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Dissolution of cellulose with ionic liquids and its
application: a mini-review

Shengdong Zhu,* Yuanxin Wu, Qiming Chen, Ziniu Yu,
Cunwen Wang, Shiwei Jin, Yigang Ding and Gang Wu

Dissolution of cellulose with ionic liquids allows the complete
use of cellulose resources. This mini-review presents recent
progress and applications.
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benzyl alcohol proved to be stable and remained almost intact.

330
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Clean thiolysis reaction of various epoxides in ionic liquids
(ILs) without the use of any catalyst generates b-hydroxy
sulfides in excellent yields (83–98%) with high regioselectivity
and chemoselectivity under mild reaction conditions.
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Oxidative coupling revisited: solvent-free, heterogeneous
and in water

Philip J. Wallis, Katrina J. Booth, Antonio F. Patti and
Janet L. Scott*

FeCl3 in water is a universally applicable set of conditions for
coupling, removing the need for organic solvents. Solvent-free
conditions are efficient where a liquid phase is generated above
critical and often mild temperatures.
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Open-air oxidative Heck reactions at room temperature

Per-Anders Enquist, Jonas Lindh, Peter Nilsson and
Mats Larhed*

Palladium(II)-catalyzed Heck arylation of both electron-poor
and electron-rich olefins with arylboronic acids as
arylpalladium precursors were conducted under air. The
bidentate 2,9-dimethyl-1,10-phenanthroline (dmphen) ligand
was found not only to control the regioselectivity but also both
to produce an efficient catalytic system at low reaction
temperatures and to enable direct palladium(II) regeneration
with air as the sole reoxidant.

344
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highly efficient manganosilicate molecular sieves

Haresh G. Manyar, Ganesh S. Chaure and Ashok Kumar*

A facile methodology to synthesise uniform cubic
manganosilicate molecular sieves and their use as
recyclable catalysts in the benign oxidation protocol for
difficult-to-oxidize heterocyclic and aliphatic alcohols.
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Fluorine-free and hydrophobic room-temperature ionic
liquids, tetraalkylammonium bis(2-ethylhexyl)-
sulfosuccinates, and their ionic liquid–water two-phase
properties

Naoya Nishi, Takahiro Kawakami, Fumiko Shigematsu,
Masahiro Yamamoto and Takashi Kakiuchi*

Fluorine-free and hydrophobic room-temperature ionic
liquids (RTILs), tetraalkylammonium bis(2-ethylhexyl)-
sulfosuccinates, have been prepared. The mutual solubility of
the RTIL–water two-phase systems is correlated with the
electrochemical polarizability of the RTIL|W interface.
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Polyethylene glycol as a non-ionic liquid solvent for
Michael addition reaction of amines to conjugated alkenes

Rupesh Kumar, Preeti Chaudhary, Surendra Nimesh and
Ramesh Chandra*

Polyethylene glycol (PEG) is an inexpensive, non-toxic,
environmentally friendly reaction medium for the conjugate
addition of amines to conjugated alkenes in excellent yields
under mild reaction condition.
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Eduardo Garcia-Verdugo,* Zhimin Liu, Eliana Ramirez,
Juan Garcia-Serna, Joan Fraga-Dubreuil, Jason R. Hyde,
Paul A. Hamley and Martyn Poliakoff*

The thermal decomposition of HCO2H or preferably, HCO2X
(X = Na or NH4) is used to generate H2 for the continuous
hydrogenation of organic substrates in high temperature
pressurised water (HTPW).
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Expeditious approach to a-amino phosphonates via
three-component solvent-free reactions catalyzed by
NBS or CBr4

Jie Wu,* Wei Sun, Xiaoyu Sun and Hong-Guang Xia

Three-component reactions of aldehydes, amines, and
diethyl phosphite catalyzed by NBS or CBr4 afforded the
corresponding a-amino phosphonates in excellent yields under
solvent-free conditions.
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Zeolite catalyzed acylation of alcohols and amines with
acetic acid under microwave irradiation

K. V. V. Krishna Mohan, N. Narender and S. J. Kulkarni*

Zeolite Hb is found to be an efficient catalyst for the acylation
of alcohols and amines with acetic acid under microwave
irradiation. The process is environmentally safe and
heterogeneous with excellent yields
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Recovery and reuse of ionic liquids and palladium catalyst
for Suzuki reactions using organic solvent nanofiltration

Hau-to Wong, Christopher John Pink,
Frederico Castelo Ferreira and Andrew Guy Livingston*

