition, a kinetic study and an investigation

on the distribution of mono-, di-, and trisubstituted products,

carried out in water and in the absence of any catalyst, already

appeared more than thirty years ago.4a,b Recently, Azizi and

Saidi4c reported excellent results on the aminolysis of aliphatic

1,2-epoxides with aliphatic amines in water. In this paper it

has also been reported that aniline and p-isopropylaniline

reacted only with styrene oxide, while with other aryl amines

and 1,2-epoxides only discouraging results were obtained.

In summary, the few data reported in the literature suggest

that an efficient protocol for the uncatalyzed aminolysis of

1,2-epoxides by aromatic amines in water is desirable.

In the last few years, we have been working on the chemistry

of 1,2-epoxide in water5 and under solvent-free conditions,6

and we have demonstrated that by an accurate choice of

the pH-conditions of the aqueous medium, the efficiency

of the oxirane ring-opening reactions can be significantly

increased.5,6

Accordingly, we have started a study aimed at the

optimization of the aminolysis of 1,2-epoxides in water. On

the basis of our previous experience,5,6 we have ascertained

that the pH value of the aqueous medium plays a crucial role

in determining the efficiency of this process. Surprisingly, in

the literature devoted to the study of this reaction in aqueous

medium, the pH has never been taken into account.4 We

believe that by controlling the pH of the aqueous medium,

the aminolysis of 1,2-epoxides by aryl amines can also be

performed efficiently.

In our study, we have considered the reactions of

1,2-epoxides 1a–g with the amines 2a–k.

We have initially performed the aminolysis of cyclohexene

oxide (1a) with aniline (2a) in water for which divergent results

have been reported.4d,e The results are reported in Table 1.

Under acidic conditions (pH 5.0) at 30 uC, even if the

oxirane ring is in principle activated7 and the aniline (2a) is

present in a deprotonated form at a sufficient concentration,

the aminolysis reaction leading to trans-2-(N-phenylamino)-

cyclohexanol (3a) was very slow (100 h for 90% conversion)

and accompanied by the hydrolysis of 1a with the formation of

the corresponding trans-1,2-cyclohexanediol (20%) (Table 1,

entry 1). Under neutral conditions the reaction was faster

and the trans-1,2-cyclohexanediol was not formed (Table 1,

entry 2). By performing this process under slightly basic

conditions (pH 8 and 10), the reaction time, for the 90–95%

conversion of 1a to 3a, was reduced to 25 h (Table 1, entries 3

and 5, respectively).

CEMIN—Centro di Eccellenza Materiali Innovativi Nanostrutturati,
Dipartimento di Chimica, Università di Perugia, Via Elce di Sotto,
8 06123, Perugia, Italia. E-mail: pizzo@unipg.it; frifra@unipg.it;
Fax: +39 075 5855560; Tel: +39 075 5855558

Table 1 Aminolysis of cyclohexene oxide (1a) by aniline (2a)

Entry pH T/uC t/h Conversiona (%)

1 5.0 30 100 90b

2 7.0 30 45 90
3 8.0 30 25 90
4 8.30c 30 25 90
5 10.0 30 25 95
6 8.0c 60 14 95d

7 —e 30 120 5
8 — (in MeCN) 30 120 ,1
a Conversion measured by GLC analyses, the remaining material
was the unreacted 1a. b 20% of trans-1,2-cyclohexandiol was formed.
c pH obtained by mixing 1.0 mmol of 1a and 1.02 mmol of 2a in
2.0 mL of deionized water. d 3a was isolated in 90% yield. e Under
solvent-free conditions
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It is noteworthy that when 1.0 mmol of 1a was mixed with

1.05 mmol of 2a in 2.0 mL of deionized water the resulting

pH value was 8.30, and in addition during the progress of

the aminolysis process, little change of pH was observed.

Therefore, we have identified as the optimal pH reaction

conditions just those resulting from the simple mixing of the

reagents (pH 8.30) (Table 1, entry 4).

Finally, when the aqueous mixture of 1a and 2a was

warmed at 60 uC the resulting pH was 8.0 and after 14 h

the product 3a was isolated in 90% yield (Table 1, entry 6).

Very little conversion was obtained by performing this

reaction in MeCN or under solvent-free conditions (Table 1,

entries 7 and 8).

In summary, the reaction of 1a with 2a in water at 60 uC,

performed by simply mixing the reagents, was complete in an

acceptable time, avoiding the use of any catalyst and making

this procedure very economical and efficient. b-Amino alcohol

3a was the only product and no traces of bis-adduct coming

from the attack of 3a to another molecule of 1,2-epoxide 1a

was detected.

This protocol was extended to the aminolysis of alkyl

1,2-epoxides 1b–f by aniline (2a) and the results are reported in

Table 2.

The pH of the aqueous mixture of 1,2-epoxide 1b–f

(1.0 mmol) with 2a (1.02 mmol) at 60 uC was already adequate

for a successful aminolysis. Under these reaction conditions all

the transformations proceeded with acceptable reaction times.

In the case of 1b, c, and f the bis-adduct coming from attack

of the product 3 to the b-carbon of another molecule of the

1,2-epoxide, was generally negligible (5% of the reaction

mixture, Table 2, entries 1, 2, and 6), while with 1d bis-adduct

product was totally absent (Table 2, entry 3). Only in the case

of 1e the corresponding bis-adduct formed in a relevant

amount (15%, Table 2, entry 4) but by using 2.0 mol equiv. of

aniline (2a) was reduced to 8% of the reaction products

mixture (Table 2, entry 5). The attack of aniline (2a) to alkyl

1,2-epoxides occurred regioselectively at the less substituted

C-b carbon and in all the cases the b-amino alcohols were

isolated in satisfactory yields (70–90%).

Our synthetic study was further completed by performing

the aminolysis of 1g by using a variety of amines (2a–k). The

results obtained are reported in Table 3.

The aqueous mixture of 1g and one of the alkylamines 2b–d

was strongly basic (pH 11–12) and in these cases aminolyses of

1g with 2b–d were very efficient giving the complete conversion

to products 5b–d and 6b–d in reasonable times (9–19 h) and

without formation of any by-products and with a preferential

C-b regioselectivity (Table 3, entries 1–3).

In the case of 2-picolylamine (2e), when the reagents were

used in equimolar amounts, 15% of the bis-adduct coming

from the attack of 5e to the b-carbon of 1g was found (Table 3,

entry 4). This product was reduced to 5% of the reaction

mixture by using 2.0 mol equiv. of 2e (Table 3, entry 5).

Also, the reaction of 1g with aniline (2a) and with electron-

rich anilines 2f and 2g could be performed with high yields at

the pH resulting from the mixing of equimolar amounts of

reagents (Table 3, entries 6–8). In these cases a reversed

regioselectivity was observed with respect to that obtained in

the case of aliphatic amines.

The reactions of styrene oxide (1g) with poorly nucleophilic

amines 2h–k at the pH resulting from the mixing of equimolar

amounts of 1g and the appropriate amines gave large amounts

of the corresponding 1-phenyl-ethane-1,2-diol (36–50% of the

product mixtures) (Table 3, entries 9, 11, 13, and 15). By

working at pH 10.0 and by using 2.0 molar equiv. of the

amine the problem was overcome and satisfactory yields of

the isolated products were obtained (Table 3, entries 10, 12, 14,

and 16).

As for the aminolysis by electron-rich anilines a C-a

regioselectivity was observed.

The regioselectivities in the aminolysis of 1,2-epoxides in

water are similar to those obtained in the azidolysis and

thiolysis performed in water under basic conditions.5b,c,7

Arylamines preferentially attack the C-b of alkyl epoxides

while in the case of styrene oxide (1g), the C-a benzylic carbon

is preferred according to an SN2 borderline mechanism.

Alkylamines, that posses a higher nucleophilic character than

aromatic amines, attack preferentially the less substituted C-b

carbon of 1g according to an SN2 mechanism.

In conclusion, the results obtained in this study show that in

water, a careful control of the pH conditions is essential for the

efficiency of the aminolysis of 1,2-epoxides and a protocol for

both alkyl- and arylamines has been defined. The procedure

reported avoids the use of both organic solvents and catalyst,

proving to be chemically efficient, economical, and environ-

mentally-friendly.

Table 2 Aminolysis of alkyl-1,2-epoxides 1b–f by aniline (2a)
(1.02 equiv.) in water at 60 uC

Entry 1,2-Epoxide pH t/h 3/4a Bis-adductsb Y (%)c

1 8.0 40 93/7 5 80

2 8.1c 170 93/7 5 70

3 7.8 22 — — 78

4 8.4 17 99/1 15 70
5 8.4 17 99/1 8 80d

6 8.2 10 99/1 5 90

a Ratios evaluated by GLC analyses. b Evaluated by 1H NMR
analyses c Yield of the isolated b-amino alcohols products. d By
using 2.0 mol equiv. of 2a.
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Experimental

General

All chemicals were purchased and used without any further

purification. GC-EIMS analyses were carried out with 70 eV

electron energy. 1H NMR and 13C NMR spectra were

recorded at 200 MHz or 400 MHz, and at 50.3 or 100.6 MHz

respectively, using a convenient deuterated solvent (reported

below) and the residual peak as internal standard, or TMS in

the case of CDCl3. All melting points are uncorrected. Thin

layer cromatography analyses were performed on silica gel on

aluminium plates and UV and/or KMnO4 were used as

revealing agents. Column chromatographies were performed

by using silica gel 230–400 mesh and eluting as reported below.

b-amino alcohols 3a,1 3b,2 3d,1 3e,3 3f,2 5b,4 5d,5 5e,7 6a,3 6b,6

6d,3 6e,7 and 6g6 are known compounds, b-amino alcohols 6f

and 6k have been already prepared but spectroscopic data

have not been reported, b-amino alcohols 3c, 5c, 6h, 6i, 6j are

new compounds. Characterization data (1H NMR, 13C NMR,

GC-EIMS, mp, and elemental analyses) for b-amino alcohols

3c, 5c, 6f, 6h–k are reported below.

Representative experimental procedure. Aminolysis of 1,2-

hexadecene oxide (1c) by aniline (2a): in a screw capped

vial equipped with a magnetic stirrer, aniline (2a) (0.190 g,

2.04 mmol) and 1,2-hexadecene oxide (1c) (0.481 g, 2.0 mmol)

were consecutively added in water (4 mL) and the resulting

mixture was left under vigorous stirring at 60 uC for 170 h.

The mixture was basified with NaOH 5 M until pH 10 and

extracted with AcOEt (2 6 4 mL). The combined organic

layers were dried over anhydrous Na2SO4. The solvent

was evaporated and the crude product was charged on a

triethylamine pretreated silica gel column chromatography

(diethyl ether/petroleum ether 3/7; silica/sample: 60 : 1). Pure

1-(phenylamino)hexadecan-2-ol (3c) was isolated as a white

solid (70% overall yield 3c + 4c, 0.466 g).

1-(Phenylamino)hexadecan-2-ol (3c)

Isolated in 70% overall yield 3c + 4c. White solid, mp = 57–

59 uC (diethyl ether/petroleum ether 3/7). 1H NMR (CDCl3)

d = 0.88 (t, 3H, J = 6.6 Hz); 1.20–1.40 (m, 23H); 1.40–1.60 (m,

3H); 2.99 (dd, 1H, J = 8.6, 12.8 Hz); 2.80–3.20 (bs, 1H); 3.26

(dd, 1H, J = 2.9, 12.8 Hz); 3.80–3.90 (m, 1H); 6.66 (d, 2H, J =

8.2 Hz); 6.74 (t, 1H, J = 7.2 Hz); 7.18 (t, 2H, J = 7.6 Hz). 13C

NMR (CDCl3) d = 148.1, 129.3, 118.1, 113.5, 70.3, 50.5, 35.1,

31.9, 29.7, 29.6, 29.4, 25.6, 22.7, 14.1. Anal. calc. for

C22H39NO: C, 79.22; H, 11.79; N, 4.20; O 4.80. Found: C,

79.19; H. 11.88; N, 4.26. GC/EIMS (m/z): 333 (M+, 16), 107

(13), 106 (100).

2-(Hexadecylamino)-1-phenylethanol (5c)

Isolated in 75% overall yield 5c + 6c. White solid, mp = 83–

85 uC (diethyl ether). 1H NMR (CDCl3) d = 0.88 (t, 3H, J =

6.8 Hz); 1.20–1.40 (m, 25H); 1.40–1.60 (m, 3H); 2.20–2.80 (bs,

2H); 2.60–2.80 (m, 3H); 2.90 (dd, 1H, J = 3.6, 12.2 Hz); 4.73

(dd, 1H, J = 3.6, 9.1 Hz); 7.20–7.45 (m, 5H). 13C NMR

(CDCl3) d = 142.2, 128.4, 127.6, 125.8, 71.1, 56.9, 49.3, 31.9,

29.7, 29.4, 29.3, 27.1, 22.7, 14.1. Anal. calc. for C24H43NO: C,

Table 3 Aminolysis of styrene oxide (1g) with alkyl- and arylamines
2a–k in water at 60 uC

Entry Amine pH t/h 5/6 Yield (%)a

1 12 9b 63/37 90

2 11 12b 83/17 75

3 11 19b 60/40 80

4 11 8b 43/57 —
5 11 8c 43/57 77

6 8.1 15b 16/84 93

7 7.7 7b 14/86 85

8 7.5 2b 12/88 90

9 7.1 9b 20/80 —d

10 10e 7c 18/82 70

11 6.1 19b 8/92 —f

12 10e 24c 8/92 70

13 7.3 19b 14/86 —g

14 10e 11c 14/86 90

15 7.1 35b 11/89 —h

16 10e 26c 11/89 70

a Yield of the isolated products 5/6. b 1.05 molar equiv. of amine.
c 2.0 molar equiv. of amine. d 36% of diol was formed. e Obtained
by adding a few drops of NaOH 5 M aqueous solution. f 50%
of diol was formed. g 43% of diol was formed. h 39% of diol was
formed.
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79.72; H, 11.99; N, 3.87. Found: C, 79.93; H. 11.64; N, 3.71.

GC/EIMS (m/z): 362 (M+, 1), 255 (25), 254 (100), 44 (20).

2-(39-Methoxyphenylamino)-2-phenylethanol (6f)

Isolated in 85% overall yield 5f + 6f. Yellow oil. 1H NMR

(CDCl3) d = 3.68 (s, 3H); 3.79 (dd, 1H, J = 7.1, 11.2 Hz); 3.94

(dd, 1H, J = 4.1, 11.2 Hz); 4.50 (dd, 1H, J = 4.1, 7.1 Hz); 6.15

(d, 1H, J = 2.0 Hz); 6.23 (dd, 1H, J = 1.4, 8.1 Hz); 6.27 (dd,

1H, J = 2.0, 8.1 Hz); = 7.01 (t, 1H, J = 8.1 Hz); 7.20–7.50 (m,

5H). 13C NMR (CDCl3) d = 160.6, 148.0, 139.6, 129.9, 128.8,

127.7, 126.8, 107.3, 103.6, 100.3, 67.1, 60.4, 55.0. Anal. calc.

for C15H17NO2: C, 74.05; H, 7.04; N, 5.76. Found: C, 74.41;

H. 6.82; N, 5.96. GC/EIMS (m/z): 243 (M+,19), 137 (17), 136

(100), 77 (14).

2-(Napht-19-ylamino)-2-phenylethanol (6h)

Isolated in 70% overall yield 5h + 6h. Orange solid, mp = 127–

130 uC (diethyl ether/petroleum ether 3/7). 1H NMR (CDCl3)

d = 1.50–2.00 (bs, 1H); 3.92 (dd, 1H, J = 6.9, 11.2 Hz); 4.10

(dd, 1H, J = 4.1, 11.2 Hz); 4.69 (dd, 1H, J = 4.1, 6.9 Hz); 6.39

(d, 1H, J = 6.7 Hz); 7.10–7.40 (m, 5H); 7.40–7.55 (m, 4H);

7.80–7.90 (dd, 1H, J = 2.6, 6.9 Hz); 8.00–8.15 (m, 1H). 13C

NMR (CDCl3) d = 142.0, 139.7, 134.3, 128.9, 128.7, 127.7,

126.7, 126.4, 125.7, 124.9, 123.8, 120.0, 118.0, 106.7, 67.5, 60.0.

Anal. calc. for C18H17NO: C, 82.10; H, 6.51; N, 5.32. Found:

C, 82.42; H. 6.38; N, 5.17. GC/EIMS (m/z): 263 (M+, 15), 233

(22), 232 (100), 127 (13).

2-(29-Cyanophenylamino)-2-phenylethanol (6i)

Isolated in 70% overall yield 6i + 5i. Yellow liquid. 1H NMR

(CDCl3) d = 2.30–2.55 (bs, 1H); 3.83 (dd, 1H, J = 7.0, 11.2 Hz);

3.97 (dd, 1H, J = 4.2, 11.2 Hz); 4.55–4.65 (m, 1H); 5.45 (d, 1H,

J = 4.9 Hz); 6.43 (d, 1H, J = 8.5 Hz); 6.64 (t, 1H, J = 7.5 Hz);

7.15–7.50 (m, 7H). 13C NMR (CDCl3) d = 149.5, 138.9, 134.0,

132.7, 128.9, 127.9, 126.5, 117.9, 117.1, 112.3, 96.4, 66.8, 59.4.

Anal. calc. for C15H14N2O: C, 75.61; H, 5.92; N, 11.76. Found:

C, 75.92; H. 5.64; N, 11.79. GC/EIMS (m/z): 238 (M+, 3), 208

(21), 207 (100), 129 (24), 102 (10).

2-(29-Fluorophenylamino)-2-phenylethanol (6j)

Isolated in 90% overall yield 5j + 6j. White solid, mp = 75–

78 uC (diethyl ether/petroleum ether 3/7). 1H NMR (CDCl3)

d = 1.60–2.00 (bs, 1H); 3.77 (dd, 1H, J = 7.0, 11.2 Hz);

3.94 (dd, 1H, J = 4.2, 11.2 Hz); 4.51 (dd, 1H, J = 4.2, 7.0 Hz);

4.60–4.90 (bs, 1H); 6.46 (dt, 1H, J = 1.5, 8.4 Hz); 6.55–

6.62 (m, 1H); 6.82 (dt, 1H, J = 0.7, 7.8 Hz); 6.97 (ddd, 1H,

J = 1.4, 8.0, 11.8 Hz); 7.20–7.40 (m, 5H). 13C NMR (CDCl3)

d = 151.8, 139.7, 135.6, 128.9, 127.7, 126.6, 124.4, 117.3,

114.4, 113.6, 67.2, 59.6. Anal. calc. for C14H14FNO: C, 72.71;

H, 6.10; F 8.21; N, 6.06. Found: C, 72.32; H. 6.36; F 8.47;

N, 6.28. GC/EIMS (m/z): 231 (M+, 7), 201 (20), 200 (100),

122 (24).

2-(49-Bromophenylamino)-2-phenylethanol (6k)

Isolated in 70% overall yield 5k + 6k. Yellow liquid. 1H NMR

(CDCl3) d = 3.66 (dd, 1H, J = 7.0, 11.1 Hz); 3.86 (dd, 1H,

J = 3.7, 11.1 Hz); 4.38 (m, 1H); 6.39 (d, 2H, J = 8.5 Hz); 7.13

(d, 2H, J = 8.5 Hz); 7.20–7.40 (m, 5H). 13C NMR (CDCl3) d =

146.1, 139.5, 131.7, 128.8, 127.7, 126.6, 115.3, 109.4, 67.1, 59.7.

Anal. calc. for C14H14BrNO: C, 57.55; H, 4.83; Br 27.35 N,

4.79. Found: C, 57.49; H. 4.78; Br, 27.38; N, 4.73. GC/EIMS

(m/z): 293 (M+, 7), 263 (15), 262 (98), 261 (17), 260 (100), 183

(11), 181 (14), 180 (12), 157 (10), 77 (10).
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(MIUR) and the Università degli studi di Perugia (within the

funding projects: COFIN, COFINLAB (CEMIN) and FIRB

2001) are thanked for financial support.

References

1 (a) P. T. Anastas, Green Chemistry: Theory and Practice, Oxford
University Press, Oxford, 1998; (b) C. J. Li and T. H. Chang,
Organic Reactions in Aqueous Media, Wiley, New York, 1997; (c)
Organic Synthesis in Water, ed. P. A. Grieco, Blackie Academic and
Professional, London, 1998; (d) F. Fringuelli, O. Piermatti, F. Pizzo
and L. Vaccaro, Eur. J. Org. Chem., 2001, 439–455; (e) U. M.
Lindström, Chem. Rev., 2002, 102, 2751–2772; (f) C. J. Li, Chem.
Rev., 2005, 105, 3095–3165.

2 (a) D. J. Ager, I. Prakash and D. R. Schaad, Chem. Rev., 1996, 96,
835–876; (b) S. C. Bergmeier, Tetrahedron, 2000, 56, 2561–2576; (c)
H. -S. Lee and S. H. Kang, Synlett, 2004, 1673–1685.

3 (a) G. H. Posner and D. Z. Rogers, J. Am. Chem. Soc., 1977, 99,
8208–8214; (b) M. Chini, P. Crotti and F. Macchia, Tetrahedron
Lett., 1990, 31, 4661–4664; (c) Y. Yamamoto, N. Asao, M. Meguro,
N. Tsukade, H. Nemoto, N. Adayari, J. G. Wilson and
H. Nakamura, J. Chem. Soc., Chem. Commun., 1993, 1201–1203;
(d) U. M. Lindström and P. Somfai, Synthesis, 1998, 109; (e)
G. Sekar and V. K. Singh, J. Org. Chem., 1999, 64, 287–289; (f)
S. Sagava, H. Abe, Y. Hase and T. Inaba, J. Org. Chem., 1999, 64,
4962–4965; (g) M. Curini, F. Epifano, M. C. Marcotullio and
O. Rosati, Eur. J. Org. Chem., 2001, 4149–4152; (h) K. Fagnou and
M. Lautens, Org. Lett., 2000, 2, 2319–2321; (i) L. D. Pachón,
P. Gamez, J. J. van Bassel and J. Reedijk, Tetrahedron Lett., 2003,
44, 6025–6027; (j) A. K. Chakraborti and A. Kondaskar,
Tetrahedron Lett., 2003, 44, 8315–8319; (k) P.-Q. Zhao, L.-W. Xu
and C.-G. Xia, Synlett, 2004, 846–850; (l) R.-H. Fan and X.-L. Hou,
J. Org. Chem., 2003, 68, 726–730; (m) A. Kamal, R. Ramu,
M. Amerudin Azhar and G. B. Ramesh Khanna, Tetrahedron Lett.,
2005, 46, 2675–2677; (n) F. Carree, R. Gil and J. Collin, Tetrahedron
Lett., 2004, 45, 7749–7751; (o) G. Sundrarajan, K. Vijayakrishna
and B. Varghese, Tetrahedron Lett., 2004, 45, 8253–8256; (p)
J. R. Rodriquez and A. Navarro, Tetrahedron Lett., 2004, 45,
7495–7498; (q) M. M. Mojtahedi, M. R. Saidi and M. Bolourtchian,
J. Chem. Res., Synop., 1999, 128–129; (r) U. Das, B. Crousse,
V. Kesavan, D. Bonnet-Delpon and J. -P. Bégué, J. Org. Chem.,
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Metal complexes of polydimethylsiloxane-derived ligands can be adsorbed onto silica and

subsequently reduced in-situ in supercritical CO2 (scCO2) to generate metal nanoparticles. Pd

nanoparticles on silica, generated during C–C coupling reactions in scCO2, can be recycled several

times without any loss in activity. Focusing on Heck and Suzuki coupling reactions, the products

showed no contamination of the organic products with Pd using quantitative ICP emission

spectroscopy. The use of scCO2 prevents the desorption of the Pd nanoparticles from their

support. Build-up of ammonium salts as by-products in these coupling reactions leads to reduced

activity for these heterogeneous catalysts after four runs.