Organic solvent nanofiltration demonstrates a rapid and
straightforward method for separating ionic liquids and
catalysts from Suzuki cross coupling reactions, promoting the
multiple re-use of both ionic liquid and catalyst.
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Ni-catalysed radical-type cyclisation in EtOH and EtOH–H2O
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Fabrication of porous polymer particles with high anion
exchange capacity by amination reaction in aqueous
medium

Jin Liu, Jianfeng Yao, Huanting Wang* and
Kwong-Yu Chan*

Porous polymer particles with high ion exchange capacity
were created by hydrothermal amination of chlorinated
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Surface tension measurements of highly conducting ionic
liquids
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Markus Hölscher reviews some of the recent literature in green chemistry

Polymers as hydrogen storage
materials—large capacities by
intrinsic microporosity

The combustion of hydrogen as a non-

polluting fuel in cars would be a much

greener energy basis, than the hydro-

carbon fuels that are used presently. The

importance of hydrogen technology has

been recognized politically: The US

department of energy has set an ambi-

tious target in which a practical hydrogen

storage system should be available by

2010 that holds 6.0% of H2 by mass. One

step on the road to this desirable goal is

the exploration of alternative hydrogen

storage materials. Microporous materials

such as zeolites and metal organic frame-

works (MOFs) have been under investi-

gation for quite a while, however so far

even the highest storage quantities

obtained are too low to be considered

in practical applications. Due to their

structural flexibility polymers have not

yet been extensively explored for hydro-

gen storage, but this might change in the

future. McKeown and coworkers inves-

tigated the possibility of creating poly-

mers with intrinsic microporosity (PIMs)

by polymerizing monomers of which one

contains either a spiro-center or a rigid

nonplanar unit.1 The resulting polymers,

one of them shown below, contain

micropores in the size range of around

0.6 nm, as was shown by N2 adsorption

experiments.

The surface area amounts to ca.

800 m2 g21 and by careful examination

of the H2 storage capacity the authors

found an encouringing capacity of 1.4 to

1.7% H2 by mass. The different materials

tested adsorbed most of the H2 at

pressures lower than 1 bar, with satura-

tion being achieved at less than 10 bar.

The capacity obtained compares well

with other material types. However, to

be useful in practical applications PIMs

with surface areas of >2000 m2 g21 must

be developed.

Enantioselective
hydrogenations in water
with monodentate
phosphoramidite rhodium
complexes

Catalytic asymmetric hydrogenations in

environmentally friendly solvents such as

water are highly desirable due to the

expected economical and ecological

benefits. However, these types of reac-

tions have not been extensively investi-

gated as both catalysts and substrates

often don’t dissolve in water. One of the

approaches to circumvent these problems

is the modification of the ligand in such a

way that it becomes water soluble, while

the addition of appropriate surfactants

in small amounts helps dissolve the

substrates. Minnaard and coworkers

recently developed the (S)-PegPhos

ligand, which carries tetraethylene glycol

units as side chains to enable sufficient

solubility in polar solvents.2

Structurally the ligand design relies on

the (S)-MonoPhos ligand, which proved

highly efficient in enantioselective hydro-

genations of a variety of substrates, e.g.

N-acyl dehydroamino acids. The novel

ligand showed promising results in rho-

dium catalyzed hydrogenations of N-acyl

dehydroalanine. The ligand yields ee’s of

ca. 90% with TOFs of 1200 in methanol

and methanol/water, while in pure water

the high ee is retained to a large extent

(82%) at the expense of rate (TOF = 55).

The addition of 10% sodium dodecyl-

sulfate to water increased the TOF to

600, while the ee value again reached

the high value of 89%. The parent

MonoPhos ligand performed much

poorer in all control experiments.

Recyclable copper catalysts
for carbene transfer in
biphasic IL/organic phase
reactions

The usage of diazo compounds for the

introduction of carbene units into a wide

variety of organic molecules has been

developed into an established technique

in organic chemistry. Many processes of

this kind operate under homogeneous

catalytic conditions, however, only a few

systems allow for the separation of the

catalyst. As biphasic catalysis with ionic

liquids (Ils) has attracted increasing

interest in the past years Nicasio et al.

have set out to explore the catalytic

performance and separation behaviour

of copper scorpionate catalysts in reac-

tions of ethyl diazoacetate (EDA) with

various substrates, e.g. styrene, 1-phenyl-

1-propyne, aniline and ethanol.3

The idea was to use cationic copper

complex 1 as the catalyst dissolved in IL

HIGHLIGHT www.rsc.org/greenchem | Green Chemistry
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[bmim][PF6], while the substrate was

dissolved in hexane forming the second

phase. EDA was added over prolonged

periods of time to the reaction mixture

and after the reaction ended the IL was

washed with hexane. The combined

organic extracts were analyzed for the

reaction products and showed yields

in the 95 to 98% range for styrene,

aniline and ethanol. Also the reaction

of 1-phenyl-1-propyne to the correspond-

ing cyclopropene proved to be very

efficient. Yields up to 77% were achieved

and the authors report this reaction to be

accomplished successfully for the first

time in this biphasic reaction medium.

Test experiments indicated that the

organic phase does not show any cataly-

tic activity, proving the complete reten-

tion of the catalyst in the IL. Recycling

experiments showed the catalyst phase to

be active in 5 consecutive runs with no

loss of activity with conversions for

different reactions remaining fairly stable

in the 95 to 98% region.

Highly regioselective allylic
alkylations via salt-free iron
catalysis

Allylic alkylations are among the most

successful catalytic reactions for carbon–

carbon bond formation. While many

different catalysts were developed for

this type of reaction—with palladium

catalysts being the dominant metal in

the field—industrial considerations

always include cost/efficiency evalua-

tions, which often hinders otherwise

well performing catalysts to be used

in practical applications. Considerably

cheaper catalyst alternatives are desir-

able, which was one of the reasons

why Plietker from the University of

Dortmund employed iron based catalysts

for allylic alkylations.4 The author

searched for a method to introduce the

novel C–C bond at the carbon atom of

the olefinic substrate which carries the

leaving group. Though developed some

years earlier by Roustan as well as Xu

and Zhou, [Bu4N][Fe(CO)3(NO)]—

containing a formally anionic iron

complex—is a useful catalyst for the

reaction. Plietker succeeded in intro-

ducing appropriate ligands to replace

the toxic CO environment which was

used in the initial experiments to render

an active catalyst.

Moreover he found the solvent to be

of crucial influence for high conversion

and good regioselectivity. Most impor-

tant is the fact that deprotonation of the

pronucleophile is not necessary, when the

leaving group is a carbonate—generating

a salt free catalytic process which is

useful for a wide variety of substrates.

Ratios of possible regioisomers could be

as high as 98 : 2 with maximum conver-

sion for the reaction shown in eqn (1) of

up to 95%. As initial evidence for the

postulated s-allyl mechanism in favor

of a p-allyl mechanism the reaction of

enantiomerically pure carbonate 5 to

yield product 6 which could be accom-

plished with high enantioselectivity

indicating the s-allyl mechanism to be

operative.

Simply reusable
homogeneous metathesis
catalyst

Modern Grubbs and Hoveyda–Grubbs

metathesis catalysts though being very

efficient are often contained in the

product material to fairly large extents,

reaching ruthenium levels of >2000 ppm.

This is a drawback with regard to the

required product specifications and also

from an economical viewpoint as the

catalysts are not cheap. Consequently

powerful though simple separation

methods are desirable. One approach

has recently been pursued by Grela et al.

from the Polish Academy of Sciences,

who introduced the metathesis catalyst 1,

which shows comparable activities to

related Hoveyda complexes.

Interestingly the authors discovered

that in the ring closing metathesis

(RCM) of N,N-diallyl-p-toluenesulfon-

amide 2 to yield N-p-tosyl-2,5-dihydro-

1H-pyrrol the crude product contained

only 83 ppm of Ru according to ICP-MS

analyses.5 This is a much lower value

than obtained before with comparable

catalysts and workup techniques.

Advantage was taken of the high affinity

of 1 to silica gel, which allowed for a very

efficient separation of catalyst and pro-

duct mixture. By simply loading the

reaction mixture onto a short silica gel

column elution with dichloromethane

yielded the desired product while the

catalyst remained on the silica gel.

Elution of the catalyst was possible

subsequently by switching to ethyl acet-

ate. In nine consecutive runs the yield of

the reaction product dropped linearly

from 96 to 73%. Though not entirely

green the discovery might be suitable to

complement laboratory techniques for

the fast and facile generation of small

quantities of metathesis products for

biological screening.

McGill University establishes
green chemistry chair position

Apart from the interesting scientific

results concerned with green chemistry

issues during the past few years, more

politically oriented decisions support the

general need for sustainable chemical

development and production. This has

been emphasized by the creation of

This journal is � The Royal Society of Chemistry 2006 Green Chem., 2006, 8, 322–324 | 323
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different scientific or governmental

based institutions at various locations

around the world. However, chemistry

chair positions at universities that are

officially devoted to green chemistry,

have not been reported to a large extent.