Introduction

Palladium catalysed coupling reactions have been the subject

of intensive research over the last twenty years.1–3 The main

use of these reactions is to create biaryls. The Suzuki reaction,

reaction of aryl or vinyl halides or triflates with boronic

acids, is of particular importance to the pharmaceutical and

agrochemical industries. For example, it is used in the

industrial production of Losartan, a Merck antihypertensive

drug.4 The Heck reaction, which results in C–C bond

formation between alkenes and aromatic rings, is used in at

least five commercial processes on a scale in excess of 1 ton per

year.5 Attempts to perform these reactions more cleanly can

be divided into two areas, the use of supported/recyclable

catalysts and the use of environmentally benign media.

Recent reports on palladium based heterogeneous catalysts

for these reactions include Suzuki couplings using Pd/C in

DMF/water,6 continuous Heck and Suzuki reactions using

Pd(0) within ion-exchange resins using N-methylpyrrolidinone

or DMF/water as the solvent, biomaterial supported Pd in

xylene for Suzuki and Heck reactions,7,8 and nanosized Pd

particles in silica or carbon aerogels for Heck reactions in

acetonitrile.9

A number of groups have performed ‘ligand-free’ Pd

catalysed Suzuki reactions in water.10,11 Suzuki reactions have

also been performed in PEG-400 and ionic liquids/water.12,13

Since the first reported Pd catalysed C–C bond forming

reactions in scCO2,14,15 a wide range of substrates and

substances have been transformed in this medium using

Pd.16,17 Recent examples include cyclotrimerization reactions

and C–N bond formations.18,19

More recently researchers have combined these areas of

green chemistry and have performed reactions using hetero-

geneous catalysts in benign media. For example, ‘‘solventless’’

Suzuki coupling reactions have been conducted using palla-

dium-doped potassium fluoride alumina,20 Pd/C has been used

as a recyclable catalyst in Suzuki cross-coupling reactions in

water,21 and polyurea-encapsulated Pd has been used in Heck,

Stille and Suzuki reactions in scCO2.22,23

In this paper, we describe the in situ preparation of Pd

nanoparticles on silica in scCO2 and the use of this material as

a recyclable catalyst for C–C bond forming reactions in scCO2.

Experimental

Reagents were purchased from Aldrich or Lancaster.

Palladium salts were purchased from Precious Metals Online

Ltd (Australia). Polydimethylsiloxane monocarbinol and

phenyl(tri-n-butyl)tin were purchased from ABCR Gelest.

Liquid reagents were deoxygenated by three freeze–pump–

thaw cycles prior to use. PDMS-PPh2, Fig. 1, Pd(PDMS-

PPh2)2Cl2 and Pd(PDMS-PPh2)2Cl2 on silica (supported

pre-catalyst), Fig. 2, were prepared according to literature

procedures.24

Toluene was dried over sodium-benzophenone, distilled

under argon and subsequently stored in ampoules under nitro-

gen. Deuterated chloroform was dried over CaH2, distilled and

then stored under nitrogen in the presence of molecular sieves.

Reaction mixtures and products were analysed on a Jeol EX

270 or a Bruker AMX-500 NMR spectrometer. 1H NMR

spectra were referenced to residual protons in the deuterated

solvent. DRIFT spectra were obtained on a IR Bruker

Equinox 55 equipped with a Specac Diffuse Reflectance

accessory. TEM was performed on a Tecnai 12 BIO TWIN

operating at 120 kV in the Biology Department at the

University of York. Simultaneous TGA, differential TGA

(DTGA) and DSC were conducted using a Stanton Redcroft

STA 625 GTA under a nitrogen atmosphere. ICP analyses was

performed on a UNICAM 701 Series Emission Spectrometer

by the Advanced Chemical and Materials Analysis service of

aDepartment of Chemistry, University of York, Heslington, York, UK
YO10 5DD. Fax: +44 (0)1904 432516
bGreen Chemistry and Catalysis Group, Department of Chemistry,
Memorial University of Newfoundland, St. John’s, NL, A1B 3X7,
Canada. E-mail: fkerton@mun.ca; Fax: +1 709 7373702;
Tel: +1 709 7378089
cCleaner Synthesis Group, Department of Chemistry, University of
Leeds, Leeds, UK LS2 9JT. Fax: +44 (0)113 3436565
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the University of Newcastle. Elemental analyses were per-

formed by Elemental Microanalysis Ltd, Devon.

In order to check the reproducibility of the catalytic

reactions and the recyclability of the catalyst, they were

performed at least twice. The average conversions from the

experiments are reported, Table 1.

Heck reaction using supported catalyst in toluene

A Schlenk tube was charged with the supported pre-catalyst

(0.80 g, 2 mol% Pd), toluene (18 mL), 4-iodotoluene (0.26 g,

1.2 mmol), methyl acrylate (0.50 g, 5 mmol), and N,N-

diisopropylethylamine (0.23 g, 1.78 mmol). The reaction

mixture was stirred for 3 h at 75 uC. Once cooled to room

temperature, the mixture was filtered under nitrogen, the

siliceous material retained for reuse and the solvent removed

under vacuum. The product-containing mixture was analyzed

by 1H NMR spectroscopy. The isolated orange-brown silica

was reused under the same conditions. Conversions were 96%

in run 1, 85% in run 2, 65% in run 3 and 10% in run 4.

Heck reaction using supported catalyst in scCO2

Using a glovebox or a Schlenk line, the supported pre-catalyst

(0.80 g, 2 mol% Pd), 4-iodotoluene (0.27 g, 1.2 mmol), methyl

acrylate (0.50 g, 5 mmol), N,N-diisopropylethylamine (0.23 g,

1.78 mmol) and a stir bar were placed in a 25 mL stainless steel

pressure vessel (Thar technologies). The vessel was sealed

and heated to 75 uC and stirred for 10 minutes. It was then

pressurised to 100 bar with carbon dioxide.{ This temperature

and pressure were maintained for 18 h. The vessel was allowed

to cool and was then vented into toluene (10 mL) under

nitrogen, washed with dry toluene and the contents filtered

inside the glovebox. The catalyst was dried under vacuum and

reused whilst avoiding contact with the air. Conversions were

98% in run 1 (or 55% if the reaction time was reduced to 3 h),

96% in run 2, 92% in run 3, 92% in run 4 and 48% in run 5. If

the reactions were worked-up in air, the conversion in run 2

was reduced to 41%.

Stille reaction using supported catalyst in toluene

A Schlenk tube was charged with the supported pre-catalyst

(0.40 g, 2 mol% Pd), toluene (18 mL), 4-aryl iodide (0.6 mmol),

phenyl(tri-n-butyl)tin (0.25 g, 0.6 mmol). The reaction mixture

was stirred for 3 h at 75 uC. Upon cooling to room tem-

perature, the mixture was filtered under nitrogen, the siliceous

material retained for reuse and the solvent was removed under

vacuum. The product-containing mixture was analyzed by 1H

NMR spectroscopy. The isolated orange-brown silica was

reused under the same conditions. Conversions were 100% in

run 1 and 96.5% in run 2 with iodotoluene, and 100% in run 1

and 100% in run 2 for iodoanisole.

Suzuki reaction using supported catalyst in toluene

A Schlenk tube was charged with the supported pre-catalyst

(0.80 g, 2 mol% Pd), toluene (18 mL), 4-iodotoluene (0.26 g,

1.2 mmol), phenylboronic acid (0.24 g, 2.5 mmol) and

N,N-diisopropylethylamine (0.23 g, 1.78 mmol). The reaction

mixture was stirred for 18 h at 75 uC. Upon cooling to room

temperature, the mixture was filtered and the solvent was

removed under vacuum. The product-containing mixture was

Fig. 1 Poly(dimethylsiloxane)-derived phosphine ligand, PDMS-PPh2.

Fig. 2 Proposed adsorption mechanism of PDMS-PPh2 complexes on silica through (a) hydrogen-bonding and (b) van der Waals interactions.

{ As with all processes under high pressure, appropriate safety
precautions must be taken.
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analyzed by 1H NMR spectroscopy. The isolated orange-

brown silica was reused under the same conditions.

Conversions were 95% in run 1 and 62.5% in run 2.

Suzuki reaction using supported catalyst in scCO2

The reactions were performed under similar conditions to the

Heck reaction using the supported catalyst in scCO2. However,

phenylboronic acid (0.24 g, 2.5 mmol) was used instead of

methyl acrylate. Conversions were 96% in run 1, 93% in run 2,

93% in run 3, 91% in run 4, 52% in run 5, 38% in run 6 and

12% in run 7.

Results and discussion

We have previously reported the synthesis of a range of

polydimethylsiloxane derived phosphine and phosphinite

ligands.24 These ligands are soluble in scCO2 and can be used

to catalyse C–C bond forming reactions in this medium.

During the course of this research, we discovered that these

ligands and their complexes adsorbed onto silica to afford

free-flowing powders and this provided an easy way to store

and manipulate these oily materials. The ligands adsorb onto

silica through the mechanisms previously reported for siloxane

based polymers, Fig. 2.25–28 Upon addition of oven-dried

silica to an orange hexane solution of complex Pd(PDMS-

PPh2)2Cl2, the solvent becomes colourless and the silica turns

yellow. Typically, 0.200 g of complex are adsorbed onto 2.00 g

of silica. No free ligand or complex are present in the

supernatant solvent when analysed by 1H NMR, 31P NMR

and FT-IR spectroscopies. Upon changing the solvents, the

complex remains adsorbed in non-polar solvents such as

hydrocarbons, whereas it quantitatively desorbs in ethers,

alcohols and acetonitrile.

Table 1 Coupling reactions and effect of catalyst recycling on conversions

Entry Substrates Reaction conditions Conversion

1 Toluene, 75 uC, 3 h, recycled under N2 Run 1–96%
Run 2–85%
Run 3–65%
Run 4–10%

2 CO2, 75 uC, 100 bar, 18 h, recycled under N2 Run 1–98%
Run 2–96%
Run 3–92%
Run 4–92%
Run 5–48%

3 CO2, 75 uC, 100 bar, 18 h, recycled in air Run 1–98%
Run 2–41%

4 Toluene, 75 uC, 3 h, recycled under N2 Run 1–100%
Run 2–97%

5 Toluene, 75 uC, 3 h, recycled under N2 Run 1–100%
Run 2–100%

6 Toluene, 75 uC, 3 h, recycled under N2 Run 1–95%
Run 2–63%

7 CO2, 75 uC, 100 bar, 18 h, recycled under N2 Run 1–96%
Run 2–93%
Run 3–93%
Run 4–91%
Run 5–52%
Run 6–38%
Run 7–12%
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Herein, we report on the thermal stability of the adsorbed

complex. Fig. 3 displays the TGA and differential TGA

(DTGA) (light grey solid and dotted curves respectively) for

the Pd supported pre-catalyst. The solid line is a mass loss

curve and the dotted line is the derivative of the mass loss

curve with respect to time. The derivative curve indicates that

there are two main mass loss events. The first is centred at

about 305 uC and the second at about 600 uC with weight

losses of 2.01 and 3.40% respectively. These peaks correspond

to the exothermic decomposition of the organic components in

the supported pre-catalyst. Since the catalyst loading on silica,

in this case, was 100 mg g21, this result shows that the pre-

catalyst degrades thermally to give Pd and silica. The thermal

weight loss corresponds to all the phosphorus, carbon,

hydrogen and chlorine degrading by this point. This correlates

with the results obtained from the elemental analysis of

Pd(PDMS-PPh2)2Cl2 (C, 39.91; H, 7.92; Cl, 1.87; O, 17.72;

P, 1.63; Pd, 2.81; Si, 28.14). This curve also indicates that the

supported pre-catalyst is thermally stable at temperatures

lower than 300 uC.

The differential scanning calorimetric (DSC) results for the

supported pre-catalyst are also shown in Fig. 3 (black graphs).

There are two endotherms observed for the hybrid catalyst in

the 100 to 300 uC regions. There are a few smaller ones after

this temperature. The first endotherm at about 100 uC is due to

evaporation of trace water. The second endotherm at 300 uC in

the DSC correlates with the first large weight loss in the TGA.

However, the DSC and TGA events do not seem to tie in at

around 600 uC, where the major weight loss (3.4%) is seen.

For this weight loss, no corresponding endotherm on the

differential DSC trace is observed. We propose that ligand

degradation is occurring at the lower temperature (around

300 uC). However, the gaseous products remain physisorbed

onto the surface of the metal and silica and then desorb

(endothermic event) at the higher temperature. At the same

time, the crystallization of the Pd into microdomains/

nanoparticles (exothermic event) is taking place and therefore,

these two processes cancel each other out in the DSC trace.

Pd(PDMS-PPh2)2Cl2 is an air-stable species; no change in its

spectroscopic data, particularly its 31P NMR spectrum, was

observed over a six month period when exposed to the air.

Therefore, the adsorbed species on silica can also be

considered air-stable prior to reaction. Pd(PDMS-PPh2)2Cl2
on silica (supported pre-catalyst) was screened in Heck, Suzuki

and Stille reactions in toluene and scCO2, as described in the

Experimental section.

When mixtures from Heck reactions performed in toluene

were filtered in air, the catalyst gave negligible conversions

when reused under the same conditions. The conversions were

45% in run 1, 3% in run 2, and 2% in run 3. 1H NMR spectra

of the crude product showed that some ligand leaching

occurred. Also, the low conversions using the recycled catalyst

indicated that the active species formed in situ was air-

sensitive. Therefore, the Heck reaction experiments in toluene

were repeated under a nitrogen atmosphere. The conversions

were improved; 96% in run 1, 85% in run 2, 65% in run 3 and

10% in run 4. However, ligand leaching was still evident,

indicating that the active catalyst does not have the PDMS-

derived phosphine bound. Although the conversions decreased

significantly during catalyst recycling, no palladium black

precipitate was seen in the products or in the silica.

For reactions in scCO2, the pressure vessel was loaded with

the silica supported pre-catalyst and reagents in a glovebox or

using a Schlenk line. The vessel was sealed, pressurised and

heated to the required temperature, Table 1. Upon cooling, the

vessel was vented into toluene under nitrogen using a Schlenk

line. Then, the vessel and its contents were washed with dry

toluene. The silica-based material was dried and reused. In the

Heck reaction, the conversions were 98% in run 1, 96% in

run 2, 92% in run 3, 92% in run 4 and 48% in run 5. The

diisopropylethylammonium iodide salt is not soluble in

toluene; therefore, it gradually built up on the supported

catalyst after each run and the weight of the recovered silica

increased. The colour of the catalyst changed from yellow to

grey during the third run and by the fifth run, it was white. The

dramatic drop in conversion for the fifth run can be attributed

to the covering of active sites on the Pd/silica catalyst with

diisopropylethylammonium iodide. The Pd particles became

inaccessible to the reagents and led to a considerable loss of

activity. DRIFT spectra, Fig. 5, confirmed the build up of the

ammonium salt. Attempts to remove this salt build up by

washing the catalyst with degassed and dried polar solvents

Fig. 3 TGA, DTGA (light grey graphs) and DSC thermographs (black graphs) of supported pre-catalyst.
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such as ethanol or acetone led to leaching of the Pd out of the

silica. After washing the catalyst with these solvents, Pd black

particles immediately started to precipitate from the mixture

and the resulting colourless silica did not show any catalytic

activity.

ICP analysis of the products was used to assess the extent of

any Pd leaching. The crude products from each run were

stirred with 10% HCl and were analysed using ICP for Pd

content. No Pd was detected. In previously reported examples

of supported Pd catalysts, preconditioning washing steps were

essential to remove loosely bound Pd and avoid Pd leaching

during the course of reaction.7,29,30 Therefore, it is particularly

noteworthy that no Pd leaching occurred in this study. We

propose that this is a result of using scCO2 as the solvent, as it

will have minimal interactions with the silica surface and

therefore, will not displace the Pd. However, the stabilization

of the nanoparticles on the silica by ammonium salts, as has

been reported for phosphine-free Pd catalysts,31 cannot be

ruled out.

The Suzuki reaction was also performed under similar

conditions to the Heck reaction above, but with phenylboronic

acid instead of methyl acrylate. The conversions were 96% in

run 1, 93% in run 2, 93% in run 3, 91% in run 4, 52% in run 5,

38% in run 6 and 12% in run 7. Similarly to the Heck reaction,

a considerable drop in yield was observed after the 4th run,

which can be attributed to the blocking of active sites.

Again, quantitative ICP analysis did not show any Pd in the

products. Stille couplings were also performed but only in

toluene to further demonstrate the utility of this system.

Interestingly, conversions remained high upon reuse, thus

providing further evidence for ammonium salts blocking

active sites, as no ancillary base is used in these catalytic

reactions. However, as the tin reagents used in these reactions

are toxic, and therefore not green, Stille couplings were not

performed in scCO2.

As there was evidence for leached ligand in the crude

products, Si–Me environments in the 1H NMR spectra, and no

leached palladium, it was likely that Pd nanoparticles had

formed and were catalysing the reactions. The leached ligand

can be adsorbed onto fresh silica when purifying the organic

products and can be reused if kept under a nitrogen

atmosphere. PDMS-PPh2 is air-sensitive and will oxidize to

the corresponding phosphine-oxide if exposed to air.

Recently, there have been significant advances in the use of

scCO2 in materials preparation and processing, particularly in

the production of metal nanoparticles.32–39 Practically, CO2-

soluble metal precursors are generally sprayed into a CO2

receiving solution containing a reducing agent such as

NaBH(OAc)3 or H2 and fluorocarbon stabilizing ligands to

produce metallic nanoparticles with sizes ranging from 1 to

15 nm, and TEM has been used widely to determine the range

and variation in particle size.36 TEM has also been used in

analyzing reaction mixtures for Pd nanoparticles in other

catalysed reactions.8,9,31,35,40–42 As it appeared that during

the course of the catalytic reactions, Pd nanoparticles were

produced and were stabilised on the silica support, TEM

analysis was performed on the recovered catalyst, Fig. 4.

Unfortunately, the particles overlap with each other and it is

therefore difficult to measure the size of the particles, but by a

careful inspection of particles near the edges of the image, an

approximate diameter of 10 nm can be assigned. Despite the

overlapping nature of the particles, Fig. 4 clearly illustrates

the homogeneous dispersion of the particles throughout the

silica. TEM analysis of the supported pre-catalyst before

reaction at high and low magnifications showed no Pd

particles. On a stereomicroscope, the silica particles in the

pre-catalyst are visible with a homogeneous smooth yellow

layer on their surface.

DRIFT spectroscopy was conducted on the supported pre-

catalyst and recovered catalyst after the first through to third

runs of the Heck reaction in scCO2. The DRIFT spectrum,

Fig. 5, of the pre-catalyst shows a strong O–H stretching

vibration at 3656 cm21 assigned to free silanol residues,

hydrogen bonded OH groups between 3600–3100 cm21,

aromatic C–H stretching bands (attributed to Ph groups of

the ligand) at 2985 cm21, CLO stretching band (also within the

ligand, Fig. 1) at 1640 cm21 and Si–O stretching band centered

at 1049 cm21. A decrease in the number of strongly and

weakly hydrogen-bonded groups on the silica surface during

the course of the reaction was clearly observed in the region

3600–3100 cm21 in the DRIFT spectrum of the recovered

silica samples. The same observation has been made during the

heat treatment of silica supported catalysts.43 The intensity of

the CLO band at 1640 cm21 decreased after the first run and

disappeared after the third run. This provides additional

confirmation of ligand leaching during the different runs, in

addition to 1H NMR data. The appearance of a C–N

stretching band for aliphatic ammonium salts at 1380 cm21

after the first run indicates the build up of diisopropylethyl-

ammonium iodide and its intensity increases considerably

Fig. 4 Representative TEM microphotographs of recovered catalyst,

scale (a) 200 nm (b) 50 nm.
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with each run. Elemental analysis of the used catalysts also

indicated an increase in N levels consistent with the deposition

of ammonium salts.

Conclusions

Pd(PDMS-PPh2)2Cl2 on silica as a pre-catalyst to dispersed

palladium nanoparticles on silica gave reproducible results

during the course of Heck and Suzuki reactions and could be

recovered and re-used for four times without substantial

activity drops. TEM analysis shows the presence of Pd

nanoparticles. These are probably responsible for the catalysis

and the considerable drop in conversions after four runs is

likely a result of quaternary ammonium salts depositing on the

catalyst surface thereby blocking the active catalytic sites. The

presence of these salts was proved using elemental analysis

and DRIFT experiments. Additional experiments, such as

XPS, would prove the presence of Pd(0) nanoparticles.

Although the activity of these materials is not very high,

this research provides further evidence for active Pd nano-

particles in C–C bond forming catalysis and indicates that,

in this case, the use of scCO2 in batch reactions for recycling

such species is superior to conventional solvents. Future work

will involve the use of a continuous flow-reactor to produce

catalytic metal nanoparticles and performing other catalytic

reactions.
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Development of processes that utilize heterogeneous catalysis in environmentally beneficial media

is of fundamental and practical importance. The oxidation of 2,6-di-tert-butylphenol (DTBP) to

2,6-di-tert-butyl-1,4-benzoquinone (DTBQ) and 3,5,39,59-tetra-tert-butyl-4,49-diphenoquinone

(TTBDQ) has been investigated to evaluate the factors necessary to achieve high product

conversion and selectivity in various media. A series of porous materials with immobilized Co(II)

complexes served as catalysts and their reactivities using O2 as the terminal oxidant were screened

in neat acetonitrile, supercritical carbon dioxide (scCO2), and CO2-expanded acetonitrile. The

highest conversions were found with the catalysts that had high affinity for dioxygen. Moreover,

the greatest conversions (y60%) were obtained when reactions were done in scCO2, which is

attributed to improved mass transfer of O2 and substrates through the porous catalysts.

Furthermore, the heterogeneous catalysts can be recycled with some loss of activity (y30%) after

three cycles; nonetheless these results suggest that the polymer hosts efficiently protect the

immobilized catalytic sites from destructive bimolecular routes.

Introduction

Materials as heterogeneous catalysts have received consider-

able attention because of their possible use in a wide variety of

reactions, convenient post-reaction separation, and reusabi-

lity.1–3 This has led to methods for incorporating catalytic

centers on solid supports, including those for immobilization

of metal complexes into porous hosts. However, many of these

methods produce heterogeneous catalysts that have limited

function, in part, because the properties of the supported

catalysts differ from those of their homogenous counterparts.

It is therefore necessary to integrate catalyst preparation with

specific reaction conditions in order to obtain optimal activity.

We have found that template copolymerization is an

effective method for immobilizing metal complexes within

porous organic host.4–6 Formation of the immobilized sites

occurs during polymerization, using a substitutionally inert

metal complex as the template—this allows each site to have

similar structural properties that are related to those of the

template compound. Materials produced with this methodo-

logy have high site accessibility and control of ligand positions

around the immobilized metal centers. Moreover the immo-

bilized sites are isolated from each other, producing functional

materials for the reversible binding of CO, NO, and O2. Four

of these materials, P-1[CoII], P-1[CoII(py)], P-1?py[CoII], and

P-2[CoII] are shown schematically in Scheme 1.

The high degree of dioxygen binding to the immobilized CoII

complexes in these porous materials (90% for P-1?py[CoII])

suggested that they might function as heterogeneous oxidation

catalysts. To evaluate this possibility, we have investigated the

catalytic activity of P-1[CoII], P-1[CoII(py)], P-1?py[CoII], and

P-2[CoII] to oxidize 2,6-di-tert-butylphenol (DTBP) to 2,6-di-

tert-butyl-1,4-benzoquinone (DTBQ) and 3,5.39,59-tetra-tert-

butyl-4,49-diphenoquinone (TTBDQ) (eqn 1).

ð1Þ
This reaction has been thoroughly studied for homogenous

catalysts using conventional organic solvents and dioxygen

as the oxidant. We reasoned that conventional conditions

might not be suitable for catalysis with our porous materials;

in particular, catalysis may be limited by the solubility of

dissolved dioxygen in organic solvents, which could hinder

mass transfer to the catalytic sites.

One way to circumvent this problem is to perform the reac-

tion in CO2-containing media. Supercritical carbon dioxide

(scCO2)7,8 has several beneficial attributes for oxidative

processes,9 including complete miscibility with O2, resistance

to oxidation, and tunable transport properties. Other poten-

tially useful solvent systems are the CO2-expanded liquids

(CXLs), which can have a large portion (up to 80%) of a con-

ventional organic solvent replaced by dense phase CO2.10–15

CXLs are advantageous because they combine the beneficial

properties of organic solvents (which solubilize catalysts and

substrates easily) with those of dense CO2 (better O2 miscibility

aNSF Engineering Research Center for Environmentally Beneficial
Catalysis, University of Kansas, Lawrence, KS 66045.
E-mail: bsubramaniam@ku.edu; aborovik@ku.edu
bDepartment of Chemical and Petroleum Engineering, University of
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compared to neat organic solvents). Taking advantage of these

properties, recent studies showed that the homogenous

oxidation of DTBP with Co(salen9) catalysts [salen9, N,N9-

bis(3,5-di-tert-butylsalicylidene)-1,2-ethylenediaminato(2-)] in

CXLs significantly increased the rate of oxidation compared

to reactions done in either conventional organic solvents or

scCO2.10 We report herein results for the oxidation of DTBP

with the heterogeneous catalysts P-1[CoII], P-1[CoII(py)],

P-1?py[CoII], and P-2[CoII] in CH3CN, CO2-expanded

CH3CN, and scCO2. In contrast to the homogeneous case,

our findings demonstrate that scCO2 as reaction medium

provides better conversion compared to either the neat organic

solvent or the CO2-expanded organic solvent with the

heterogenized Co complex. We attribute this behavior to a

combination of complete O2 miscibility and improved pore

diffusion rates with scCO2 which cumulatively offset the

tunable dielectric constant afforded by CO2-based mixtures.

Oxidation is also correlated to the dioxygen affinity of the

materials and the fraction of CO2 used as the reaction solvent.

Experimental

All chemicals and solvents used in the catalyst synthesis were

purchased from either Aldrich or Fisher Scientific and used

without further treatment. Coolant grade liquid CO2, filled in

cylinders with dip-tubes, and cylinders of ultrahigh purity

oxygen (99.94%) were purchased from Airgas Inc.

Synthesis

The synthesis of the air-sensitive complexes and polymers

were conducted in a Vacuum Atmospheres dry box under

argon atmosphere. Standard Schlenk type glassware under N2

was used to work up reactions outside the drybox. The

compounds 2-hydroxy-4-(4-vinylbenzyl-methoxy)benzalde-

hyde16 and bis[2-hydroxy-4-(4-vinylbenzylmethoxy)benzalde-

hyde]ethylenediimine (H21)17 were synthesized following

literature procedures. Detailed preparative routes to

P-1[CoII], P-1[CoII(py)], and P-2[CoII] have been reported

previously.4,18,19 Note that the polymer, P-1[CoII(py)] was

generated in situ by addition of pyridine to suspensions of

P-1[CoII].

P-1?py[CoII] was prepared as described previously18 with the

following modifications: after copolymerization and reduction,

P-1?py[CoII(dmap)] (0.30 g) was placed into a 100 mL flask

and treated with 20 mL of 0.10 M Na2EDTA solution in

deionized water. The mixture was refluxed for 24 h, after

which it was allowed to cool to room temperature and the

resulting polymer was collected on a medium porosity glass

frit. The polymer was washed with five 5 mL portions of

deionized water, three 3 mL portions of diethyl ether, and

dried under vacuum for 6 h to yield 0.275 g of a polymer

formulated as P-1sal?py. Elemental analyses suggested that

hydrolysis to salicylaldehydes moieties has occurred. Anal

Calcd for P-1?py[CoIII(dmap)]: Co, 145 mmol Co per g of

polymer and 998 mmol N per g of polymer; Anal Calcd for

P-1sal?py: Co, 50.1 mmol Co per g of polymer and N, 282 mmol

of N per g of polymer.

The salen ligand was reformed by treating P-1sal?py with

ethylenediamine (5.5 mL, 4.97 mg, 0.81 mmol) in 10 mL of

methanol. After 6 h of stirring, the polymer was collected on a

medium porosity glass frit, washed twice with 3 mL portions

each of methanol and diethyl ether, then dried under vacuum

for 6 h to yield 0.250 g of P-1?py. This yellow polymeric

material was mechanically crushed to particles with an average

size of approximately 150 mm and then treated with Co(OAc)2

in 10 mL of methanol to afford 0.23 g of P-1?py[CoII], having

150 mmol Co per g of polymer.

Instruments

All proton nuclear magnetic spectra (1H NMR) were collected

on a Bruker DRX400 spectrometer equipped with an SGI

INDY workstation to characterize the template complexes.

EPR spectra were collected using a Bruker EMX spectrometer

Scheme 1 Depictions of the immobilized metal sites in P-1[CoII], P-1[CoII(py)], P-1?py[CoII], and P-2[CoII].
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equipped with an ER4102SR cavity. The instrument was

previously calibrated using DPPH. The spectra for the CoII

samples were collected at the following settings: attenuation =

25 dB, microwave power = 0.64 mW, frequency = 9.34 GHz,

sweep width = 5000 G, modulation amplitude = 10.02 Gpp,

gain = 5.00 6 1023, conversion time = 81.92 ms, time

constant = 655.36 ms, and resolution = 1024 points. Elemental

analyses of the fresh and used catalyst were performed at

Desert Analytics (Tuscon, AZ). BET surface area and pore

volume were measured with a Gemini 237011 surface area

analyzer employing N2 physisorption. A Hewlett-Packard gas

chromatograph (HP 5890) with a FID detector was used for

the routine analysis for compound identification. The instru-

ment was equipped with a 30 m HP 5 MS column crosslinked

5% PH- methylsiloxane film.

Solvent expansion by CO2

These studies were conducted in a 100 mL high-pressure

Jurgeson view cell (Pmax = 400 bar, Tmax = 100 uC) described

elsewhere.10 Volumetric expansion of acetonitrile by dense

CO2
20 and the solubility limits of [CoII(salen)] complexes in

CO2–acetonitrile CXLs have previously been reported.10 The

expansion ratio is defined as the ratio of the volume of the

equilibrated CO2-expanded liquid phase at pressure P and

temperature T [V(P,T)] to the initial volume of the neat

solvent at atmospheric pressure and temperature T[V0(P0,T)].

Complementary expansion data were obtained in this study at

different temperatures (T = 35–80 uC). The results from these

studies provided guidance for the choice of pressure and

temperature used in the catalytic runs.

Catalytic conversion studies

General operational procedures and details of experimental

set-up can be found elsewhere.10 In brief, the oxidation studies

of 2,6 di-tert-butylphenol (eqn 1) in neat organic solvent, CO2

expanded solvent and scCO2 were carried out in a 15 mL

stainless steel reactor (pmax = 400 bar, Tmax = 300 uC; Thar

Designs) equipped with two sapphire windows. A computer

controlled data acquisition system (Camile TG) was used

for monitoring the reaction temperature and pressure. To

facilitate comparison, the reactor operating conditions for the

heterogeneous catalysis studies were chosen to be similar to

those employed in the homogeneous catalytic runs as follows:

catalyst : substrate : O2 molar ratio of 1 : 80 : 800, and a

reaction time of 21 h at various temperatures (35–80 uC).

Molecular oxygen was used as an oxidant in all the reactions.

The catalysts were housed within a stainless steel cage (mesh

per inch = 325 6 325) with a stirrer bar affixed to the bottom

of the cage. This set-up confined the catalysts within the cage

throughout the reactions, obviating post-reaction catalyst

separation. Catalysts were prepared for reuse studies by simply

washing the cage with acetonitrile and purging with N2.

The reactions with the organic solvents (acetonitrile and

acetonitrile–pyridine) were initiated by addition of the dioxy-

gen. In runs involving CXLs and scCO2, the O2 was admitted

following CO2 addition to achieve either the desired expansion

ratio or pressure, respectively. Following a batch run, the

reactor was gradually depressurized over a period of 2 h and

the contents were led to a cold trap containing 5 mL of

acetonitrile. Aliquots of diluted samples were analyzed for

reaction products. Experiments were done at T = 35 uC, 50 uC
and 80 uC in neat acetonitrile, CXLs (V/V0 = 1.4 and 3),

and scCO2.

The following experiments were performed to evaluate

whether catalysis occurred from substances leached from the

heterogeneous catalysts. Following the procedure described

above, catalytic reactions were run for 4 h, following which an

aliquot was removed and analyzed for products. The cage

containing the catalysts was then removed from the reaction

mixture by simple filtration, and the resulting homogeneous

mixtures were further stirred for 17 h with aliquots removed

and analyzed for products every 4 h. No additional products

were detected after the removal of the catalyst cage.

Results and discussion

Expansion studies

The volumetric expansions of solvents (acetonitrile and

pyridine) by addition of CO2 were determined at various

temperatures (25 uC,20 50 uC,20 80 uC) prior to the catalytic

studies. Fig. 1 shows the isothermal volumetric expansion ratio

(V/V0) of acetonitrile with CO2 mixtures at various tempera-

tures. The volume of the CO2-expanded liquid phase expands

exponentially as the CO2 critical pressure is approached. This

is to be expected since CO2 is highly compressible in the

vicinity of its critical point (31.1 uC and 72.8 atm) causing the

density (and therefore the miscibility with organic solvents) to

increase sensitively with pressure. Note from Fig. 1 that at a

given pressure, higher temperatures decrease the expansion

ratio due to a reduction in CO2 density. Hence, increased CO2

pressures were needed to provide the same expansion ratio.

For instance, at the expansion ratio of V/V0 = 1.4 for

acetonitrile, 23 bar of CO2 is needed at 25 uC, compared to

58 bar of CO2 at 80 uC. Clearly, the expansion data are

essential for determining reaction operating conditions when

employing CXLs as reaction media.

Properties of the catalysts

The materials used in this study contain immobilized cobalt

complexes dispersed throughout the porous poly(methacryl-

ate) hosts. The sites where the metal complexes are housed

Fig. 1 Volumetric expansion ratio V/V0 of pure acetonitrile vs. CO2

expansion pressure at 25 uC, 50 uC, and 80 uC measured in the

Jurgeson high pressure cell.
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were formed during copolymerization from monomeric Co(III)

template complexes and have approximately the same size and

shape as the metal template. We have found that styryloxy

groups, appended from the aromatic rings, serve as good

linkers for covalent attachment of the metal complexes to the

polymer backbone. All polymers18 were mesoporous with

average pore diameters ranging from 25 to 50 Å. Our previous

investigations found that each porous material binds dioxygen

at atmospheric pressure, although with different affinities.

P-1[CoII] has a relatively low affinity for dioxygen with less

than 10% of the immobilized site forming Co–O2 adducts.

Treating suspensions of P-1[CoII] with excess pyridine forms

P-1[Co(py)], a porous polymer with immobilized sites contain-

ing five-coordinate CoII complexes. In solution, monomeric

five-coordinate [CoIIsalen(py)] complexes are known to have

substantially greater thermodynamic affinity for dioxygen than

their four-coordinate [CoIIsalen] counterparts.21 We observed

a similar trend in our porous polymers—nearly 60% of the

cobalt sites bind dioxygen in P-1[Co(py)]. The two additional

polymers, P-1?py[CoII] and P-2[CoII], have architectures that

promote formation of five-coordinate Co(II) complexes and

show the greatest affinity for dioxygen: 90% of the immobi-

lized sites reversibly bind O2 in P-1?py[CoII] and P-2[CoII]. It is

important to note that the metal sites in all these porous

materials are sufficiently isolated so that unwanted and

detrimental intermolecular interactions between metal com-

plexes are prevented.

P-1[CoII] as an oxidation catalyst

Table 1 lists results for the oxidation of DTBP with P-1[CoII]

in various media. In neat acetonitrile at 35 uC, only 11%

conversion to oxidized products was observed, with a large

preference for the quinone, DTBQ (S = 86%), over the coupled

product TTBDQ (S = 14%).22 Only small changes in

conversion were found upon increasing the reaction tempera-

ture; for instance, a 20% conversion was found at 80 uC.

Reactions done in CO2-expanded acetonitrile (V/V0 = 1.4) at

35 and 50 uC had similar conversions as those done in aceto-

nitrile. However, a significant difference was seen at 80 uC
where the conversion to products increased to 43% with S =

77% for DTBQ. Larger conversions were found at all

temperatures when reactions were done under supercritical

conditions. For example, at 80 uC in scCO2, conversion to

products reached 50% with a slight drop in selectivity for

DTBQ to S = 70%. Note that at all temperatures the selectivity

for DTBQ decrease as the amount of CO2 in the media

increases (Fig. 2), a trend that is not yet understood.

P-1[CoII(py)] as an oxidation catalyst

The above results suggested that increased dioxygen concen-

trations within the reaction medium leads to higher conversion

of products. Further improvements in catalysis could occur by

increasing the dioxygen affinity of the catalyst. We thus

explored the reactivity of the P-1[CoII(py)] generated in situ by

addition of excess pyridine to the reaction mixture. Formation

of P-1[CoII(py)] is achieved by treating acetonitrile suspensions

of P-1[CoII] with 20 equivalents of pyridine (relative to the

Co(II) sites within the suspended polymer). Comparisons

between the performance of P-1[CoII(py)] and P-1[CoII] shows

small enhancements in conversions when using P-1[CoII(py)].

In neat acetonitrile and CO2-expanded acetonitrile–pyridine

mixture a nearly 5% increase was observed. Unfortunately, the

need to have pyridine present in the reaction medium prevents

further studies of this polymer in scCO2.

P-1?py[CoII] and P-2[CoII] as oxidation catalysts

The use of pyridine to generate high affinity O2-binding

sites needed for catalysis was circumvented by employing

P-1?py[CoII] and P-2[CoII] as catalysts. These polymers have

immobilized sites containing the requisite five endogenous

donors around the Co(II) ions required for O2 binding.23

Similar catalytic results were obtained for each polymer

(Table 2) and will be discussed using P-1?py[CoII]. In all cases,

higher conversions were observed for P-1?py[CoII] and

P-2[CoII] as catalysts compared to those that used P-1[CoII].

For instance, an 8% increase in conversion was observed using

P-1[CoII] at 80 uC in neat acetonitrile. At all temperatures,

maximum conversion was observed for reactions done in

scCO2. Fig. 3 shows plots of conversions vs. temperature for

reactions using P-1?py[CoII] as the oxidation catalyst. Only

modest improvement in catalytic performance was found in

CO2-expanded acetonitrile, while at all temperatures, maxi-

mum conversion was observed for reactions in scCO2.

Moreover, in scCO2 at 80 uC, 60% phenol conversion was

Table 1 Substrate conversion and selectivity results for catalyst
P-1[CoII] catalyst for 35 uC and 80 uC in various reaction media (error
limits in parentheses)

Solvent x(CO2) T/uC %X

%S

DTBQ TTBDQ

Neat CH3CN 0 35 11(1) 80 20
CXL 0.695 35 11(1) 77 23
scCO2 0.979 35 17(2) 74 26
Neat CH3CN 0 80 30(2) 81 19
CXL 0.695 80 43(2) 77 23
scCO2 0.979 80 50(2) 70 30

Fig. 2 Substrate conversion (X) of 2,6-di-tert-butyl phenol and

selectivities (S) towards DTBQ and TTBDQ vs. mole fraction of

CO2 (x) with P-1[CoII] catalyst at 50 uC. Reaction conditions: total

pressure 1 bar in neat solvent, 125 bar in scCO2 and 50–80 bar in CO2-

expanded solvent, catalyst : substrate : oxygen ratio = 1 : 80 : 800,

t = 21 h, T = 50 uC, V = 15 mL.
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observed, a value comparable to that found for homogeneous

Co(II) catalysts.10

The increased conversions in scCO2 relative to CXL is in

contrast to the behavior observed using related homogeneous

catalysts under similar reaction conditions. With a homo-

geneous [CoIIsalen] catalyst, higher phenol conversions were

reported in CO2-expanded acetonitrile mixtures, which pro-

vides complete catalyst solubility (due to the presence of the

organic solvent) and significantly better O2 solubility (relative

to the organic solvent at atmospheric pressure). For the

heterogeneous catalysts, P-1?py[CoII] and P-2[CoII], the O2

miscibility in the reaction medium and pore diffusion rates

to the immobilized catalytic sites dictate the overall rate. In

scCO2, the dioxygen miscibility is complete and the pore

diffusion rates at certain pressures can be tuned to be

significantly better than with either the organic medium or

CO2-expanded liquids. Thus, in the case of the heterogeneous

catalysts, scCO2 provides the maximum conversion of

substrate to products, as well as having the greatest environ-

mental benefit.

The reusability of the catalyst P-1?py[CoII] was also

evaluated in neat acetonitrile, CXLs, and scCO2. All three

media gave similar results, which are illustrated in Fig. 4 for

reactions done in CXL (V/V0 = 3) and scCO2 at T = 50 uC.

There is a small drop in conversions between the first and

second cycles, whereas an approximately 30% decrease in

conversion occurred between the first and third experiments.

ICP analyses indicate that the catalyst used over three cycles

showed a decrease in the cobalt content (115 mmol Co per g of

polymer) compared to the freshly prepared polymer (150 mmol

Co per g of polymer). Between the initial and final cycles, the

selectivity decreased to approximately 60% for DTBQ and

increased to approximately 40% for TTBDQ, a trend which is

not currently understood. Nevertheless, these reusability

studies indicate that P-1?py[CoII] retains a majority of its

activity over several cycles.

Conclusions

We have demonstrated that immobilized [Co(salen)] complexes

within porous polymers are effective catalysts for the oxidation

of substituted phenols. The best conversions were obtained

with reactions done in scCO2, findings that contrast with those

reported for analogous homogenous systems where reactions

done in CXLs gave the best results. The higher conversions

obtained in CXLs for homogenous reactions have been

partially credited to the presence of organic solvent that

increases catalyst solubility and greater O2 concentrations

compared to neat organic solvent. For the heterogeneous

catalysts described here, the complete miscibility of dioxygen

in scCO2 yields substantially larger amounts O2 in the reaction

medium while improved mass transport through the pores to

the immobilized catalytic sites is achieved. Thus, scCO2 can be

the optimum solvent for heterogeneous oxidation catalysis

where dioxygen is the terminal oxidant. Furthermore, our

studies underscore the need to ‘‘match’’ reaction conditions

with the type of catalyst to obtained maximum activity.

The maximum conversions of X # 60% were found with

catalysts P-1?py[CoII] and P-2[CoII], polymers that have

relatively high affinities for dioxygen—these conversion values

approach those reported for related homogenous catalysts.

Moreover, substantial activity for the P-1?py[CoII] is main-

tained over several reactions, indicating improved catalyst

lifetime is achieved. We attributed this enhanced activity to

prevention, by the polymer host, of destructive bimolecular

pathways that often are prevalent in metal ion mediated

oxidative transformations. The ability to modulate the

architecture of the immobilized catalytic sites in polymers

prepared by template copolymerization methods provides an

effective means to tune reactivity. Taken together, our results

Table 2 Substrate conversion and selectivity results for catalysts
P-1?py[CoII] and P-2[CoII] at 35 uC, 50 uC, and 80 uC in various
reaction media (error limits in parentheses)

Solvent Catalyst x(CO2) T/uC %X

%S

DTBQ TTBDQ

Neat CH3CN P-1?py[CoII] 0 35 17(2) 79 21
scCO2 P-1?py[CoII] 0.979 35 23(3) 74 26
Neat CH3CN P-1?py[CoII] 0 50 19(1) 75 26
CXL P-1?py[CoII] 0.695 50 18(1) 82 18
scCO2 P-1?py[CoII] 0.979 50 31(2) 69 31
Neat CH3CN P-1?py[CoII] 0 80 28(1) 78 22
scCO2 P-1?py[CoII] 0.979 80 60(2) 70 30
Neat CH3CN P-2[CoII] 0 50 26(1) 80 20
CXL P-2[CoII] 0.695 50 33(1) 82 18
scCO2 P-2[CoII] 0.979 50 49(2) 67 23
Neat CH3CN P-2[CoII] 0 80 29(2) 79 21
CXL P-2[CoII] 0.695 80 39(2) 70 30
scCO2 P-2[CoII] 0.979 80 65(3) 63 37

Fig. 3 Substrate conversion of 2,6-di-tert-butyl phenol as a function

of temperature with P-1?py[CoII] as catalyst in various reaction media:

neat acetonitrile, CXL and scCO2.