Canadian McGill University now plans

to establish a green chemistry chair,

starting september 1, 2006. Candidates

are requested to have a strong back-

ground in green chemistry, with the focus

of the position lying on green synthesis.

The development of an appropriate

teaching and research program is

expected. Interested researchers can

obtain more information on http://

www.chemistry.mcgill.ca.
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Dissolution of cellulose with ionic liquids allows the comprehensive utilization of cellulose

by combining two major green chemistry principles: using environmentally preferable

solvents and bio-renewable feed-stocks. In this paper, the dissolution of cellulose with ionic

liquids and its application were reviewed. Cellulose can be dissolved, without derivation, in

some hydrophilic ionic liquids, such as 1-butyl-3-methylimidazolium chloride (BMIMCl)

and 1-allyl-3-methylimidazolium chloride (AMIMCl). Microwave heating significantly

accelerates the dissolution process. Cellulose can be easily regenerated from its ionic liquid

solutions by addition of water, ethanol or acetone. After its regeneration, the ionic liquids

can be recovered and reused. Fractionation of lignocellulosic materials and preparation of

cellulose derivatives and composites are two of its typical applications. Although some basic

studies, such as economical syntheses of ionic liquids and studies of ionic liquid toxicology,

are still much needed, commercialization of these processes has made great progress in

recent years.

1. Introduction

Cellulose is the most abundant renewable resource in the

world. The cellulose-containing materials and their derivatives

have been widely used in our society. Apart from the use of

unmodified cellulose-containing materials, such as wood

and cotton, the cellulose can be extracted from its primitive

resources (for example, lignocellulosic materials) and then

be processed into its derivatives via chemical, enzymatic or

microbiological methods.1–3 The preparation of cellulose

derivatives and their applications have been described in many

literatures.1,3–6 However, the full potential of cellulose has

not yet been exploited for four main reasons: the historical

shift to petroleum-based polymers from the 1940s onward, the

lack of an environmental-friendly method to extract cellulose

from its primitive resources, the difficulty in modifying

cellulose properties, and the limited number of common

solvents that readily dissolve cellulose.7 Traditional cellulose

dissolution processes, including the cuprammonium and

xanthate processes, are often cumbersome or expensive and

require the use of unusual solvents, typically with high ionic

strength and use relatively harsh conditions.4,7–10 Moreover,

these processes sometimes cause serious environmental

problems because these solvents cannot be recovered and

reused.9 In recent years, the ‘‘green’’ comprehensive utilization

of cellulose resources has drawn much attention from the

governments and researches.7,8,10–13 Traditional cellulose

extraction and dissolution processes are facing challenges

because of the energy and environmental problems.8,10,13–15

Therefore, to make full use of cellulose resources, it is

necessary to develop ‘‘green’’ cellulose extraction methods

and suitable cellulose dissolution approaches.

Ionic liquids are a group of new organic salts that exist

as liquids at a relatively low temperature (,100 uC). They

have many attractive properties, such as chemical and

thermal stability, non-flammability and immeasurably low

vapor pressure. In contrast to traditional volatile organic

compounds, they are called ‘‘green’’ solvents and have been

widely used.16,17 Some studies have shown that cellulose

can be dissolved in some hydrophilic ionic liquids, for

example, 1-butyl-3-methylimidazolium chloride (BMIMCl)

and 1-allyl-3-methylimidazolium chloride (AMIMCl).7,9 This

has been providing a new platform for the ‘‘green’’ compre-

hensive utilization of cellulose resources. In this paper, the
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dissolution of cellulose with ionic liquids and its application

were reviewed.