Fig. 4 Recycling experiments using P-1?py[CoII] in CXL (V/V0 = 3 in

acetonitrile, unfilled rectangles) and scCO2 (filled rectangles).
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clearly illustrate the potential of this approach in preparing

heterogenized oxidation catalysts and the benefits of coupling

their function with scCO2 reaction media.
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A series of novel fluorinated analogues of sodium bis(2-ethylhexyl) sulfosuccinate (AOT)

surfactants, the sodium salt of bis(3,3,4,4,5,5,6,6,6-nonafluoro-1-hexanol) sulfosuccinate

(CF3(CF2)3CH2CH2OOCCH2CH(SO3Na)COOCH2CH2(CF2)3CF3, di-HCF5), the sodium salt

of bis(2,2,3,4,4,4-hexafluoro-1-butanol) sulfosuccinate (CF3CFHCF2CH2OOCCH2CH(SO3Na)

COOCH2CF2CFHCF3, di-HCF3), the sodium salt of bis(2,2,3,3- tetrafluoro-1-propanol)

sulfosuccinate (HCF2CF2CH2OOCCH2CH(SO3Na)COOCH2CF2CF2H, di-HCF2), and the

sodium salt of bis(2,2,3,3,3-pentafluoro-1-propanol) sulfosuccinate

(CF3CF2CH2OOCCH2CH(SO3Na)COOCH2CF2CF3, di-CF2), were synthesized and

characterized by 1H NMR, 13C NMR, 19F NMR and FT-IR spectroscopy, melting point, and

elemental analysis. The pressure–temperature phase behavior for water-in-CO2 microemulsions

stabilized by the four surfactants was tested and the P–T diagrams were determined. In the phase

behavior experiments, pressures up to 35 MPa, temperatures up to 65 uC, and water-to-surfactant

molar ratios (Wo) from 10 to 30 were tested. The cloud-point pressure in microemulsions

stabilized by the four fluorinated surfactants increased with increasing temperature, and at a fixed

temperature, the cloud-point pressure increased with increasing Wo. However, the cloud-point

pressure was only slightly affected by an increase in the concentration of surfactant at a settled

Wo. The phase behavior for water-in-CO2 microemulsions at different Cd(NO3)2 concentrations

in the aqueous phase with the surfactant di-HCF5 was also determined, which is useful for the

formation of CdS nanoparticles in our future studies.

Introduction

In recent years, supercritical fluids (SCFs) have offered a great

opportunity to replace conventional organic solvents in a

variety of applications, especially supercritical carbon dioxide

(scCO2), because it is inexpensive, nontoxic, nonflammable,

readily available in a large quantity and good quality, has a

low surface tension, low viscosity, and a moderate critical

temperature and pressure (31.1 uC and 7.38 MPa). Meanwhile,

some properties of scCO2, such as its density, dielectric

constant, diffusion coefficient, and solubility parameter can

be tuned continuously by changing pressure and temperature.

Therefore, these unique properties provide advantages in a

wide range of applications including extraction,1 polymer

processing,2 phase transfer reactions and catalysis,3 enzymatic

catalysis,4 processing of microelectronic devices,5 and the

synthesis of nanoparticles.6–10

Water-in-CO2 microemulsions have been investigated

recently as a nano-reactor for synthesizing nanoparticles. A

microemulsion is a thermodynamically stable state with at

least three components: two immiscible components and a

surfactant. Surfactants with a high solubility in CO2 and which

are able to form water-in-CO2 microemulsions are in demand.

Consani and Smith11 reported that most industrially available

surfactants are incapable of forming stable microemulsions in

CO2 because of their negligible solubilities. However, under

certain conditions the problems have been overcome by

employing peculiar fluorinated surfactants to stabilize water-

in-CO2 microemulsions.12,13 Several research groups have

reported on water-in-CO2 microemulsions and phase behavior

supported by fluorinated surfactants having two fluorocarbon

chains,12,14,15 some hybrid type surfactants having both hydro-

carbon and fluorocarbon chains within one molecule,16,17 as

well as other fluorinated surfactants such as ammonium

carboxylate perfluoropolyether (PFPE).13,18 Furthermore,

some phosphate fluorosurfactants have been demonstrated to

have a high activity at the water and CO2 interface and

therefore, can stabilize water-in-CO2 microemulsions.19–21

There are a limited number of non-fluorous surfactants that

can also form small hydrated reverse micelles in scCO2.22–25

In water-in-CO2 microemulsions, the aqueous phase is

dispersed as nanosized droplets surrounded by a monolayer

of surfactant molecules in the continuous CO2 phase. The

nanosized water droplets, when acting as nanoreactors, can

facilitate the nanoparticle synthesis and a wide range of

chemical transformations.14,26 The radii of the nanosized water

droplets are determined by the water-to-surfactant ratio (Wo),

therefore, the size of the nanoparticles synthesized in water-in-

CO2 microemulsions can be controlled by the Wo value.8

However, it should be noted that the amount of water used in
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these experiments as given in Wo is the total water added

minus the water dissolved in bulk scCO2, due to the fact that

water is slightly soluble in scCO2 as reported by Wiebe and

Gaddy.27 The water dissolved in bulk scCO2 could not form a

microemulsion.

Phase behavior measurements are important when studying

nanoparticle formation in water-in-CO2 microemulsions. In

this study, the synthesis, characterization, and phase behavior

measurements of a series of novel fluorinated analogues of

AOT surfactants are investigated. The phase behavior for

water-in-CO2 microemulsions with Cd(NO3)2 at different

concentrations is also presented, which is useful for the

synthesis of CuS nanoparticles in our future studies.

Experimental

Materials and instruments

3,3,4,4,5,5,6,6,6-Nonafluoro-1-hexanol (97%), 2,2,3,3-tetra-

fluoro-1-propanol (98%), 2,2,3,3,3-pentafluoro-1-propanol

(97%), 2,2,3,4,4,4-hexafluoro-1-butanol (95%) were purchased

from Aldrich (WI, USA). p-Toluenesulfonic acid monohydrate

(99%), 1,4-dioxane (99%), maleic anhydride (99.5%) were

obtained from Sinopharm Group Chemical Reagent Co.

(Shanghai, China). Sodium hydrogen sulfite (SO2: 65.0%),

Cd(NO3)2, acetone and toluene were obtained from Xi’an

Chemical Reagent Factory (99%, Xi’an, China). Acetone-d6

was obtained from Beijing Chemical Reagent Factory (Beijing,

China). Water was taken from Millipore Milli-Q Plus system,

and CO2 (99.99%, Xi’an Yatai Liquid Gas Co., China) was used

as received. The chemical reagents used were all AR grade.

The schematic diagram of the experimental apparatus

for phase behavior measurements is given in Fig. 1. The

macroscopic phase behavior of surfactant aggregations in

scCO2 was investigated by using a high-pressure vessel

(Beijing, Sihe Chuangzhi Keji Corporation, SF-400), which

has a maximum pressure of 40 MPa, a maximum temperature

of 80 uC, an internal volume of 60 cm3 and is equipped with

two sapphire windows (diameter = 25 mm, thickness = 20 mm).

The windows are sealed on both sides with poly(ether-ether-

ketone) (PEEK) seals.

1H NMR and 13C NMR spectra were recorded on a super-

conducting Fourier digital NMR spectrometer (Bruker,

AVANCF300 MHZ). 19F NMR spectra were recorded on a

super-conducting Fourier digital NMR spectrometer (Bruker,

AVANCF500 MHZ). FT-IR spectra were recorded on a

Fourier transform infrared spectrometer (Brucher,

EQUINX55). The melting point of the surfactants was

measured with a digital melting point apparatus (WRS-1B,

Shanghai). The elemental analysis was done using an elemental

analyzer (Vario EL III, Germany).

Surfactant synthesis

The surfactants were synthesized by a certain modification of

the procedures given by Liu and Erkey,14 Yoshino et al.,28

Downer et al.29 and Nave et al.30 The sodium salts of

bis(3,3,4,4,5,5,6,6,6-nanafluoro-1-hexanol) sulfosuccinate,

bis(2,2,3,3-tetrafluoro-1-propanol) sulfosuccinate,

bis(2,2,3,3,3-pentafluoro-1-propanol) sulfosuccinate, and

bis(2,2,3,4,4,4-hexafluoro-1-butanol) sulfosuccinate were

synthesized in our laboratory by esterification and sulfonation

reactions.

A mixture of fluorinated alcohol, maleic anhydride, and

p-toluenesulfonic acid monohydrate as the catalyst in toluene

was refluxed under stirring and the liberated water was

removed azeotropically from the reaction system to shift the

equilibrium of the esterification. The reaction was stopped

when approximately 90% of the theoretical amount of water

was collected in the trap and the solvent was evaporated using

a rotary apparatus, the raw product was washed with hot

water (60 uC) to remove p-toluenesulfonic acid monohydrate

and excess maleic anhydride, and after purification by vacuum

distillation a pure corresponding diester was obtained.

Subsequently, the diester was dissolved in the mixture of

1,4-dioxane and aqueous sodium hydrogen sulfite. Then the

mixture was refluxed under stirring for several hours. After the

reaction, the solvent of 1,4-dioxane was evaporated using a

rotary apparatus and the remaining mixture was treated by

purification and recrystallization. A white solid was obtained

after drying under vacuum overnight.

The surfactants were characterized by 1H NMR, 13C NMR,
19F NMR and FT-IR spectroscopy, melting point, and

elemental analysis.

Water-in-carbon dioxide phase behavior measurements

In the experimental measurements of phase behavior,10,14,31 a

certain amount of surfactant, water and a magnetic stir bar

were placed in the vessel, which was then sealed. The vessel was

placed on a magnetic stir plate and heated to the desired

temperature by a controllable heater. The vessel was charged

very slowly with CO2 from an ISCO syringe pump (model

260D) equipped with a cooling jacket, and the mixtures were

stirred and equilibrated for several minutes. When an optically

transparent single-phase solution was obtained, the pump was

stopped.

Phase transition was determined visually by adjusting the

pressure at a fixed temperature.32 When the pressure was

higher than the cloud-point pressure, a clear single phase was

observed. When the temperature and/or the pressure decreased

Fig. 1 Schematic diagram for studying phase behavior: 1. Carbon

dioxide cylinder; 2. Isco model 260D syringe pump; 3. magnetic stir

device; 4. SF-400 high-pressure vessel; 5. pressure transducer; 6.

thermocouple assembly; 7. valve; 8. recycle vase.

This journal is � The Royal Society of Chemistry 2006 Green Chem., 2006, 8, 978–983 | 979
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a little, the mixture in the vessel became cloudy again. Then,

increasing the pressure until the optically transparent one-

phase was obtained, the pressure and temperature were

recorded. The temperature was controlled during each experi-

ment with a variation of ¡0.5 uC. The pressure was measured

using a pressure transducer.

Using the same approach, the phase behavior for water-in-

CO2 microemulsions at different Cd(NO3)2 concentrations in

the aqueous phase with the surfactant di-HCF5 was also

measured. The only difference is that an aqueous solution of

cadmium nitrate or an aqueous solution of sodium sulfide was

placed in the high-pressure vessel simultaneously with the

surfactant.

Results and discussion

The characterization of surfactants

The structures of surfactants synthesized are shown in Fig. 2.

(1) 1H NMR of surfactants

di-HCF5: CF3(CF2)3CH2
aCH2

bOOCCH2
cCHd(SO3Na)-

COOCH2
eCH2

f(CF2)3CF3, 1H NMR (acetone-d6): d = 2.60–

2.75 (a and f, m, J = 6.18 Hz, 4H), 3.01–3.17 (c, m, J = 7.95 Hz,

2H), 3.97–4.01 (d, m, J = 6.87 Hz, 1H), 4.39–4.54 (b and e, m,

J = 6.21 Hz, 4H).

di-HCF3: CF3CFHaCF2CH2
bOOCCH2

cCHd(SO3Na)COO-

CH2
eCF2CFHfCF3, 1H NMR (acetone-d6): d = 3.20–3.33 (c,

m, J = 3.82 Hz, 2H), 4.11–4.16 (d, m, J = 2.99 Hz, 1H), 4.57–

4.68 (b and e, m, J = 2.19 Hz, 1H), 5.79–5.96 (a and f, m, J =

5.74 Hz, 2H).

di-HCF2: CF2HaCF2CH2
bOOCCH2

cCHd(SO3Na)COO-

CH2
eCF2CF2Hf, 1H NMR (acetone-d6): d = 6.46–6.58 (a and

f, m, J = 35.94 Hz, 2H), 4.46–4.73 (b and e, m, J = 12.40 Hz,

4H), 3.10–3.18 (c, m, J = 4.83 Hz, 2H), 4.04–4.05 (d, m, J =

4.74 Hz, 1H).

di-CF2: CF3CF2CH2
aOOCCH2

bCHc(SO3Na)COOCH2
dCF2-

CF3, 1H NMR (acetone-d6): d = 3.18–3.34 (b, m, J = 4.53 Hz,

2H), 4.11–4.16 (c, m, J = 4.71 Hz, 1H), 4.68–4.92 (a and d,

m, J = 5.91 Hz, 4H).

(2) 19F NMR of surfactants

di-HCF5: CF3
aCF2

bCF2
cCF2

d(CH2)2OOCCH2CH(SO3Na)

COO(CH2)2CF2
eCF2

fCF2
gCF3

h, (acetone-d6): d = 280.25 to

280.42 (a and h, t, J = 30.50 Hz, 6F), 2112.35 to 2112.71

(b and g, m, J = 16.00 Hz, 4F), 2123.11 to 2123.34 (c and f,

d, J = 59.50 Hz, 4F), 2124.91 to 2125.07 (d and e, m, J =

15.50 Hz, 4F).

di-HCF3: CF3
aCFHbCF2

cCH2OOCCH2CH(SO3Na)COO-

CH2CF2
dCFHeCF3

f, (acetone-d6): d = 274.74 to 274.96 (a

and f, t, J = 28.50 Hz, 6F), 2115.31 to 2120.34 (c and d, m,

J = 112.00 Hz, 4F), 2212.85 to 2213.27 (b and e, m, J =

23.50 Hz, 2F).

di-HCF2: CF2
aHCF2

bCH2OOCCH2CH(SO3Na)COOCH2-

CF2
cCF2

dH, (acetone-d6): d = 2123.80 to 2124.68 (b and c, m,

J = 70.00 Hz, 4F), 2138.00 to 2139.41 (a and d, q, J = 73.5 Hz,

4F).

di-CF2: CF3
aCF2

bCH2OOCCH2CH(SO3Na)COOCH2CF2-
cCF3

d, (acetone-d6): d = 282.77 to 282.85 (a and d, t, J =

38.5 Hz, 6F), 2121.97 to 2122.26 (b and c, m, J = 12.5 Hz,

4F).

(3) 13C NMR of surfactants

di-HCF5: CaF3CbF2CcF2CdF2CeH2CfH2OOCgChH2CiH-

(SO3Na)CjOOCkH2ClH2CmF2CnF2- CuF2CpF3, (acetone-d6):

d = 33.99 (h, 1C), 62.29 (i, 1C), 169.72 (g, 1C), 173.40 (j, 1C),

54.61–58.41 (f and k, 2C), 34.50–35.60 (e and l, 2C), 115.95–

116.84 (d and m, 2C), 120.65–122.15 (c and n, 2C), 109.98–

111.23 (b and o, 2C), 118.69–119.20 (a and p, 2C).

di-HCF3: CaF3CbFHCcF2CdH2OOCeCfH2CgH(SO3Na)ChO-

OCiH2CjF2CkFHClF3, (acetone-d6): d = 33.95 (f, 1C), 61.86–

62.27 (g, 1C), 168.36 (e, 1C), 170.98 (h, 1C), 83.11–85.76 (d

and i, 2C), 110.03–110.58 (c and j, 2C), 118.32–118.46 (b

and k, 2C), 115.21–115.43 (a and l, 2C).

di-HCF2: CaF2HCbF2CcH2OOCdCeH2CfH(SO3Na)CgOO-

ChH2CiF2CjF2H, (acetone-d6): d = 33.94 (e, 1C), 60.43–61.41

(c and h, 2C), 112.95–115.42 (b and i, 2C), 129.31–130.78 (a

and j, 2C), 168.44 (d, 1C), 170.91 (g, 1C), 65.85 (f, 1C).

di-CF2:CaF3CbF2CcH2OOCdCeH2CfH(SO3Na)CgOOChH2-

CiF2CjF3, (acetone-d6): d = 34.03 (e, 1C), 59.54–60.55 (c and h,

2C), 61.69 (f, 1C), 117.62–119.26 (b and i, 2C), 121.41–123.46

(a and j, 2C), 168.53 (h, 1C), 170.59 (g, 1C).

(4) Elemental analysis of surfactants

di-HCF5: Anal. Calcd: C, 26.95; H, 1.54; S, 4.60. Found: C,

26.93; H, 1.60; S, 4.66.

di-HCF3: Anal. Calcd: C, 26.68; H, 1.64; S, 5.84. Found: C,

C, 26.71; H, 1.69; S, 5.91.

di-HCF2: Anal. Calcd: C, 26.77; H, 2.01; S, 7.14. Found: C,

26.79; H, 2.09; S, 7.21.

di-CF2: Anal. Calcd: C, 24.78; H, 1.45; S, 6.61. Found: C,

24.69; H, 1.51; S, 6.72.

(5) Melting point of surfactants

di-HCF5: 261.3–263.5 uC; di-HCF3: 141.1–144.6 uC; di-

HCF2: 140.1–142.5 uC; di-CF2: 238.7–239.7 uC.

(6) FT-IR (KBr) spectra of the four surfactants are shown in

Fig. 3. Curves (a)–(d) correspond to di-CF2, di-HCF3, di-

HCF2 and di-HCF5, respectively. The acyl group (O–CLO)

vibrations at 1752 cm21 and –C–F group at 1100–1200 cm21

are observed. The increase in intensity of the –CH2 group at

2990 cm21 is attributed to the increasing number of H atoms in

these surfactants. Moreover, the intensity of –C–F increases

with the increasing number of F atoms in the surfactants.

The study of phase behavior

The pressure–temperature phase diagrams for water-in-CO2

microemulsions formed with di-HCF5 at different Wo are

shown in Fig. 4. At a surfactant concentration of 0.005 M and

Fig. 2 Surfactants synthesized and used to form water-in-CO2

microemulsions: (1) di-HCF5: sodium salt of bis(3,3,4,4,5,5,6,6,6-

nonafluoro-1-hexanol) sulfosuccinate, RfOH = CF3(CF2)3CH2CH2-

OH; (2) di-HCF3: sodium salt of bis(2,2,3,4,4,4-hexafluoro-1-butanol)

sulfosuccinate, RfOH = CF3CFHCF2CH2OH; (3) di-HCF2: sodium

salt of bis(2,2,3,3-tetrafluoro-1-propanol) sulfosuccinate, RfOH =

CF2HCF2CH2OH; (4) di-CF2: sodium salt of bis(2,2,3,3,3-penta-

fluoro-1-propanol) sulfosuccinate, RfOH = CF3CF2CH2OH.

980 | Green Chem., 2006, 8, 978–983 This journal is � The Royal Society of Chemistry 2006
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Wo from 10–30, the cloud-point pressure increases with

increasing Wo at a fixed temperature, and increases with

increasing temperature, which has also been observed for

water-in-CO2 microemulsions reported in other arti-

cles.11,14,17,18,33–35 The water-in-CO2 microemulsions swell

when the water is added. The swelling reinforces the attraction

between microemulsion particles. Therefore, high pressure is

required to make the system become transparent. However,

water-in-CO2 microemulsions cannot be obtained at this

surfactant concentration under Wo of 40, because the

micelle–micelle interaction is stronger than the interaction

between water and the polar head of surfactant. The surfactant

cannot aggregate more water in the microemulsion and the

system cannot be stabilized, which means that the maximum

value of Wo for di-HCF5 cannot reach 40 for this system.

Without any water added, the di-HCF5 surfactant is not

soluble in CO2 in the absence of water.

The pressure–temperature phase diagrams at Wo = 10 for

different concentrations of di-HCF5 are shown in Fig. 5. At

a fixed temperature, while the surfactant concentration

increases from 0.005 to 0.01 M, there is a visible cloud-point

pressure increase. However, when the surfactant concentration

increases from 0.01 to 0.015 M, there is no appreciable increase

in cloud-point pressure. The amount of water dissolved in the

microemulsion increases when the surfactant concentration

increases, so in order to keep the size of the microemulsion the

same, the cloud pressure must be increased. However, while

the surfactant concentration increases from 0.01 to 0.015 M,

the concentration of water in the water-droplet pool also

increases, so the interaction force or hydrogen-bond force

increases between water molecules, which is favorable for

keeping the same size of microemulsion, therefore the

increasing trend of cloud pressure will decrease as shown in

Fig. 5 when the surfactant concentration increases from 0.01 to

0.015 M. It indicates that the micelle size is little affected by the

concentration of surfactant, and the cloud-point pressure

changes unconspicuously.

The pressure–temperature phase diagrams for water-in-CO2

microemulsions stabilized by different surfactants (di-HCF5,

di-HCF3 and di-HCF4) are given in Fig. 6. The cloud-point

pressure data of di-HCF4 are cited from the results reported

by Liu and Erkey.14 The concentrations of these surfactants

are 0.0154 M with Wo = 10. At the same concentration and

Wo, the cloud-point pressure of di-HCF3 and di-HCF4 is

distinctly higher than that of di-HCF5. It can be seen that the

cloud-point pressure is affected by the length of the CO2-

philicity tail, and the surfactant with the longest fluroalkyl

chain has the lowest cloud point pressure. Attributed to the

strong interaction forces between CO2 and the nonpolar tails

of di-HCF5, the stability of reverse micelles supported by

di-HCF5 is the best compared with that of others. However, at

concentrations of 0.003 M, 0.01 M and 0.015 M, water-in-CO2

microemulsions cannot be formed with di-HCF2 surfactant.

The CO2-philicity of the tail group may be too little and the

tail–solvent interactions are too weak to compensate for

attractive micelle–micelle interactions. It is also an influence

of the different surface tension between the H–CF2-tipped

surfactants and F–CF2-tipped surfactants. This result is

consistent with the findings reported by Eastoe et al.34

Fig. 3 FT-IR of surfactants (a: di-CF2, b: di-HCF3, c: di-HCF2, d:

di-HCF5).

Fig. 4 Pressure–temperature phase diagram for W/CO2 micro-

emulsions at [di-HCF5] = 0.005 M.

Fig. 5 Effect of surfactant concentration on the pressure–tempera-

ture phase diagram for water-in-CO2 microemulsions supported by

di-HCF5 at Wo = 10.
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The pressure–temperature phase diagrams for water-in-CO2

microemulsions at different Cd(NO3)2 concentrations in the

aqueous phase are illustrated in Fig. 7. It was found that the

probability of forming stable microemulsions at these electro-

lyte concentrations was promising for other applications. At

concentrations of 0–3.46 mM, the presence of Cd(NO3)2 had a

noteworthy effect on the cloud point compared with the

absence of Cd(NO3)2 when the critical temperature is higher

than 35 uC. While Cd(NO3)2 concentration increased to

4.61 mM, the cloud-point pressure increased just a little

compared with that of 3.46 mM. However, for microemulsions

supported by PFPE, the presence of Cd(NO3)2 even at a

concentration of 10 mM was found to decrease the cloud-point

pressures.36 For microemulsions supported by di-HCF4

(HF2C(CF2)3CH2OOCH2CH(SO3Na)COOCH2(CF2)3CF2H),

the cloud-point pressure decreases when Cu(NO3)2 is present

at a concentration of 195.3 mM, whereas at concentrations of

7.8 mM and 39.1 mM, the presence of Cu(NO3)2 had no

significant effect on the cloud-point.10 This was attributed to a

change in charge screening such as Cd2+ or Cu2+ between

surfactant headgroups, which increased the surfactant mem-

brane rigidity in the micellar interfacial region, and thus the

cloud-point pressure increased. The difference in behavior

between these systems might be indicative of the effect of the

cation on the phase behavior.10

Conclusions

Four different fluorinated analogues of AOT surfactants were

synthesized and characterized. The phase behavior in water-in-

CO2 microemulsions stabilized by these fluorinated surfactants

was investigated. We have presented their phase behavior as

a function of temperature, pressure, concentration of the

surfactants, and water-to-surfactant ratio. The phase behavior

for water-in-CO2 microemulsions at various Cd(NO3)2 con-

centrations in the aqueous phase with the surfactant of

di-HCF5 was also tested and determined. The phase behavior

study of these surfactants is the basis of our future research

work, which aims to synthese nanoparticles in water-in-carbon

dioxide or water-in-fluoroethane with various fluorinated

surfactants.
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Debromination of flame-retardant brominated high impact polystyrene (HIPS-Br) was performed

at 450 uC by ammonia treatment. All inorganic and most organic Br compounds were successfully

removed and converted to inorganic NH4Br powder, which allows easy bromine recovery. The

liquid degradation products are rich in benzene derivatives and can be used as feedstock or fuel.

Introduction

Plastics are attractive materials extensively used in our daily

life but create large amounts of waste with serious environ-

mental problems. Pyrolysis is one of the best options for

treatment of plastic waste as it allows both energy and material

recovery. This is obtained by breaking down polymers at high

temperatures into petrochemical feedstock components from

which they originate. Polymers or plastic additives might

contain heteroatoms that have undesired effects during

thermal treatment of waste streams.

Brominated flame retardants (Br-FRs), such as polybromi-

nated diphenyl ethers (PBDEs), polybrominated biphenyls

(PBBs) and tetrabromobisphenol A (TBBPA), in combination

with antimony oxide synergist (Sb2O3), have special interest

and wide use in plastic materials because they ensure higher

fire safety for lower quantities of additive. However, they are

of high environmental concern, especially after the widespread

contamination with PBB in Michigan, 1973.1,2 Studies have

shown that Br-FRs are ubiquitous in sediment and biota, with

rapidly increasing levels and risk of adverse effects in wildlife

and human populations. Several reviews were published on

bromine (Br) distribution in plastic products and waste

streams, Br-FRs in the environment, their metabolism and

potential toxicity in organisms.3–5 Br-FRs can generate poly-

brominated dibenzodioxins and dibenzofurans during thermal

processes (e.g. in accidental fires, plastic production or

recycling).4,6,7 PBDEs are the most discussed Br-FRs, for

dioxin formation and because they are long-lived, fat-seeking

and bioaccumulate in animal tissue. Their market is decreasing

after a regulation change especially in Europe.8 Polybromi-

nated diphenylethanes are considered instead of PBDEs, as the

oxygen atom in the molecule is replaced by an ethane structure.

We previously reported that Br-FRs interact with

polymers to form Br– organic compounds in degradation

oils.9 Bromophenol and 1-bromoethylbenzene were the main

organic Br– compounds produced by epoxy-type and PBDE-

type Br-FRs, respectively.10,11 Sb2O3 initiates the degradation

of Br-FR and the plastic and gives inorganic SbBr3, soluble in

oil products.12 Various debromination methods, using calcium-

or iron oxide- based carbon composites as dehalogenation

catalysts/sorbents,13–15 polymers as reductive sources for

dehalogenation,16,17 hydrothermal and alkaline debromination

in autoclaves,18,19 debromination with subcritical water20 or Br

recycling from municipal solid waste combustion facilities,21

were reported. Studies on alkaline debromination in aqueous

or organic solutions,22,23 alkaline pre-treatment of plastic

waste with hydroxides or carbonates24 and co-pyrolysis of

components from electronic scrap with alkaline inorganic

solids25 were also performed. Alkaline treatment was found to

be effective for epoxy resins but less effective for Br– styrenic

polymers that contain mainly PBDEs.26 However, none of

these studies envisaged both debromination and material

recovery for feedstock recycling. A report on adding ammonia

to the fluidizing gas during pyrolysis of chlorine- containing

materials showed successful removal of chlorine from pyrolysis

products and no difficulties related to mass streams that

usually appeared in conventional treatment using limestone.27

In the present investigation we propose a novel method to

remove the Br content of flame-retardant high impact poly-

styrene (HIPS-Br) by thermal degradation in a gaseous ammo-

nia flow. HIPS with two types of Br-FRs and Sb2O3 as

synergist was considered for this study. The material and Br

distribution in the products as well as qualitative and quantita-

tive analysis of compounds in the degradation oil is discussed.

Results and discussion

Debromination of HIPS-Br (POPS and PEPS samples: see

Experimental) containing two types of Br-FRs and Sb2O3 as

synergist was performed by thermal degradation at 450 uC in

an ammonia flow using a semi-batch process. Nitrogen flow

was used in reference experiments to maintain similar retention

times of products inside the reactor. The degradation products

were classified as residue (remaining at the bottom of reactor),

powder (coated on the walls of reactor in the colder region

between the furnace and reactor outlet), oil (liquid product

condensed in the condenser and accumulated in the graduated

cylinder) and gases (collected in the Teflon bag). The material

balance and bromine concentration in the degradation

products of HIPS-Br is presented in Fig. 1.
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Thermal degradation at 450 uC converts 60–70 wt% of

HIPS-Br into oils with a density of 0.9–1.0 g cm23 and a Br

amount dependent on sample and especially on the degrada-

tion atmosphere. Less than 9 wt% was represented by gases,

while the carbonaceous residue was below 28 wt%. Most of the

initial Br in the plastic was found in the oil products after

degradation in nitrogen flow. The Br concentration in the oil

was higher than 100 000 ppm in this case, as determined by a

combustion flask coupled with ion chromatography. The Br in

the oil was mainly in the form of inorganic antimony bromide

(SbBr3) that comes from the interaction between the bromi-

nated flame retardant and the Sb2O3.11

Ammonia treatment decreased the Br amount in oil to

below 10 000 ppm, which represents less than 5 wt% of initial

Br in samples. The oil density is decreased, suggesting that

heavy SbBr3 might be removed. A powder laid on the cold

walls of reactor was observed. This was highly concentrated in

Br (60 wt%) and trapped more than 90 wt% of the initial Br in

HIPS-Br. XRD analysis showed a main phase of inorganic

ammonium bromide (NH4Br) in powder, but also Sb2O3 and

antimony oxo-bromides as minor phases. This explains the

lower Br concentration in the powder compared to pure

NH4Br, which contains 81.6 wt% Br. Gaseous products and

their Br concentration were decreased. This is explained by

reaction between hydrogen bromide and ammonia to form

powdered NH4Br. Less carbonaceous residue remained inside

the reactor suggesting that ammonia favors the conversion of

HIPS into oils. However, carbon residue seems to contain

more Br than in the nitrogen case, but this is due to

contamination with some NH4Br powder that fell to the

bottom of the reactor at the end of the experiment. The

differences caused by the type of flame retardant in HIPS-Br

consisted of a higher gas yield, lower oil density and lower Br

concentration in the gas and oil products obtained in presence

of decabromodiphenylethane (PEPS sample).

The composition of HIPS-Br degradation oils was charac-

terized using C–NP-grams (C-stands for carbon and NP stands

for normal paraffin), shown in Fig. 2. These curves were

obtained by plotting the weight percent of the hydrocarbons

(determined from gas chromatographic analysis) versus the

carbon number of the normal paraffin having equivalent

retention time in the chromatogram.28 The hydrocarbons leave

a non-polar chromatographic column in order of their

increasing boiling points, therefore higher retention times

indicate compounds with higher molecular weight and boiling

points (i.e. higher carbon number).

Most of the HIPS-Br degradation oil consists of aromatic

compounds such as toluene, ethylbenzene, styrene, isopropyl-

benzene and a-methylstyrene (at n-C8–n-C10 in Fig. 2). This

was expected, since it is known that thermal degradation of

polystyrene occurs mainly by depolymerization, leading to the

styrene monomer and its derivatives. About 30 wt% of the oil

consists of the styrene dimers at n-C17–n-C19, and small

amounts (below 5 wt%) correspond to styrene trimers at n-C24

and higher. The oil composition changed with sample type and

degradation atmosphere. PEPS and ammonia treatment gave a

smaller average carbon number of oil compared to POPS

and nitrogen treatment. The greatest effect was observed in

cumulative conditions, namely for ammonia treated PEPS.

Ethylbenzene and isopropylbenzene were the main hydro-

carbons obtained in nitrogen, while ammonia treatment

strongly increased the amounts of styrene and a-methyl-

styrene, especially for PEPS. That means ammonia favors

depolymerization of HIPS. PEPS gave more unsaturated

aromatic compounds (styrene, a-methylstyrene, propenyl-

benzene) compared to POPS, probably due to the fragmenta-

tion of Caliphatic–Caromatic bond in the flame retardant

A peak was present at n-C12 in the C–NP-gram of the oils

obtained in nitrogen flow but was not found after ammonia

treatment. This peak counts for about 3.5 wt% of the oils and

corresponds to 1-bromoethylbenzene, the main organic Br

compound in oil that comes from interaction between Br

from the flame retardant and styrene fragments from HIPS.

Detailed analysis of Br- and O-containing compounds in oils

was performed by GC-MSD and the identified compounds are

listed in Table 1. HIPS-Br degradation oils have a complex

composition, and most Br– and O– compounds were found

in peaks smaller than 0.01% of the total peak area of the

chromatogram. Their quantitative determination was difficult

to obtain and they are represented by a compound code in

Table 1. However some compounds in higher amounts could

be quantitatively determined and have the peak area shown

in Table 1.

The formation of Br– and O– compounds in HIPS-Br

degradation oil depends on the type of the flame retardant

and especially on the degradation condition. Inorganic Br

Fig. 1 (a) Product yield and (b) Br amount in products for

degradation of HIPS-Br in nitrogen and ammonia flow.

Fig. 2 C–NP-gram of liquid products from HIPS-Br degradation in

nitrogen and ammonia flow (Cnp: average carbon number).
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compounds (group a in Table 1) are represented by hydro-

bromic acid (HBr) and SbBr3. It was confirmed by the values

of the peak area that SbBr3 was the main Br– compound in

HIPS-Br oil obtained in nitrogen flow. HBr and SbBr3 are

formed by interaction of Br radicals from degradation of the

flame retardant with the H radicals from the plastic and with

the Sb2O3 synergist, respectively, and they were totally

removed from oil by ammonia treatment.

The alkyl bromides and the phenyl-alkyl bromides (group b

and c) are formed by interaction between Br radicals and alkyl

fragments or alkyl side chains of the aromatic derivatives from

degradation of HIPS. Ammonia treatment removed the Br–

compounds with alkyl chains longer than 2 atoms of carbon. It

is important to note that 1-bromoethylbenzene, the main

organic Br– compound, and the second highest in amount

after SbBr3, was almost totally removed by ammonia treat-

ment. Two brominated styrene dimer isomers were found in

significant amounts after degradation in nitrogen flow (Table 1)

but they were totally removed by ammonia treatment.

The compounds of group d are fragments and their deriva-

tives from the flame retardant after scission of Ph–O–Ph or

Ph–C–C–Ph bonds but without total debromination of

aromatic ring. They were not removed by ammonia treatment.

We found that up to three atoms of Br remained bonded

on the aromatic ring in our experimental conditions.

Bromoanthracenes or bromophenanthrenes (it was difficult

to identify the structure unambiguously) were observed for

PEPS samples, and they are formed by cyclisation of Ph–C–C–

Ph from the flame retardant.

The group e in Table 1 contains totally or partially

debrominated O– compounds that remain from Ph–O–Ph

structure in POPS. They are alkyl- and brominated-phenols

and brominated or debrominated diphenylether and they

were not removed by ammonia treatment. Alkylphenols were

surprisingly found in PEPS oils suggesting possible contami-

nation or partial degradation during storage of PEPS.

Dibenzofuran (group f) was found in POPS oil in a signifi-

cant amount compared to the other Br– and O– compounds. It

was formed by cyclisation of totally debrominated Ph–O–Ph

units and its amount was decreased by ammonia treatment.

Experimental

Materials

Commercially available HIPS-Br containing decabromodiphe-

nyl oxide and decabromodiphenyl ethane brominated flame

retardants (POPS and PEPS sample respectively) with 10.8 wt%

Br content and 4.5 wt% Sb2O3 synergist were used in the

present study.

Degradation procedure

The degradation experiments were performed in a glass reactor

by semi-batch operation (Fig. 3).

A 10 g amount of HIPS-Br was used for each experiment.

The plastic was laid on a stainless steel net covered by quartz

wool and placed about 5 mm from the bottom of the reactor.

A metal line for gas flow was placed with the outlet at the

bottom of reactor below the plastic layer to assure nitrogen or

Table 1 Br– and O-compounds (GC-MSD area% or compound code) identified in degradation oils of HIPS-Bra,b

Compound group Molecular formula
POPSg PEPSg POPSg PEPSg

N2 N2 NH3 NH3

a: Inorganic Br HBr 0.24 0.28 — —
SbBr3 4.52 4.46 — —

b: Alkyl Brc CnH2n+1Br C1–6 C1–6 C1,2 C1,2

c: Phenyl-alkyl Brd PhCnH2nBr C1–3 C1–3 C1,2 C2

1-Br-Ethylbenzene (PhCHBrCH3) 3.98 4.51 * *
Brominated Styrene dimers 1.26 0.42 — —

d: Br-FR fragments and derivativese BrPhCn C1–3 C1–3 C1–3 C1–3

BrnPh Br1–3 Br1,3 Br1–3 Br1

BrnAnthracene — Bra1,a2 — Bra1,a2

e: O-FR fragments and derivativesf CnH2n+1PhOH C0,1 C0,1 C0–2,6 C0–2,6

BrnPhOH Br1,2 — Br1,2 —
BrnPh–O–PhBrn Bre0,e2 — Bre0,e2 —

f: Others Dibenzofuran 0.25 — 0.06 —
a —: Not identified. b *: Identified in small amounts but no quantitative data. c Group b: Br-methane(C1), Br-ethane(C2), 2-Br-propane(C3),
2-Br-isobutane(C4), 3-Br-pentane(C5), Br-hexane(C6), Br-cyclohexane(C6). d Group c: Br-methylbenzene(C1), 2-Br-ethylbenzene(C2), 2-Br-
propylbenzene(C3). e Group d: 1-Br-3-methylbenzene(C1), 1-Br-2-ethylbenzene(C2), 1-Br-4-ethenylbenzene(C2), 1-Br-2-isopropylbenzene(C3);
Br-benzene(Br1), diBr-benzene(Br2), triBr-benzene(Br3); Br-anthracene or Br-phenanthrene(Bra1), diBr-anthracene or diBr-phenanthrene (Bra2).
f Group e: phenol(C0), 4-methylphenol(C1), 2-ethylphenol(C2), 3,5-bisisopropylphenol(C6); Br-phenol(Br1), diBr-phenol(Br2);
diphenylether(Bre0), diBr-diphenylether(Bre2). g See Experimental for definition of POPS and PEPS samples.

Fig. 3 Schematic experimental setup for ammonia treatment of

HIPS-Br at 450 uC.
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ammonia atmosphere in the reacting zone. A 10 mL min21

flow rate of gases was used.

A degradation temperature of 450 uC and a heating program

shown in Fig. 3 was chosen based on our previous studies on

thermal degradation of plastic. The plastic was rapidly heated

by 10 uC min21 up to 360 uC, when HIPS degradation starts,

then a slower heating of 5 uC min21 up to the final degradation

temperature of 450 uC was used to avoid an excessive increase

of reaction rate. Practically, oil products started to accumulate

in the cylinder about 40 min from the beginning of experiments

when temperature inside reactor was around 380 uC, and

about 70% of oil volume was collected before reaching 450 uC.

A powder on the cold walls of reactor was observed for

ammonia treatment. The powder adsorbed a part of the oil

product, therefore vacuum filtration was necessary to separate

solid and liquid. Light compounds from the oil that

evaporated during vacuum filtration could not be recovered

and were classified as loss; however they can be counted as oil

in the mass balance. Small amounts of powder fell to the

bottom of reactor and contaminated the residue.

Analysis procedure

The Br content in the aqueous solution from the water trap

was measured using an ion chromatograph (DIONEX, DX-

120 Ion Chromatograph). The Br content in the solid residue,

powder and oils was determined by combusting about 10 mg

material in a Pyrex combustion flask, adsorbing the gaseous

products in 25 mL of water containing H2O2 (0.3 mL), and

analyzing the solution by ion chromatography. Qualitative

and quantitative analyses of liquid products were performed

by gas chromatographic analysis using various types of

detectors (GC-AED: HP G2350A, GC-MSD: HP5973).

Details on the analysis parameters were presented elsewhere.10

Conclusions

Ammonia treatment at 450 uC is an attractive method to

remove bromine from flame-retardant high impact polystyrene

(HIPS-Br). This debromination method allows the recovery of

60–70 wt% of the organic content as liquid products rich in

benzene derivatives and suitable for feedstock recycling.

Simultaneously more than 90 wt% Br can be recovered as

inorganic NH4Br powder. Ammonia treatment is simpler than

catalytic upgrading of the degradation oil that requires

dehalogenation of the gaseous products from regeneration of

deactivated catalyst or sorbent. Also ammonia treatment has

less environmental impact as it concentrates the bromine into

an inorganic solid form that is easy to handle compared to

gaseous emissions. Ammonia traps the Br radicals formed by

thermal debromination of the flame retardant, and hence it

suppresses the secondary reactions leading to SbBr3 and alkyl-

or phenylalkyl- bromides in liquid products. However,

ammonia can not remove the aromatic bromine that remained

as flame retardant fragments in our experimental conditions. It

seems that more severe degradation conditions are necessary

for total debromination of the flame retardant in order to

produce ‘‘green’’ bromine-free degradation oil by ammonia

treatment.
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Thermochemical cycles can provide a transformation mechanism for highly endothermic

reactions at moderate temperatures and worthwhile yields but without the generation of waste

streams. These have a general applicability but have been predominantly used for energy

transformation from heat to stored chemical free energy in the form of hydrogen, with a view to a

future hydrogen economy. Thermal efficiency is a key parameter in such a transformation, and

the study presents a simple methodology for the determination of the limiting efficiency available,

for the purpose of decision making in further cycle implementation and to develop consistency

with other heat-to-work processes. The method is applied to 21 previously reported cycles, for

which no such efficiency information has been reported, and discusses the features of the cycles

which give rise to high and low efficiencies.

Introduction

The present revival in interest in thermochemical cycles (TC’s)

as a means of producing hydrogen reflects the increasing

expectation of the contribution which ‘CO2-free’ sources of

process heat will make to a hydrogen economy. This includes,

in particular, heat from solar furnaces and high temperature

nuclear reactors, where heat will be available at temperatures

in the range of 1200–1700 K. Thermochemical cycles offer the

potential of providing the cleanest chemical route to hydrogen

by the creation of a completely closed set of reactions with

input and output material streams being only water and H2/O2

gases respectively.

Recent re-assessments of the broad range of possible cycles

first proposed in the 1980s has generated a number of

publications which present flowsheet improvements for exist-

ing processes as well as additional cycles for consideration. In

all of these, the thermodynamically calculated overall process

efficiency is a key parameter. Unfortunately, there remains

considerable variability in the way in which this parameter is

defined. Variations in process flowsheets and a lack of

consistency in the way in which process efficiency is calculated

can lead to significant uncertainties over the relative values of

different cycles and makes comparison difficult. This suggests

that adoption of a more consistent approach would be useful

in order to enable a strategic view to be taken of the potential

contribution of TC’s to future energy scenarios.

The value of a Carnot efficiency for determining the limiting

efficiency of a thermal process producing work is taken for

granted in power engineering and a similar approach for TC’s

would aid in the assessment of the maximum, or ideal,

efficiency achievable, assuming perfect implementation. Any

subsequent flowsheet variations will mean a performance drop

from this ideal value. The present work sets out a basis for

representing such ideal efficiencies, based on a step by step

examination of each stage of the cycle in terms of its free

energy change and heat requirements. The maximum thermo-

dynamically allowed internal heat transfer is used to minimise

external heat input and an overall efficiency is calculated based

on the residual free energies and heat requirements, including

the recombination of hydrogen and oxygen.

In this way, the thermochemical cycle is viewed as a

mechanism for converting heat into work, as represented by

the combination of stored chemical free energy and any

additional work which the intermediate reactions can produce.

The examination of the maximum theoretical efficiency of

cycles in this way provides a useful starting point for any

comparison between cycles and also allows identification of

the strengths and weaknesses within cycles.

Carnot efficiency equivalence

For the simplest cycle, this consists of an endothermic thermal

decomposition at high temperature (T1) combined with a work

recovery step at low temperature (T0).

For the reactions from left to right, assuming to a first

approximation that enthalpy and entropy changes are

independent of temperature, the overall Gibbs free energy

change for reactants and products at their reference

condition, is

DGoverall = (DG1 2 DG0) = (T0 2 T1)DS (1)

i.e. the cycle will provide work output (DGoverall = 2ve) if DS

for the decomposition is a +ve quantity. In this case DG at the
Department of Chemical & Process Engineering, University of Sheffield,
Mappin St, Sheffield, UK S1 3JD. E-mail: b.c.ewan@sheffield.ac.uk
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higher temperature is numerically lower, becoming zero at the

decomposition temperature.

The heat balance for a simple AB decomposition can be

usefully represented on a pinch diagram as shown in Fig. 1.

Here it assumed that the specific heats for AB heating and

A + B cooling are independent of temperature.

The possibility for internal heat balancing is represented by

two possible product cooling lines, showing both a shortfall in

cooling heat with respect to the heating line and an excess of

cooling heat leading to heat rejection. When standard states

are used to represent the free energy and enthalpy changes, the

work efficiency for the cycle is given by:

g~{
DGoverall

Q
~

DGo
0{DGo

1

Q1zheat mismatch
(2)

where Q1 is the heat input at decomposition and ‘heat

mismatch’ represents the heat transfer shortfall between A + B

cooling and AB heating.

In the special case where the specific heat functions of

products and reactants are identical, i.e. Cp(A + B,T) =

Cp(AB,T), then both the entropy changes and enthalpy

changes are independent of temperature and exact heat

matching results.

In this case, DHo
0 = DHo

1 and DSo
0 = DSo

1 and the efficiency

then becomes:

g~
DGo

0{DGo
1

DHo
1 {DGo

1

~
DHo

0 {T0DSo
0{DHo

1 zT1DSo
1

T1DSo
1

~1{
T0

T1
(3)

For this special case, heat is added only at the upper

temperature T1, and such simple cycles can provide the Carnot

efficiency for converting heat into chemical free energy.

Fig. 2 shows the variation of the parameters of eqn 3 with

temperature for the hypothetical case of a system with DH =

100 kJ mol21 and DS = 100 J (mol K)21.

As a result of the entropy and enthalpy independence

with temperature, the cycle will provide the Carnot efficiency

throughout the temperature range. At the decomposition

temperature (1000 K), DG1 = 0 and only heat is required to

effect the conversion of 1 mol of reactants to products at the

standard state.

Several decompositions of simple molecules approximate

quite closely to this condition as shown for some examples in

Table 1. In these cases, T0 = 298 K and Q is the greater of DHo
0

and DHo
1.

Maximum efficiency methodology

Since thermochemical reactions form a closed set, comparison

of the work efficiency for different cycles can usefully be

assessed by referring the reactants and products to the

standard state of 1 bar pressure for each of the steps in a

cycle. This is equivalent to equating the total work produced as

the algebraic sum of the standard free energy changes for each

reaction, excluding any separation work. Due to the closed

nature of the system, species have a dual identity as both a

reactant and product, and therefore changing a species’ initial

or final pressure will produce additional work terms which

cancel due to their having opposite signs, resulting in

DGoverall~
Xreactions

k

DGo
k (4)

This also applies to the generation of hydrogen at higher

pressures, which will require an additional amount of work,

Fig. 1 Heating and cooling behaviour for simple AB decomposition.

Fig. 2 Variation of heat, work and efficiency with temperature for

cycle with matched heating and cooling load. A = g, B = Q, C = DG1,

D = DG0 2 DG1.

Table 1 Comparison of cycle and Carnot efficiencies for some simple decompositions based on the decomposition temperature

Decomposition species DHo
1 /kJ DHo

0 /kJ DGo
0 /kJ T1/K g/Carnot DGo

0 /Q

SO3 A SO2 + KO2 97.3 98.9 70.9 1055 0.717 0.716
H2O A H2 + KO2 251.2 241.8 228.5 4346 0.931 0.909
CO2 A CO + KO2 271.0 282.9 257.29 3340 0.911 0.908
CaCO3 A CaO + CO2 165.8 178.2 130.5 1160 0.743 0.732
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which will become available again on recombination with

oxygen.

For the simple cycle depicted above, the operation of

the decomposition at a temperature where DGo
1 = 0, is

particularly useful since no external work is required to

take the reactants to products at the standard state

defined. As part of the objective of comparing the ability of

a number of thermochemical cycles to convert heat into

work, an initial approach has been taken to establish the

maximum efficiency possible for these. Since the underlying

interest is in the use of heat to effect chemical changes, for

reactions involving +ve values for both DH and DS, an

operating temperature is chosen which results in DGo = 0,

thus limiting any additional work required to bring the

products to standard pressure. In some cases, the reaction

temperature chosen in this way would exceed those of practical

process conditions, and therefore an upper limit operating

temperature of 1700 K has been imposed for all cycles.

For those endothermic reactions with 2ve values for DS,

the quoted literature value for the operating temperature

has been chosen. Literature values for the operating tem-

perature have also been chosen for any exothermic reactions

in a cycle.

The main features of the analysis are described as follows:

1. Each cycle is closed and includes the recombination of the

H2 and O2 produced to liquid water at the standard state

(1 bar) and at 298 K.

2. Reactions involving only heat inputs are carried out under

equilibrium conditions and temperatures are chosen to satisfy

DGo = 0, when possible, subject to a limit temperature of

1700 K.

3. Heat balancing is carried out between all of the heating

and cooling branches of the process, with the constraint that

the heat transfer temperature difference DT is greater than or

equal to zero.

4. Enthalpy changes are calculated using the HSC 5.1

chemistry package.1 Enthalpy and entropy values for some

species have been updated in the database where necessary

from published sources.

5. Efficiency is calculated through a combination of the

work terms arising within the cycle and the total heat added.

The work components of the cycle are the Gibbs free energy

changes for each of the fundamental steps required to

complete the cycle, and are taken as:

(a) Free energy work available from recombination, at the

standard state and 298 K, of H2/KO2 produced by the cycle

(DGo
298(H2/O2). This is taken as 2237 kJ (mol H2)21.

(b) Free energy work available from certain reactions within

the set at the standard state, characterised by 2ve DGo values,

DGo(2)

(c) Free energy work consumed by certain reactions within

the set at the standard state, characterised by +ve DGo values,

DGo(+)

(d) Free energy work associated with the separation of

reaction products. This is calculated as the negative of the

mixing free energy

DGsep~{R T
X

i

ni ln xið Þ (5)

where ni and xi are the number of moles and mole fraction of

species i in the mixture respectively. This is a +ve quantity,

consistent with the sign of the other work terms.

In representing an efficiency (g) for the cycle, all free

energy components providing output work, DGo(2) and

DGo
298(H2/O2), and consuming input work, DGo(+) and

DGsep, are considered equivalent. The efficiency thus becomes

defined by:

g~

{
tDG298 H2=O2ð Þz

P
DGo {ð Þz

P
DGo zð Þz

P
DGseps

heat input

(6)

It is noted that the above definition of efficiency differs from

those often used in the thermochemical cycle literature where

the HHV of hydrogen is frequently used in the numerator and

any work capability of some reactions (DGo(2)) is ignored. In

some cases eqn 6 may be a less generous definition, although it

is believed that it provides consistency for comparisons with

the normal calculation of a Carnot efficiency.

The representation of a cycle by a series of elementary steps

is demonstrated for the case of the US Chlorine cycle,2 which

involves the following three reactions:

The elementary steps required to evaluate a limiting

efficiency are shown in Fig. 3.

Reaction (2) has a negative value for DS and therefore does

not provide the possibility of equilibrium at the standard state

Fig. 3 US Chlorine cycle for hydrogen production.

(1) Cl2(g) + H2O(g) A
2HCl(g) + KO2(g)

T = 850 K
DHo = 58.8 kJ mol21

DGo = 0 kJ mol21

(2) 2CuCl(s) + 2HCl(g) A
2CuCl2(s) + H2(g)

T = 473 K
DHo = 24.9 kJ mol21

DGo = 118.1 kJ mol21

(3) 2CuCl2(s) A
2CuCl(l) + Cl2(g)

T = 850 K
DHo = 185.5 kJ mol21

DGo = 0

990 | Green Chem., 2006, 8, 988–994 This journal is � The Royal Society of Chemistry 2006
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for reactant and products, resulting in a positive DG value in

the temperature range of interest.

Table 2. summarises the individual steps representing the

operation of the cycle. To and T1 define the starting and

finishing temperatures of each step, DGo represents the

standard Gibbs free energy change for the reactions and any

work required to separate components for a further reaction

step, and Q¡ is the heat change involved with the step (+ve

when heat is added). Separation work terms are not included

when reaction products exist in different phases. All of the

thermochemical cycles considered are dealt with in the same

way, i.e. heating, reaction, phase change and cooling.

For each cycle it is confirmed that an overall energy balance

is satisfied, i.e.,

P
i

DG0
i reactionsð Þ~

P
i

Qi

This also includes the reaction free energy and additional

heat rejected at 298 K when the hydrogen and oxygen are

recombined (248.6 kJ mol21). For an efficiency calculation, it

is necessary to know the overall heat input requirement and this

is evaluated on the basis of the maximum possible heat transfer

from the cooling side to the heating side of the process. This is

most easily calculated using a pinch diagram for each of the

cycles. These are constructed for the limiting case of a heat

transfer temperature difference DT = 0 degrees, and refer to the

production of 1 mol of H2. The pinch diagram for the US

Chlorine cycle corresponding to Table 2 is shown in Fig. 4.

Results and discussion

A number of preferred thermochemical cycles, aimed at

hydrogen generation, were identified by Brown et al3 on the

basis of a range of performance measures, and these cycles

have since been the focus of attention for workers in the field.

Efficiency was excluded from such measures due to a lack of

published data, and this is now addressed using the framework

described above for most of the cycles originally selected.

The operating conditions and thermodynamic parameters at

the standard state for each reaction considered are collected

together in Table 3.

In the same way as described for the US Chlorine cycle

above, a detailed heating and cooling scheme for the cycles of

Table 3 has been derived, based on the needs of individual

species involved, transforming from products of one reaction

to reactants of another. The pinch diagram for each of these

enables the minimum heat input and heat rejection to be

determined.

The representation of the cycle efficiencies is concerned

specifically with the ability of cycles to produce work in the

form of chemical free energy from a heat source. The principal

component of the free energy produced is the H2/O2

recombination energy, which however, carries the same

importance as other DGo(2) and DGo(+) terms in eqn 6. The

efficiency therefore represents that of the cycle as a whole, and

the calculated values can only be used to represent maximum

‘hydrogen production efficiencies’ when the additional DG

terms (+ve and 2ve) are coupled with one another, through

choice of process conditions, or with the hydrogen generation

process. The equivalence of such DG terms with that of the

DGo
298(H2/O2) term ensures that when such coupling is

achieved, the calculated maximum efficiency value for the

cycle can be used to represent the efficiency for hydrogen

production. One such example of coupling would be to operate

DGo(2) reactions at high product partial pressures and DGo(+)

reactions, involving the same gaseous species, at high reactant

partial pressure.

The examination of the simple cycle of Fig. 1 indicates that

good matching of heating and cooling, combined with overall

Table 2 Steps required to complete the US Chlorine cycle

Step no. US Chlorine cycle T0/K T1/K DGo/kJ Q¡/kJ

1 Cl2(g) + H2O(g) A 2HCl(g) + KO2(g) 850 850 0 58.8
2HCl and KO2 separation at 473 K 4.92

2 2CuCl2 A 2CuCl(l) + Cl2(g) 850 850 0 185.5
3 2CuCl2(s) A 2CuCl2(s) 473 850 62.46
4 H2O(l) A H2O(l) 298 373 7.5
5 H2O(l) A H2O(g) 373 373 40.9
6 H2O(g) A H2O(g) 373 850 17.5
7 2CuCl(l) A 2CuCl(l) 850 703 217.8
8 2HCl(g) A 2HCl(g) 850 473 222.54
9 2CuCl(l) A 2CuCl(s) 703 703 214.2
10 2CuCl(s) A 2CuCl(s) 703 473 255.7
11 KO2(g) A KO2(g) 850 298 217.5
12 2CuCl + 2HCl(g) A 2CuCl2 + H2(g) 473 473 118.1 293.2
13 H2(g) A H2(g) 473 298 25.0

Fig. 4 Pinch diagram for US Chlorine cycle (excluding H2/O2

recombination).

This journal is � The Royal Society of Chemistry 2006 Green Chem., 2006, 8, 988–994 | 991
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heat addition at the maximum temperature will maximise the

cycle efficiency.

For an ideal cycle this is also associated with the minimum

heat rejection but may involve additional work input, which

acts to reduce the heat requirement, thus having little effect on

the efficiency. Real cycles with multiple reactions include

several phase changes, as products undergo the necessary

temperature transitions to their next reaction. Maintaining

efficiency for these requires that such steps permit heat transfer

from the cooling to the heating side. Where process conditions

exclude this possibility, large heat rejection and efficiency

losses can result.

Heat rejection can also result from 2ve entropy changes for

one or more reaction steps and, while this may be matched by

a heat absorption transition, thus benefiting the system heat

balancing, such a heat rejection is associated with the input of

work to the system. Such DGo(+) terms reduce the magnitude

of the numerator in the efficiency estimation and are a primary

factor in lowering the efficiency for some of the cycles

presented. Heat rejection due to phase changes, however, are

associated with equilibrium processes for which DG = 0 and

their effect on efficiency depends only on the extent to which

the heating curve can absorb the rejected heat.

Table 4 presents the calculated efficiencies for the cycles of

Table 3 as well as the aggregated heat input, output and work

input terms.

Heat input represents the nett input after the maximum

allowable internal heat balancing. Heat rejection is the

unavoidable expelled heat from the system including that

from H2/O2 recombination to complete the cycle. The work

input is the algebraic sum of the DGo(+), DGo(2) and DGsep

terms. This excludes the main work output term of the cycle

(i.e. DGo
298(H2/O2)) and provides an indication of (a) the extent

to which the nett work output of the cycle arises from the other

reactions and (b) the need for external work input to the cycle.

In principle, when this latter term is +ve, a proportion of the

available hydrogen free energy should be recycled and coupled

to the system reactions.

Table 4 orders the cycles in terms of maximum efficiency,

and the underlying reasons for high or low efficiency provide

some insight into the necessary attributes of cycles for design

purposes.

Examination of the top group of cycles (1–6) indicates that

heat rejection is around 1/3 of the nett heat input. The higher

the effective temperatures at which heat is input is achieved,

the greater will be the efficiency which can finally be achieved,

and for the top two cycles, when the maximum heat balancing

has been applied, this is in the range 1400–1573 K and 1000–

1450 K. For cycles 3–6 these range from 1200–1300 K down to

600–1000 K. For cycles 1–4 there is also some nett work

produced in addition to the H2/O2 recombination work,

indicating that some useful work is produced from the higher

heat inputs associated with these cycles. For cycles 5 and 6

there is a nett work input, but a corresponding reduction

in heat input, indicating that the input work is contributing

to enthalpy increase within the system, rather than heat

rejection.

The low efficiencies for the bottom group (16–21) can be

rationalised in a similar way. The nett heat input range for

cycle 16 is lower at 440–950 K and for cycles 17–21 the range is

850–1100 K. This latter range suggests the possibility of good

efficiencies, however, for these cycles, large work inputs reduce

the overall work outputs of the cycles, and these are associated

with correspondingly large heat rejection stages. These can be

identified with one or more unfavourable reactions, with large,

2ve entropy changes. In the worst case for cycle 21, the overall

work output is 2ve, including H2/O2 recombination work,

resulting in zero efficiency. This can be traced to the K2O

decomposition and K/KOH reactions, where the equilibrium

lies strongly to the left.

The above approach has a number of features which are

useful in making comparisons among thermochemical cycles

and with other heat–work processes. Some of these include:

N an evaluation, without the use of process flowsheeting, of

the maximum or ideal thermal efficiency which a cycle can

provide.

Table 4 Principal heat and work components of the cycles. (Nett work input excludes H2/O2 recombination work)

Cycle No. Process Heat input/kJ (mol H2)21 Heat rejection/kJ (mol H2)21 Nett work input/kJ (mol H2)21 g

1 Ispra Mark 1C 354.3 108.6 29.0 0.69
2 Ispra Mark 7A 480.6 143.6 284.2 0.67
3 Vanadium chloride 415.5 144.6 233.6 0.65
4 Univ Aachen 1972 387.0 138.6 29.15 0.64
5 Ispra Mark 4 174.4 63.8 129.7 0.62
6 Westinghouse 246.0 84.8 87.7 0.61
7 Nickel ferrite 249.3 76.6 97.7 0.56
8 Zinc oxide 341.7 143.1 47.3 0.56
9 Ispra Mark 9 476.6 208.6 213.3 0.53
10 Sulfur–iodine 192.0 85.6 179.3 0.51
11 Julich EOS 483.6 243.6 4.3 0.48
12 Hallett 1965 92.1 54.6 194.0 0.47
13 US Chlorine 258.9 132.6 123.0 0.44
14 Ispra CO/Mn3O4 104.3 48.6 192.6 0.43
15 Ispra Mark 3 91.5 48.6 199.0 0.42
16 LASL U 321.9 186.6 102.1 0.42
17 UT-3 375.5 160.0 94.0 0.38
18 Ispra Mark 6C 516.8 346.6 73.3 0.32
19 Ispra Mark 6 272.0 235.6 153.8 0.31
20 Ispra Mark 7B 337.7 196.6 135.8 0.30
21 Gaz de France 219.8 303.6 319.6 0
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N an indication of the relative contributions of the hydrogen

and non-hydrogen related work terms to the overall efficiency.

This is particularly relevant when cycles are being viewed as

production routes for hydrogen.

N the provision of a starting point for process optimisation,

identifying the main geometrical needs for heat transfer. This

becomes important in specifying system design and layout to

enable the prescribed heat transfer.

N assessment of the relative efficiencies of heat–electricity

cycles and thermochemical cycles for use with hybrid cycles.

This provides useful information on the contribution which the

electrical conversion step makes to overall thermochemical

cycle efficiency.

N the basis for improvement of existing cycles through

chemicals selection and better positioning of isothermal heat

processes.

Whilst the procedure described sets out to determine the

maximum efficiencies available, it does not deal with the

practical difficulties and new challenges in realising these.

Examination of Table 3 for the highest efficiency cycles

indicates that some of this derives from DG(2) terms, and

work must therefore be extracted from these to realise the

efficiency indicated.

In some cases this may be set directly against DG(+) terms,

e.g. through the operation pressure for a common gas species,

or by means of an established electrochemical pathway for

electricity generation, which can then be coupled to hydrogen

generation.

In other cases, no clear work production pathway or

coupling route is evident, an example being the solid reaction

of CuBr2–CaO in Cycle 1.

Fuel cells and a new range of membrane technologies

provide new opportunities in these areas e.g. H2–O2 fuel cells

for electrical input to hybrid cycles and reverse concentration

cells for electrochemical pumping and separation, and there-

fore new fuel cell combinations and ion transport media may

eventually provide implementation routes for those cycles

involving ‘difficult’ reactions. A number of practical design

features also limit achievable efficiencies,12–14 examples being:

N the need for finite approach temperatures in heat transfer

equipment (in contrast to a DT = 0 condition)

N the overall thermal efficiency arising from electrical

pumping to raise product pressures. This may involve thermal

to electrical efficiencies of 40% and pump mechanical

efficiencies of 70%.

N large energy losses arising from separations, an example

being the use of phosphoric acid to break the HI–H2O

azeotrope in cycle 10.

N the use of excess solvents to improve reaction conversions.

The use of solvation energy can improve product yield but at

the expense of subsequent separation energy.

Conclusion

The aim of the analysis has been to provide a method which

yields the best achievable efficiency, as a basis for decision

making on the value of further study.

In addition, in view of the importance of the thermal

efficiency parameter in judging the value of heat–work

processes, the procedure for thermochemical cycles has sought

to define their efficiency in such a way that their limiting

efficiency can tend to the Carnot value in the same way as for

other thermal processes. This consistency is particularly

important when comparisons are made with other heat

utilisation processes, such as electricity generation by different

routes, and overcomes definitions involving the higher and

lower heating values for hydrogen (hhv, lhv) such as the

following:

g~
DH hhvð Þ

Q per mol H2ð Þ , g~
DH lhvð Þ

Q per mol H2ð Þ ,

g~
DH hhvð Þ

Q per mol H2ð ÞzElect:work=gel

where gel is the thermal to electrical conversion efficiency for

electricity generation, assuming that work input terms can be

achieved using an electrochemical process.

This simple, but useful approach may encourage others to

review some of the many other cycles which have been

identified for hydrogen production, from a limiting efficiency

perspective, and re-evaluate their feasibility.
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The absorption of CO2 in aqueous NH3 solutions occurs with high efficiency and loading capacity

at room temperature and atmospheric pressure producing the ammonium salts of bicarbonate

(HCO3
2), carbonate (CO3

22), and carbamate (NH2CO2
2) anions. 13C NMR spectroscopy at

room temperature has been proven to be a simple and reliable method to investigate the speciation

in solution of these three ionic species. Fast equilibration of HCO3
2/CO3

22 anions results in a

single NMR peak whose chemical shift depends on the relative concentration of the two species. A

method has been developed to correlate the chemical shift of this carbon resonance to the ratio of

the two anionic species. Integration of the carbamate carbon peak provided the relative amount of

this species with respect to HCO3
2/CO3

22 pair. No other species was detected in solution by 13C

NMR, and no solid compounds separated out under our experimental conditions. Finally, the

relative amount of HCO3
2, CO3

22, and NH2CO2
2 in solution have been correlated to the molar

ratio between free ammonia in solution and absorbed CO2.

Introduction

There is a growing consensus among the governments,

scientists, and industrial organisations of the most developed

countries about the threat of climate changes due to the

greenhouse effect caused by the huge introduction of anthro-

pogenic CO2 in the atmosphere.1,2 A variety of strategies can

be adopted to limit and reduce CO2 emissions. These include

improving the efficiency of energy production, substituting

carbon rich fossil fuels, such as coal and oil, with natural gas

and other energy sources, and developing technologies to

capture CO2 in view of reutilization and/or sequestration.3

Concerning this latter approach, there is a range of potentially

attractive technologies for CO2 capture based on physical4 and

chemical absorption5 methods, cryogenic and membrane

separation processes,6 and biological fixation.7 Chemical

capture processes based on amine scrubbing have received

particular attention.8 The method is currently utilized for CO2

recovery from exhaust gases in US Navy submarines, in

NASA space shuttles and, in pilot plants, for CO2 separation

in flue gases from power generation stations and refineries.

Monoethanolamine (MEA) or other hindered amines are used

as efficient absorbents.9 In this process, diluted CO2 (5–15%) is

chemically captured at low temperature and then released

essentially pure at higher temperature, while the regenerated

amine can be recycled for further CO2 uptake. The method

however suffers from several drawbacks, such as the high cost

of chemicals due to amine degradation in the absorption–

desorption cycles, the high corrosion of the technical equip-

ment, the energy costs for the amine regeneration step, and the

relatively low loading capacity of CO2. Alternative inorganic

systems using sodium or potassium carbonates10 and aqueous

ammonia11,12 as absorbents have been proposed. The ammo-

nia scrubbing process provides the advantage of higher CO2

loading capacity, no absorbent degradation problems and,

therefore, lower material costs. However, although the process

for regenerating the chemical absorbent needs a lower heat of

reaction in comparison to amine technology, the regeneration

of NH3 by heating large volumes of dilute aqueous solutions

and the separation of NH3 from pure CO2 are still highly

energy consuming steps.

Speciation of the products which are formed in aqueous

solution during the reaction between ammonia and carbon

dioxide under different experimental conditions is of para-

mount importance to optimize the process in term of loading

capacity, reaction temperature, and ammonia concentration.

Several studies have been carried out on the capture of carbon

dioxide by aqueous ammonia, and the results of either

model calculations11 or experimental investigations12 have

been reported.

Absorption and reaction kinetics occurring when CO2 is

absorbed into aqueous ammonia solutions are rather complex,

and the speciation products have been poorly understood.

Moreover, no satisfactory method has been so far described to

rapidly evaluate the relative amount of the species occurring in

the CO2/NH3/H2O system.13

In this paper we report on the 13C NMR spectroscopic

investigation of the species distribution which occurs during

CO2 absorption into aqueous ammonia at 293 K using

different NH3 concentrations and during the reaction progress.

The results reported here indicate that 13C NMR spectroscopy

provides a straightforward and reliable method to evaluate the

reaction products between CO2 and NH3 in aqueous solution.

To the best of our knowledge, and in spite of the practical

importance of this system, this kind of NMR study has never

been carried out systematically on the CO2/NH3/H2O system
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and only sparse results have reported on the 13C NMR spectra

of the solid compounds which form in the gaseous CO2/NH3/

H2O reaction.14 The 13C NMR analysis of D2O solutions of

ammonium carbonate and ammonium carbamate has been also

reported.13a Finally, speciation of the CO2/amine aqueous

systems has been reported by 1H and 13C NMR spectroscopy.15

Results and discussion

Speciation of the CO2/NH3/H2O systems

Our absorption experiments were carried out at 293 K using a

glass absorber filled with 0.240 dm3 of 2.50 M NH3 (4.3% w/w)

solution and equipped with a thermometer and a pH electrode.

The flue gas was simulated by a mixture of 10% (v/v) CO2

diluted with N2. During each absorption experiment the NH3

solution was not circulated while the CO2/N2 gas mixture was

continuously flowing at the bottom of the absorbent through

a sintered glass diffuser until CO2 absorption stopped. The

flow of the gas mixture was maintained constant at the rate of

15 dm3 h21. As the reaction of CO2 with aqueous NH3 is

exothermic, the absorber was immersed in a thermostatted

water bath to keep the temperature constant. The outlet gas

was dried by flowing through activated molecular sieves,

anhydrous CaSO4 and, finally, passed through a gas purifica-

tion tower filled with P2O5. The mass change of P2O5 allowed

us to evaluate the amount of gaseous NH3 that had escaped

from the absorbing solution. In the whole series of experiments

the loss of ammonia from the 2.50 M NH3 absorbing solution

never exceeded 1.3% (on a molar basis) at 293 K. For the entire

duration of each absorption experiment, a sample of the

solution (0.5 ml) was withdrawn from the absorber every hour

at increasing amounts of absorbed CO2 (a total of 7–8 samples

were analysed) and checked by 13C NMR spectroscopy.

Changes of pH were also measured, and steadily decreasing

values between 10.5 and 8.5 were recorded as more CO2 was

absorbed. At the lowest pH values no more than 15–20% of

CO2 is absorbed by the residual ammonia. Each absorption

experiment was repeated in triplicate showing a high repro-

ducibility of the results with changes in the percentage of each

species never higher than 2 units during the different NMR

experiments.

The reaction of the weak acid CO2 (Ka(293) = 4.08 6
1027)16 with the weak base NH3 (Kb(293) = 1.71 6 1025)16 in

water is characterized by several chemical equilibria, which

complicate representing the overall picture of the system.

However, such complex thermodynamic behaviour can be

much simplified by neglecting unimportant reaction equilibria

featuring comparatively much smaller equilibrium constants.

The main reactions to be taken into account when CO2 reacts

with aqueous ammonia are:

NH3 + CO2 + H2O P NH4
+ + HCO3

2

Keq(293)16 = 1.02 6 103 (1)

NH3 + HCO3
2 P NH2CO2

2 + H2O
Keq (293)16 = 3.61

(2)

NH3 + HCO3
2 P CO3

22 + NH4
+

Keq(293)16 = 1.04 6 1021 (3)

The pH of this system is, in part, controlled by the

ammonia–ammonium and carbonate–bicarbonate buffers

NH3 + H2O P NH4
+ + OH2 (4)

CO3
22 + H2O P HCO3

2 + OH2 (5)

The composition of the solution depends on the ratio

between free NH3 and absorbed CO2 which, in turn,

determines the pH of the solution. When the reaction occurs

between comparable amounts of CO2 and NH3, the equili-

brium (1) prevails and ammonium bicarbonate is the main

species in solution. The same is even more true when an excess

of CO2 is loaded into the solution. In contrast, an excess of

NH3, with respect to the absorbed CO2, increases the amount

of ammonium carbamate and, to a lesser extent, of carbonate

according to reactions (2) and (3), respectively. If an excess of

NH3 is maintained in the system, the overall reactions can be

rewritten as

2 NH3 + CO2 P NH2CO2
2 + NH4

+

Keq(293) = 3.68 6 103 (6)

2 NH3 + CO2 + H2O P CO3
22 + 2 NH4

+

Keq(293) = 1.06 6 102 (7)

Due to the very high solubility of the ammonium salts

of carbonate (320 g dm23 H2O),17 carbamate (790 g dm23

H2O),17 and bicarbonate (220 g dm23 H2O),17 no solid

compound is expected to separate out under the present

experimental conditions and, consequently, no heterogeneous

equilibrium involving solid salts has to be taken into account

in the present description of the aqueous CO2/NH3 system. As

a matter of fact, no solid was found to separate out from these

solutions under the adopted experimental conditions.

In order to evaluate the species present in solution, we

recorded 13C NMR spectra of several NH3 solutions at

increasing CO2 loading and decreasing pH values. The 13C

NMR spectra of the investigated solutions are quite simple

(Fig. 1) and exhibit two distinct resonances.

The signal at ca.166 ppm is attributed to the carbamate ion,

while the other resonance, slightly shifted to lower frequencies,

in the range 165.23 ¡ d ¡ 161.50, is ascribed to the carbon

atoms of the carbonate and bicarbonate ions which are fast

exchanging on the NMR time scale via proton scrambling. No

detectable amounts of any other species was evident from

inspection of the NMR spectra. Remarkably, while the

NH2CO2
2 carbamate resonance is practically unaffected by

pH changes, the resonance due to the freely exchanging

HCO3
2/CO3

22 pair steadily moves high-field by decreasing the

pH, i.e. by increasing the CO2 absorption by the ammonia

solution. As all the species in solution contain only one carbon

atom and these are likely relaxing with comparable rates,18 the

relative amounts of carbamate and of overall HCO3
2/CO3

22

species may be reasonably determined by NMR integration of

the corresponding signals. NMR integration of test spectra of

solutions, prepared by dissolving in a known volume of D2O

weighted amounts of potassium carbonate, bicarbonate and

carbamate, adds high confidence to this procedure showing

that the integration of the NMR signals parallels the change in

996 | Green Chem., 2006, 8, 995–1000 This journal is � The Royal Society of Chemistry 2006
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the experimentally known composition of the solution. The

results (Table 1) indicate that the carbamate is an important

species in the aqueous NH3/CO2 system and its concentration

progressively decreases, as expected, at higher CO2 loading

when the CO2/NH3 ratio increases or, in other words, when the

pH of the solution decreases.

Much more intriguing is to know whether the relative

amounts of fast equilibrating HCO3
2 and CO3

22 ions may be

quantified by NMR analysis. To this purpose we have carried

out a quantitative 13C NMR study on D2O standard solutions

of neat KHCO3 and K2CO3, and of mixtures of the two salts

accurately prepared by dissolving weighted amounts of the two

salts in different molar ratios (see experimental). Plotting of

the chemical shift of each single 13C-resonance due to HCO3
2/

CO3
22 equilibration against the relative concentrations of the

two salts provides a straight line with limiting values assigned

to pure KHCO3 (d 160.82) and 98.6% (on molar basis) K2CO3

(d 168.24). Hydrolysis of KHCO3 is negligible for the

concentrations used, whereas a 1.4% hydrolysis of K2CO3 is

computed and taken into account. The straight line featuring

this plot suggests that the resonance frequency due to carbon

atoms in the acid/base

HCO3
2 P CO3

22 + H+

equilibrium is proportional to the relative concentration of the two

ions and allows for a facile extrapolation of the [HCO3
2]/[CO3

22]

value.

The use of potassium salts instead of ammonium salts does

not affect the reliability of the method.{ In keeping with this

hypothesis, we found that the 13C NMR behaviour of KHCO3

and NH4HCO3 solutions in D2O is essentially unchanged. The

occurrence of a linear plot for the resonance of the carbonate

and bicarbonate pair as a function of their relative amounts

allows one to estimate the relative concentrations of the two

HCO3
2 and CO3

22 species in solution from the measured

chemical shift of the 13C NMR spectra.

The result of a typical experiment is reported in Table 1. In

Fig. 2 the relative concentration of NH2CO2
2, HCO3

2 and

CO3
22 is plotted versus the pH value at increasing amount of

absorbed CO2. In each step of CO2 absorption, carbamate

is more abundant than carbonate, as expected from the

comparison of the equilibrium constants for the two pairs of

reactions (2), (6) and (3), (7). Both species decrease with pH,

while a simultaneous increase of bicarbonate occurs. These

results are easily explained on the basis of the equilibria (8) and

(9) which gradually move to the right as the CO2 absorption

increases.

CO3
22 + CO2 + H2O P 2 HCO3

2 (8)

NH2CO2
2 + CO2 + 2 H2O P 2 HCO3

2 + NH4
+ (9)

Fig. 1 13C NMR spectra showing the NH2CO2
2 and HCO3

2/CO3
22

carbon resonances at different pH in four NH3 solutions at increasing

CO2 loading.

Table 1 Chemical shifts (d, ppm), pH and relative amounts (% on molar scale) of carbamate, bicarbonate and carbonate at increasing loading
steps of CO2 in the 2.5 M solution of aqueous ammonia

Absorption step 1 2 3 4 5 6 7 8

pH 10.31 9.93 9.65 9.34 9.12 8.90 8.64 8.59
d(NH2CO2

2) 166.03 166.02 166.04 166.01 166.03 166.05 166.03 166.04
d(HCO3

2/CO3
22) 165.23 164.13 163.54 162.83 162.27 161.86 161.59 161.50

%(NH2CO2
2) 43.3 36.8 31.5 27.8 23.1 19.5 15.4 14.7

%(HCO3
2) 22.5 34.1 42.3 51.3 60.2 67.5 74.5 75.7

%(CO3
22) 34.2 29.1 26.2 20.9 16.7 13.1 10.1 9.6

{ It was not possible to use standard solutions of the ammonium
carbonate and bicarbonate mainly because commercially available
(NH4)2CO3 is a mixture of ammonium carbamate and bicarbonate and
also because NH4

+ from NH4HCO3 reacts with CO3
22 solution in the

salt mixtures.
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Furthermore, the more the concentration of free NH3

decreases and that of NH4
+ increases, the more the backward

reactions (2) and (3) occur, thus resulting in further formation

of bicarbonate at the expenses of both carbamate and

carbonate. Finally, reaction (1) between CO2 and residual

NH3 contributes to the increase the concentration of

bicarbonate. At the end of the absorption reaction, when the

pH is around 8.6, the solution contains more than 75% of

HCO3
2. Triplicate CO2 absorption experiments confirmed

that differences in the experimentally determined percentages

of the carbon species originated from carbon dioxide absorp-

tion were never higher than 1–2 units. Although the results

presented here from the analysis of the 13C NMR spectra in

aqueous ammonia solutions at different CO2 loading may be

easily explained in the light of the simultaneous equilibria (1)–

(9) specifically applied to the present experimental conditions

and absorption methods, the unobserved formation of any

solid compounds during our CO2 absorption tests deserves a

few additional comments. In any case, at the end of the

absorption experiment, the maximum amount of the less

soluble salt, i.e. NH4HCO3, ca. 32 g in 0.240 dm3, is largely

below its solubility limit (22 g per 0.100 dm3). Slow

evaporation at room temperature and pressure of the final

solutions containing NH4
+, HCO3

2, CO3
22, NH2COO2, leads

to complete decomposition to NH3 and CO2 with no residue

remaining. In this respect, we cannot confirm the formation of

solid compounds as reported previously even in more dilute

NH3 solution (,1 M).19

To evaluate the effects of NH3 concentration on the

speciation of CO2 absorption products by ammonia solutions,

a series of separate experiments were carried out with

comparable amounts (about 0.10 mol) of CO2 loading by

increasing the concentration of the absorbing ammonia

solution (0.85 M, 2.50 M, 5.08 M, 7.50 M; 10.0 M). The

results are reported in Fig. 3, where the relative amounts of

NH2CO2
2, HCO3

2 and CO3
22 are plotted with respect to the

molar ratio of NH3/NH4
+ which increases with the NH3

concentration. The maximum formation of NH2CO2
2 (ca.

78%) occurs in the 10 M NH3 solution and decreases in less

concentrated NH3 solutions. As expected, the growth of

bicarbonate follows the opposite direction with respect to

carbamate, whereas changes in carbonate concentration

exhibit a less foreseeable behaviour. Overall, these results

agree with the equilibrium constants ruling the equilibria (1)–

(3), (6), and (7).

To determine how the concentration of the different species

varies with time, 13C NMR spectra were taken again three

times after 30 day periods after keeping the samples at room

temperature in the NMR tubes. The results of a few tests

carried out at high pH values (¢ 9.6) [i.e. with high NH3(free)/

CO2(absorbed) molar ratio (¢ 2)] indicate that the concentra-

tion of NH2CO2
2 is increased (10–20% in different experi-

ments) to the detriment of both HCO3
2 and CO3

22. In

contrast, at lower pH, the concentrations of NH2CO2
2 is

decreased or does not change appreciably with time. The 13C

NMR spectra of the two solutions featuring the highest

NH3(free)/CO2(absorbed) molar ratio (¢ 13) exhibit only one

resonance at 166.03 ppm imputable to the sole NH2CO2
2.

These results suggest that the reaction (2) is slower than

reactions (1) and (3) and completes only when a large excess of

NH3 with respect to the absorbed CO2 is admitted into the

solution. To confirm this hypothesis, we have recorded the 13C

NMR spectrum of neat NH4HCO3 in D2O which exhibits a

unique resonances at 160.87 ppm due to HCO3
2. Adding NH3

to the previous solution causes the appearance of a new

resonance in the 13C NMR spectrum (d 165.92) which is

assigned to carbamate. The relative amounts of HCO3
2 and

NH2CO2
2 depend on the NH3/HCO3

2 ratio and a large

excess of ammonia completely transforms HCO3
2 into

NH2CO2
2 according to reaction (2). Conversely, the hydro-

lysis of NH2CO2
2 occurs at lower pH according to the reverse

of reaction (2).

Removal of CO2 by aqueous ammonia solutions

It is well known that ammonia solutions shows a high CO2

removal efficiency and absorption capacity at room tempera-

ture.12 In general, solutions with a high NH3 concentration

Fig. 3 Variation of the concentration (% on molar scale) of

carbamate (¤), carbonate (&), and bicarbonate (m) as a function of

the NH3/NH4
+ molar ratio.

Fig. 2 Variation of the relative amounts (% on molar scale) of

carbamate (¤), carbonate (&), and bicarbonate (m) as a function

of pH.
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enable higher CO2 absorptions, but also cause a greater loss of

gaseous NH3 from the solution. We have found that a 2.5 M

NH3 (4.3% by mass) solution represents the better compromise

between CO2 loading capacity and ammonia loss. In our

experiments using a 2.5 M NH3 solution (0.600 mol) and a

10% (v/v; total flue gas kept at 15 dm3 h21) inlet CO2

concentration, the maximum removal efficiency was near

100% at room temperature in the first two analytical runs due

to the large excess of NH3 with respect to the CO2 admitted

into the solution. The absorption capacity decreased with

increasing of the absorbed CO2. The loss of NH3 from the

absorber is lower than 0.5% (v/v) in the first steps of

absorption going down to ca. 0.1% when the amount of free

NH3 in solutions is reduced to 50%. The CO2 absorption

experiments were stopped when no more than 15–20% of CO2

is absorbed by the residual ammonia and pH values are in the

range 8.5–8.7. In a typical experiment 0.600 mol of NH3

absorbed a total amount of 0.404 mol of CO2 (0.404 ¡ 0.04 in

triplicate experiments) with a 64% (v/v) average removal

efficiency; from these figures an absorption capacity of 1.76 kg

CO2 per kg NH3 may be calculated. For comparison purposes,

the maximum absorption capacity of MEA was reported to be

0.55–0.58 kg CO2 per kg MEA.20

The CO2 capture by ammonia scrubbing requires thermal

regeneration of NH3 followed by its separation from pure

CO2, which must be sequestered.21 Both processes are energy

consuming and make this technique economically unattractive

in spite of the high absorption efficiency and loading capacity

of ammonia solutions. The separation from the absorbed

solution of solid products worth of profit-making, such as

NH4HCO3 or NH4CO2NH2, might lower the costs of the

process avoiding the costly steps of NH3 regeneration/CO2

sequestration. In the present system, however, no solid

compound crystallized out during our absorption tests due

to the high water solubility of these ammonium salts. Further

studies aimed at exploiting the process to recover valuable

solid products from the absorption solutions are in progress

and will be reported in due time.

Experimental

All reagents were reagent grade. NH4HCO3, KHCO3,

NH4CO2NH2, K2CO3 (Sigma–Aldrich) were used as received.

Standard NH3 solution 5.08 M and 14.8 M (Sigma–Aldrich)

were used to prepare the absorbent solutions. Pure CO2 and

N2 (Rivoira) were used to simulate flue gas. pH measurements

were carried out with a Crison GLP 22.02 model pH-meter

calibrated with standard buffer solutions at pH 7.0 and 9.0.

Flow rates of N2 and CO2 were measured with 150 mm

flowmeters equipped with gas controllers (Cole Parmer). The

inlet and outlet CO2 concentrations in the flue gas mixture

were measured with a Varian CP-4900 gas chromatograph

calibrated with a 10% v/v CO2/N2 reference gas (Rivoira).

The absorber was a glass cylinder with a diameter of 56 mm

and height 300 mm fitted with a thermometer and a combined

pH electrode and containing 0.240 dm3 of the absorbent

solution. CO2 absorption experiments were carried out with

0.85 M (1.46% w/w), 2.50 M (4.34% w/w), 5.08 M (9.00% w/w)

7.50 M (13.5% w/w), 10.0 M (18.1% w/w) NH3 solutions. The

temperature of the absorber was kept constant by means of a

water bath thermostat (Julabo model F33-MC refrigerated

bath) regulated at 293 K. To mimic flue gas, a gas mixture

containing 10% (v/v) CO2 in N2, was continuously fed into the

absorber through a sintered glass diffuser (16–40 mm pores)

at the bottom of the absorbent solution with a flow rate of

15 dm3 h21. The vent gas exited from the top of the absorber.

The inlet gas mixture was humidified by bubbling it through

water before it flowed into the absorbent reactor.

The 13C NMR spectra were obtained with a Varian Gemini

g300bb spectrometer operating at 75.46 MHz. Chemical shifts

are to high frequency relative to tetramethylsilane as external

standard at 0.00 ppm. CD3CN was used as internal reference.

The H2O solutions of the reactants were added with 15% (v/v)

D2O (Aldrich) contained in a sealed capillary to provide

enough signal for the deuterium lock system without changes

in the concentration of the solutions. NMR spectra were

recorded after each absorption step and repeated on the same

samples again three times after 30 day periods. Reference

solutions for calibrating the 13C NMR spectra were prepared

by dissolving in D2O pure K2CO3, KHCO3, and accurately

weighted mixtures of the two salts in different percentages.

Chemical shifts of reference solutions are in ppm and

percentages of KHCO3, in parenthesis, are on molar basis.
13C NMR: d 168.24 (neat K2CO3), 167.44 (11.0), 166.63 (21.7),

166.01 (29.6), 165.74 (33.0), 165.14 (40.3), 164.98 (43.1), 163.92

(56.9), 163.36 (63.7), 162.54 (74.5), 162.20 (79.8), 161.67 (86.4),

161.59 (88.1), 160.82 (neat KHCO3).

Conclusions

We have shown that 13C NMR spectroscopy provides an

efficient, reliable and straightforward method to evaluate the

relative amounts of NH2CO2
2, HCO3

2, and CO3
22 which

form from the reaction of CO2 with aqueous ammonia at

293 K. In agreement with the equilibria governing the CO2/

NH3/H2O system, NH2CO2
2 is the main species in solution in

the presence of excess NH3 with respect to absorbed CO2. In

contrast, HCO3
2 prevails when most of NH3 has reacted with

CO2 and the pH lowers. Finally, the CO3
22 anion is always

present in solution but at a concentration always lower than

carbamate. No other species has been detected in solution by

NMR spectroscopy and no solid compound separated out

during the absorption experiments.

In conclusion, the present study deals with the CO2 removal

by aqueous NH3 solutions and confirms the advantage of this

process in terms of CO2 loading capacity and absorption

efficiency. Of course, the problem of CO2 capture is far

from being resolved by our preliminary studies and further

investigations are required for an extensive application of NH3

scrubbing process. We are currently orienting our work

towards the design of chemical processes capable of converting

the captured CO2 into useful solid products by means of

inexpensive and recyclable chemicals. Such an accomplishment

could overcome the expensive steps of NH3 regeneration and

separation from pure CO2. In this perspective, an in-depth

knowledge of the 13C NMR behaviour of the CO2/NH3 system

is mandatory to quickly test both reaction conditions and

experimental methods aimed at improving the selectivity and
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the yield of the species formed in liquid phase with minimum

loss of NH3 and minimal energy requirements. This research is

now in progress in our laboratory and the results will be

reported elsewhere.
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Trituration of N-bromosuccinimide at room temperature with several liquid or solid 1,3-diketones

and b-keto esters resulted in high yield conversion to the monobrominated derivatives, and a

work-up procedure using only water to remove succinimide was employed. The entire process uses

no organic solvent and is therefore more ecologically desirable.

Introduction

In the face of demands for sustainable and ecologically

friendly organic syntheses,1 solvent-free strategies2 are an

important alternative to the use of organic solvents in synthetic

reactions. In the absence of solvent, however, reaction path-

ways, as well as the products formed, may be modified

significantly.

Solvent-free halogenation has not been extensively

studied,2a but it is known that some brominations can be

carried out under such conditions. Selective solid-state

brominations of alkenes and aromatic compounds have been

achieved with gaseous bromine3–7 or with the recyclable

ditribromide reagent (1,2-dipyridiniumditribromide-ethane),

which has also been used for functionalisation of ketones.8

N-Bromosuccinimide (NBS) has been used for solvent-free

bromination of aromatics and in many cases the crystallinity

of substrates was crucial for product selectivity.9–11 Allylic12

and a-carbonyl13 brominations with NBS have also been

reported recently. In all these cases, although the reaction

involved no solvent, organic solvents were used for work-up

procedures, and thus the overall protocols were not completely

organic solvent-free.

Due to their high reactivity, monobrominated 1,3-dicarbo-

nyl compounds are valuable building blocks in organic

synthesis.14 It has been reported that bromination at the

reactive position in a 1,3-keto compound enhances bioactivity,

particularly cytotoxicity against breast cancer 1A9 cells, with

respect to the unsubstituted compound.15 Bromination of

1,3-diketones and b-keto esters has been accomplished with

various reagents, including molecular bromine and its com-

plexes,16 potassium bromide with oxidising agents,17 sodium

hypobromite,18 CuBr2 with Koser’s reagent,19 ammonium

bromide in combination with vanadium pentoxide and

hydrogen peroxide,20 NBS alone21 or in combination with

sodium hydride,22 triethylamine,23 magnesium perchlorate,24

silica-supported sodium hydrogen sulfate,25 Amberlyst-1526

and ammonium acetate.27 The reactions were usually per-

formed in organic solvents although ionic liquids have also

been used.28 Nevertheless, selective monobromination of

1,3-diketones and b-keto esters remains a challenge since these

reactions in many cases result in a mixture of mono and

dibrominated products.21

Further disadvantages of the established methods include

their use of hazardous reaction chemicals, complicated work-

up methods, organic solvents or uncommon and expensive

chemicals and solvents. Molecular bromine, the simplest

brominating agent, suffers from several drawbacks: it is

hazardous and difficult to handle and use. On the contrary,

NBS is an easily accessible, easy to handle and inexpensive

brominating agent, which could be employed for ecologically

acceptable bromination of 1,3-dicarbonyl compounds.

Organic solvents are generally used as reaction media and/or

for isolation procedures, even when ionic liquids were

employed. We now report an efficient solvent-free bromina-

tion of 1,3-diketones and b-keto esters with NBS (Scheme 1).

This can be performed successfully at room temperature

without the use of organic solvents, catalysts or drying agents.

Results and discussion

It is known that the aggregate state of both substrate and

reagent play important roles in molecular migration and thus

have significant influence on the transformation. Reactions

where both partners are solid are especially problematic but

much better contact between reagent and target substrate can

be established in case of liquid–liquid and liquid–solid systems.

In addition to the reaction conditions employed in the

bromination, the structure of the 1,3-diketones and b-keto

esters exert a significant influence on the reactivity and the

selectivity of bromine introduction. This effects the distribu-

tion of possible products: monobromo derivatives in keto

or enol form and dibromo products. With both of these

factors in mind we chose three target compounds as

model substrates: 1-phenylbutane-1,3-dione (1a), a solid;

aFaculty of Chemistry and Chemical Technology, University of
Ljubljana, Aškerčeva 5, SI-1000 Ljubljana, Slovenia.
E-mail: igor.pravst@ijs.si; marko.zupan@fkkt.uni-lj.si
bLaboratory for Organic and Bioorganic Chemistry, ‘‘Jozef Stefan’’
Institute, Jamova 39, SI-1000 Ljubljana, Slovenia.
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3-oxo-3-phenylpropionic acid ethyl ester (1b), a liquid; and

1,3-diphenylpropane-1,3-dione (1c), a solid (Scheme 1).

Trituration of an equimolar mixture of solid diketone 1a

with NBS in a porcelain mortar at room temperature resulted

in formation of a liquid paste, and selective conversion to

monobrominated product 1b was shown to have occurred. No

dibromination was detected even when using a 100% excess of

NBS. A similar reaction was observed with the liquid b-keto

ester 1b and the solid phenyl substituted diketone 1c, which

afforded quantitative yields of the monobrominated ester 2b or

diketone 2c, respectively.

In most cases a desirable green approach to synthetic

protocols is not followed by environmentally friendly isolation

and purification procedures. In our case, we have been aware

of this pitfall and have avoided it by taking advantage of the

high solubility (33 g per 100 mL29) of succinimide in water. In

our hands, all reaction mixtures were washed with water and

separated by decantation, in the case of 2a and 2b, or filtration,

in the case of the solid product 2c. After drying in a desiccator

overnight all products were isolated in good yields (2a: 92%,

2b: 95%, 2c: 98%), and their purity was established by NMR

analysis to be over 95%. A further useful point is that

regeneration of NBS from the aqueous succinimide solution is

also possible.30

We have investigated the effect of the trifluoromethyl group

and heteroaromatic rings on the solvent-free bromination

reactions (Scheme 2). The phenyl diketone 3a, a solid, the

naphthalenyl 3b, and thiophenyl 3d diketones, both solids, and

liquid furanyl diketone 3c were effectively brominated at room

temperature after 10 minutes by applying the solvent-free

procedure described above. NMR analysis of the crude reac-

tion mixture from 3a showed that in addition to succinimide,

two products, the monobrominated ketone and its hydrate 4a

were formed in equal proportions. Work-up of the reaction

using water, however, gave only stable solid 2-bromo-4,4,4-

trifluoro-3,3-dihydroxybutan-1-ones in high yield (4a, 91%; 4b,

90%; 4c, 86%; 4d, 93%).

In order to determine the limitations of the method we

tested it on several additional substrates (Scheme 3), including

cyclohexane-1,3-dienones (5), 2-substituted cycloalkanones (7)

and 2-substituted derivatives of 1-tetralone (9). Bromination of

both solid 2-methylcyclohexane-1,3-dione (5a) and 4-phenyl-

cyclo-hexane-1,3-diones (5b) was successful; the monobromi-

nated ketones 6a (liquid) and 6b (solid) were formed selectively

and were isolated in high yield (98% and 88%, respectively).

Bromination of the 2-acetylcyclohexanone (7a) also proceeded

quantitatively giving the 2-bromo product 8a, isolated as a

liquid in 98% yield. The reaction with 2-acetylcyclohexanone

(7b) was not quantitative. Although this substrate is a liquid,

the final reaction mixture contained only 90% of the

brominated compound 8b, thus necessitating purification by

column chromatography in order to obtain pure 2-acetyl-2-

bromocyclohexanone (8b: liquid, 84%). Functionalisation of

the solid tetralone derivative 9 under these conditions resulted

in only 68% conversion of starting material to the brominated

product 10, but quantitative yield of 10 was obtained under

slightly changed reaction conditions. If the crude reaction

mixture in water emulsion was allowed to stand for 30 minutes

at room temperature, filtration then gave pure 2-acetyl-2-

bromo-3,4-dihydro-2H-naphthalen-1-one (10) in 93% yield.

Conclusions

Solid and liquid 1,3-diketones and b-keto esters can be

successfully and selectively brominated with NBS at room

temperature with no solvent. After reactions lasting between

10 and 60 minutes, high yields of the a-monobromo products

were achieved. Organic solvent-free conditions, a feature of the

green chemistry concept, were successfully used not only for

these reactions but also for the isolation of the products. The

purity of the products was, in all but a single case, in excess of

95% and no further purification was necessary. The bromi-

nated trifluoromethyl substituted 1,3-diektones 3a–d under-

went water addition during the procedure forming the

1-substituted 2-bromo-4,4,4-trifluoro-3,3-dihydroxybutan-1-

ones (4a–d). Solvent-free bromination of 1,3-diketones and

b-keto esters with NBS was found to be very successful for

various types of substrates.

Experimental

Melting points were determined on a Büchi 535 apparatus.

NMR spectra were recorded on a Varian INOVA 300

spectrometer at 300 MHz for 1H and at 76 MHz for the 13C

nucleus. Chemical shifts are reported in ppm from TMS as the

internal standard. 19F NMR spectra were recorded on theScheme 2

Scheme 3
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same instrument at 285 MHz and chemical shifts are reported

in ppm from CCl3F as the internal standard. IR spectra were

obtained with a Bio-Rad FTS 3000MX. Standard KBr pellet

procedures were used to obtain IR spectra of solids, while a

film of neat material was used to obtain IR spectra of liquid

products. Mass spectra were obtained on an Autospec Q

instrument under electron impact (EI) conditions at 70 eV.

Elemental analyses were carried out on a Perkin Elmer 2400

Series II CHNS/O Analyzer. N-Bromosuccinimide (Merck)

and starting materials (Sigma–Aldrich, Fluka) were used as

received. ACS grade solvents were used. Isolated compounds

were identified on the basis of spectroscopic data, elemental

microanalysis and high resolution MS spectroscopy, while in

case of known compounds comparison with literature data

was made. In cases where the comparative physical constant

can not be found, spectroscopic data are in accordance to

previously reported data.

Bromination of 1,3-diketones 1c, 3a–d, 5b and 9; typical

procedure where a solid reaction mixture was formed

Ketone 1c (897 mg, 4 mmol) and N-bromosuccinimide (NBS,

712 mg, 4 mmol) were triturated together in a porcelain mortar

for 5 minutes, and after 1 hour water (4 mL) was added and

the mixture converted into a paste. After filtration and

additional washing with water, the crude product was dried

overnight in a desiccator under reduced pressure and yielded

1.187 g (98%) of pure product 2c. The purity of the isolated

product was over 95%, determined by 1H NMR spectroscopy.

2-Bromo-1,3-diphenylpropane-1,3-dione17 (2c)

Isolated yield 98% as colourless crystals, mp 91 uC (from

EtOH) (lit.,31 93 uC), nmax(KBr)/cm21 1673, 1587, 1445, 1285,

1186, 995 and 686; dH(300 MHz; CDCl3; Me4Si) 6.57 (s, 1H,

CHBr), 7.44–7.49 (m, 4H, ArH), 7.57–7.62 (m, 2H, ArH) and

7.98–8.00 (m, 4H, ArH); dC(76 MHz; CDCl3; Me4Si) 52.6

(CHBr), 129.0 (ArCH), 129.9 (ArCH), 133.8 (ArC), 134.2

(ArCH) and 188.9 (CO); m/z (EI, 70 eV) 304 (1%, M+ + 2), 303

(1%, M+ 2 H + 2), 302 (1%, M+), 301 (1%, M+ 2 H), 223

(25%), 105 (100%) and 77 (52%).

2-Bromo-4,4,4-trifluoro-3,3-dihydroxy-1-phenylbutan-1-one (4a)

This was prepared by the same procedure with reaction time

10 minutes and isolated as white crystals in 91% yield; mp 91–

92 uC (from CHCl3) (Found: C, 38.10; H, 2.61. C10H8BrF3O3

requires C, 38.36; H, 2.58); nmax(KBr)/cm21 3381 (OH), 3306

(OH), 1665, 1593, 1337, 1175, 1080, 1007, 968, 818, 682 and

623; dH(300 MHz; CDCl3; Me4Si) 5.18 (s, 1H, OH), 5.24 (s,

1H, OH), 5.41 (s, 1H, CHBr), 7.53–7.58 (m, 2H, ArH), 7.68–

7.73 (m, 1H, ArH) and 8.00 (d, J 8.0 Hz, 2H, ArH);

dF(285.05 MHz; CDCl3; CCl3F) 282.5 (s, CF3); m/z (EI,

70 eV) 312.9694 (0.1%, MH+. C10H9BrF3O3 requires

312.9687), 315 (0.1%, MH+ + 2), 105 (100%) and 77 (43%).

2-Bromo-4,4,4-trifluoro-3,3-dihydroxy-1-thiophen-2-yl-butan-1-

one17 (4b)

This was prepared by the same procedure with reaction time

10 minutes and isolated as light yellow crystals in 90% yield;

mp 102–104 uC (from CHCl3) (lit.,17 97–100 uC); nmax(KBr)/

cm21 3339 (OH), 3233 (OH), 1641, 1510, 1409, 1204, 1175,

1082, 1001, 864, 733 and 630; dH(300 MHz; CDCl3; Me4Si),

5.13 (s, 1H, OH), 5.15 (s, 1H, OH), 5.24 (s, 1H, CHBr),

7.23–7.26 (m, 1H, ArH) and 7.87–7.90 (m, 2H, ArH);

dF(285.05 MHz; CDCl3; CCl3F) 282.5 (s, CF3); m/z (EI,

70 eV) 317.9182 (3%, M+. C8H6BrF3O3S requires 317.9173),

320 (3%, M+ + 2), 206 (8%), 204 (8%) and 111 (100%).

2-Bromo-4,4,4-trifluoro-1-furan-2-yl-3,3-dihydroxybutan-1-one

(4c)

This was prepared by the same procedure with reaction time

10 minutes and isolated as white crystals in 86% yield; mp 98–

100 uC (from CHCl3) (Found: C, 32.20; H, 2.11. C8H6BrF3O4

requires C, 31.71; H, 2.00); nmax(KBr)/cm21 3352 (OH), 3279

(OH), 3011, 1656, 1568, 1463, 1327, 1210, 1176, 1131, 1084,

986, 778 and 656; dH(300 MHz; CDCl3; Me4Si) 5.00 (s, 1H,

OH), 5.04 (s, 1H, OH), 5.32 (s, 1H, CHBr), 6.70 (dd, J 3.7 and

1.6 Hz; 1H, ArH), 7.50 (d, J 3.7 Hz, 1H, ArH) and 7.76 (d, J

1.6 Hz, 1H, ArH); dF(285.05 MHz; CDCl3; CCl3F) 282.7 (s,

CF3); m/z (EI, 70 eV) 301.9409 (3%, M+. C8H6BrF3O4 requires

301.9402); 190 (15%), 188 (15%), 95 (100%).

2-Bromo-4,4,4-trifluoro-3,3-dihydroxy-1-naphthalen-2-yl-butan-

1-one (4d)

This was prepared by the same procedure with reaction time

10 minutes and isolated as white crystals in 93% yield; mp

113–114 uC (from CH2Cl2) (Found: C, 46.28; H, 2.86.

C14H10BrF3O3 requires C, 46.31; H, 2.78); nmax(KBr)/cm21

3340, 3222, 3065, 1651, 1624, 1449, 1268, 1196, 1179, 1075,

1005, 866, 735, 662 and 592; dH(300 MHz; CDCl3; Me4Si) 5.23

(m, 2H, OH), 5.58 (s, 1H, CHBr), 7.59–7.72 (m, 2H, ArH),

7.90–8.04 (m, 4H, ArH) and 8.53 (s, 1H, ArH); dF(285.05

MHz; CDCl3; CCl3F) 283.3 (s, CF3); m/z (EI, 70 eV) 361.9777

(1%, M+. C14H10BrF3O3 requires 361.9765), 362 (1%), 266

(20%), 155 (100%), 127 (60%), 69 (25%).

2-Bromo-5-phenylcyclohexane-1,3-dione32 (6b)

This was prepared by the same procedure and isolated as white

crystals in 88% yield; mp 176–178 uC (dec., from EtOH) (lit.32

177 uC), nmax(KBr)/cm21 2523, 1566, 1295, 1248, 1146, 999,

951, 762, 698 and 524; dH(300 MHz; CDCl3; Me4Si) 2.70–2.90

(m, 4H), 3.30–3.50 (m, 1H, CHBr), 7.20–7.40 (m, 5H, ArH);

dC(76 MHz; CDCl3 + DMSO-d6; Me4Si) 37.7 (CH2), 98.5,

125.9 (ArCH), 126.3 (ArCH), 128.0 (ArCH), 141.2 and 170.0

(CO); m/z (EI, 70 eV) 265.99513 (60%, M+. C12H11BrO2

requires 265.99424), 268 (60%, M+ + 2), 187 (35%), 164 (80%),

162 (85%), 131 (60%) and 104 (100%).

2-Acetyl-2-bromo-3,4-dihydro-2H-naphthalen-1-one33 (10)

This was prepared by the same procedure, but the reaction

mixture containing 4 mL of water was left for 30 minutes at

room temperature before filtration. The product was isolated

as white crystals in 93% yield; mp 67–68 uC (from EtOH);

nmax(KBr)/cm21 2944, 1713, 1673, 1597, 1538, 1294, 1236,

1216, 1128, 889, 813, 750 and 722; dH(300 MHz; CDCl3;

Me4Si) 2.42–2.53 (m, 1 H) 2.61 (s, 3 H, CH3) 2.78–2.90 (m, 1 H)

This journal is � The Royal Society of Chemistry 2006 Green Chem., 2006, 8, 1001–1005 | 1003
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2.99–3.11 (m, 1 H) 3.15–3.28 (m, 1 H) 7.28 (d, J 6.7 Hz, 1 H,

ArH), 7.36 (t, J 7.6 Hz, 1 H, ArH), 7.55 (td, J 7.6 and 1.4 Hz,

1 H, ArH) 8.07 (dd, J 7.9 and 1.1 Hz, 1 H, ArH); dC(76 MHz;

CDCl3; Me4Si) 26.7, 28.3, 33.7, 68.3 (CBr), 127.1 (ArCH),

128.7 (ArCH), 128.8 (ArCH), 129.8 (ArC), 134.4 (ArCH),

142.6 (ArC), 189.6 (CO) and 200.6 (CO); m/z (EI, 70 eV) 269

(5%), 267 (5%), 226 (90%), 224 (90%), 187 (92%), 145 (100%),

118 (78%), 115 (91%) and 90 (72%).

Bromination of 1,3-diketones 1a, 5a, 7a and b-keto esters 1b

and 7b; typical procedure where a pasty reaction mixture was

formed

The ketone 1a (12 mmol, 1.95 g) and NBS (2.13 g, 12 mmol)

were triturated together in a porcelain mortar for 5 minutes.

The resulting liquid paste was allowed to stand for one hour,

then washed three times with 20 mL of water in a separating

funnel. After each washing, the water phase was removed

from the funnel by suction to avoid unnecessary product loss.

The liquid organic phase was then dried overnight in a

desiccator under reduced pressure and analysed. The pure

product 2a which crystallized in the refrigerator and remained

crystalline at room temperature was isolated with a yield of

2.651 g (92%).

2-Bromo-1-phenylbutane-1,3-dione33 (2a)

92% as white crystals, mp 33 uC (lit.34 43–45 uC), nmax/cm21

1732, 1663, 1587, 1445, 1354, 1290, 1231, 1159, 1130 and 685;

dH(300 MHz; CDCl3; Me4Si) 2.45 (s, 3H, CH3), 5.65 (s, 1H,

CHBr), 7.48–7.53 (m, 2H, ArH), 7.61–7.66 (m, 1H, ArH),

7.96–8.00 (m, 2H, ArH); dC(76 MHz; CDCl3; Me4Si) 27.0

(CH3), 52.8 (CHBr), 128.8 (ArCH), 129.0 (ArCH), 133.5

(ArC), 134.3 (ArCH), 189.8 (CO) and 197.8 (CO); m/z (EI,

70 eV) 241 (0.5%), 239 (0.5%), 200 (5%), 198 (5%), 105, (100%)

and 77(40%).

2-Bromo-3-oxo-3-phenylpropionic acid ethyl ester35 (2b)

This was prepared by the same procedure and isolated as a

colourless oil in 95% yield; nmax/cm21 2984, 1759, 1686, 1595,

1449, 1300, 1258, 1187, 1025, 999 and 688; dH(300 MHz;

CDCl3; Me4Si) 1.25 (t, J 7.1, 3H, CH3), 4.28 (q, J 7.1, 2H,

CH2), 5.68 (s, 1H, CHBr), 7.48–7.53 (m, 2H, ArH), 7.61–7.66

(m, 1H, ArH) and 7.98–8.01 (m, 2H, ArH); dC(76 MHz;

CDCl3; Me4Si) 13.8, 46.3, 63.3 (CHBr), 128.9 (ArCH), 129.1

(ArCH), 133.3 (ArC), 134.2 (ArCH), 165.1 (CO) and 188.1

(CO); m/z (EI, 70 eV) 273 (2%), 271 (2%), 105 (100%) and 77

(57%).

2-Bromo-2-methylcyclohexane-1,3-dione36 (6a)

This was prepared by the same procedure and isolated as a

colourless oil in 98% yield; nmax/cm21 2965, 1750, 1707, 1427,

1374, 1317, 1277, 1097, 1074, 1029, 682 and 733; dH(300 MHz;

CDCl3; Me4Si) 1.65–1.90 (m, 1H), 1.83 (s, 3H, CH3), 2.20–2.33

(m, 1H), 2.58 (dt, J 16.2 and 4.9 Hz, 2H) and 3.35 (ddd, J 16.2,

11.6 and 5.8 Hz, 2 H); dC(76 MHz; CDCl3; Me4Si) 17.9, 19.2,

35.6, 59.9 (CHBr), 201.0 (CO); m/z (EI, 70 eV) 204 (25%), 203

(20%), 202 (18%) 201 (22%), 125 (42%), 98 (37%), 82 (100%)

and 80 (100%).

2-Acetyl-2-bromocyclohexanone37 (8a)

This was prepared by the same procedure and isolated as an

oily product in 98% yield; nmax/cm21 2948, 2869, 1711, 1429,

1358, 1212, 1120, 1073, 913 and 733; dH(300 MHz; CDCl3;

Me4Si) 1.75–1.88 (m, 2H, CH2), 1.91–2.05 (m, 2H, CH2),

2.18–2.28 (m, 1H), 2.30–2.40 (m, 1H), 2.40–2.49 (s, 3H,

CH3), 2.55–2.68 (m, 1H) and 3.05–3.20 (m, 1H); dC(76 MHz;

CDCl3; Me4Si) 22.3, 27.0, 27.2 38.2, 38.6, 71.4 (CHBr), 200.3

(CO) and 202.7 (CO); m/z (EI, 70 eV) 218 (3%, M+), 220

(3%, M+ + 2), 178 (100%), 176 (100%), 111 (55%), 97 (80%)

and 84 (73%).

1-Bromo-2-oxocyclopentanecarboxylic acid ethyl ester38 (8b)

This was prepared by the same procedure, but the isolated

product (conversion 90%) was additionally purified by column

chromatography (SiO2, CH2Cl2) to obtain 84% pure colourless

liquid compound; nmax/cm21 2981, 2939, 1755, 1725, 1665,

1625, 1414, 1252, 1022, 858, 784 and 735; dH(300 MHz;

CDCl3; Me4Si) 1.32 (t, J 7.0 Hz, 3H, Me), 2.09–2.21 (m, 2H),

2.25–2.37 (m, 1H), 2.42–2.60 (m, 2H), 2.71–2.81 (m, 1H), 4.29

(q, J 7.0 Hz, 2H, CH2); dC(76 MHz; CDCl3; Me4Si) 13.9

(CH3), 19.4 (CH2), 35.1 (CH2), 38.7 (CH2), 62.1, 63.2, 166.9

(CO) and 205.9 (CO); m/z (EI, 70 eV) 236 (7%), 234 (7%), 190

(15%), 188 (15) and 109 (100%).
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Comprehensive, high quality coverage of 
multidisciplinary, international research 
relating to the measurement, pathways, 
impact and management of contaminants 
in all environments.

   Dedicated to the analytical measurement of 
environmental pollution

  Assessing exposure and associated health risks

  Fast times to publication   

  Impact factor: 1.578

  High visibility - cited in MEDLINE 
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www.rsc.org/greenchem Volume 8  |  Number 11 |  November  2006  |  Pages 929–1008

ISSN 1463-9262
Turner et al.
Subcritical water extraction and 
hydrolysis of quercetin glycosides 

Jain and Sain
Ionic liquid promoted aziridination 
of alkenes

Cutting-edge research for a greener sustainable future
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Izák et al.
Stability and selectivity of a 
multiphase membrane 

Böing and Minnich
Green chemistry at the 1st European 
Chemistry Congress
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For more information visitRegistered charity Number 207890

www.rsc.org/databases

Specialised searching 

requires specialised tools
Methods in Organic Synthesis provides information on reaction schemes, 
new reactions and new methods. Topics include functional group 
changes, the introduction of chiral centres, and enzyme and biological 
transformations.

59453 Tandem radical rearrangement/Pd-catalysed translocation of bicyclo[2.2.2]lactones. An 
efficient access to the oxa-triquinane core structure 

J.-H. Liao; N. Maulide; B. Augustyns; I. E. Marko* 

Org. Biomol. Chem., 2006, 4(8), 1464-1467

The graphical abstracting 

services at the RSC are an 

indispensable tool to help 

you search the literature.  

Focussing on specific areas 

of research they review key 

primary journals for novel 

and interesting chemistry.

The online database has excellent functionality. Search by: 
authors, products, reaction, reactants and reagents.

With Methods in Organic Synthesis you can find 
exactly what you need. Search results include 
diagrams of reaction schemes. Also available as 
a print bulletin.
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