2. Dissolution of cellulose with ionic liquids

As early as 1934, Graenacher discovered that molten

N-ethylpyridinium chloride, in the presence of nitrogen-

containing bases, could be used to dissolve cellulose.18 This

might be the first example of cellulose dissolution using ionic

liquids. However, this was thought of little practical value

because the concept of ionic liquids had not been put forward

at the time. Until recently, the value of dissolution of cellulose

with ionic liquids is re-evaluated based on the understanding

of ionic liquids. Rogers and his group have carried out

comprehensive studies on cellulose dissolution in ionic liquids

and its regeneration.7,8,19 Because of his great contribution,

Rogers has become a winner of the 2005 US Presidential

Green Chemistry Challenge Awards. Zhang and his coworkers

have also conducted extensive research in this field.9,10

Cellulose, whether it is refined or natural, can be dissolved,

without derivation, in some hydrophilic ionic liquids such as

BMIMCl and AMIMCl.8,9 Cellulose solubility and the

solution properties can be controlled by selection of the

ionic liquid constitutes. Microwave heating can significantly

accelerate its dissolution. Solutions containing up to 25 wt%

cellulose can be prepared in BMIMCl under microwave

heating. The high chloride concentration and activity in

BMIMCl, which is assumed highly effective in breaking the

extensive hydrogen-bonding network present in cellulose,

plays an important role in its dissolution. The presence of

water in BMIMCl greatly decreases the solubility of cellulose

through competitively hydrogen-bonding its microfibrils.7,8

Cellulose is disordered in its BMIMCl solution and this

cellulose solvation process was confirmed at the atomic level

by high-resolution 13C NMR studies.20 When high concentra-

tions of cellulose (>10 wt%) are dissolved in BMIMCl, the

liquid crystalline solutions of cellulose, which are optically

anisotropic between crossed polarizing filters and displays

birefringence, are formed.7,8 Cellulose in its BMIMCl solution

can be easily precipitated by addition of water, ethanol or

acetone. The regenerated cellulose has almost the same degree

of polymerization and polydispersity as the initial one, but

its morphology is significantly changed and its microfibrils

are fused into a relatively homogeneous macrostructure. By

changing regeneration processes, the regenerated cellulose can

be in a range of structural forms, such as powder, tube, beard,

fiber and film. The regeneration processes also have an impact

on the regenerated cellulose microstructure. The degree of

crystallinity of the cellulose can be manipulated during its

regeneration and the cellulose with micro-crystallinity varying

from amorphous to crystalline can be obtained under different

regeneration conditions. The store time of the cellulose–ionic-

liquid solution also affects the regenerated cellulose micro-

structure. The amorphous cellulose can be obtained after the

cellulose–ionic-liquid solution is stored for a few weeks.7 The

ionic liquids can be recovered and reused after cellulose

regeneration. Various methods, such as evaporation, ionic

exchange, pervaporation, reverse osmosis and salting out are

used to recover the ionic liquid.19

3. Application

3.3. Fraction of lignocellulosic materials

Lignocellulosic materials have been proposed as large renew-

able resources for chemicals and sugars to reduce

society’s dependence on nonrenewable petroleum-based feed-

stocks.21,22 And fraction of lignocellulosic materials has

become one of most headache problems in ‘‘green’’ compre-

hensive utilization of lignocellulosic materials because of the

presence of the complex structure of lignin and hemicellulose

with cellulose.23,24 Based on the fact that cellulose can be

dissolved in ionic liquids and it can be easily regenerated from

the ionic liquids, Myllymaki and Aksela have found a facile

method of fraction of lignocellulosic materials although their

objective is delignification from lignocellulosic materials for

pulping process.25 Lignocellulosic materials, such as wood and

straw, are directly dissolved in BMIMCl under microwave

irradiation and/or pressure. Then cellulose is precipitated from

the BMIMCl solution by the addition of water, and other

organic compounds, such as lignin and extractives, still remain

in the solution. In our laboratory, a similar approach is also

used to extract cellulose from lignocellulosic materials. Our

preliminary results have shown that conversion this extracted

cellulose into ethanol has a much higher yield than other

refined cellulose, such as from lignocellulosic materials

pretreated by steam explosion or chemical pretreatment.

Besides the extraction of cellulose from lignocellulosic

materials, this method also can be used to extract some

natural products. Liu and his group have used this method to

extract the essential oil from pine needles.26 It has a much

higher essential oil yield than such traditional methods as

steam distillation and solvent extraction. However, this

essential oil has a different composition from that obtained

by steam distillation.

3.2. Preparation of cellulose derivatives

Homogeneous derivation of cellulose has been one focus of

cellulose research for a long time, although heterogeneous

methods are the actually applied ones in the production of

most commercial cellulose derivatives.4–6 The advantages of

the homogeneous reaction include: creating more options to

induce novel functional groups, opening new avenues for the

design of products, and opening up the opportunity to control

the total degree of substitution.10 Traditional homogeneous

cellulose derivations require the use of unusual solvents,

typically with high ionic strength and are used relatively harsh

conditions.4,7,9 Moreover, these processes sometimes cause

serious environmental problems because the solvents cannot

be recovered and reused.9 Ionic liquids as the ‘‘green’’ reaction

media for homogeneous cellulose derivations have drawn

much attention in recent years.10,27,28 Zhang and his coworkers

reported that the homogeneous acetylation of cellulose could

be carried out in AMIMCl without any catalysts and cellulose

acetates with a wide range of degree of substitution could be

obtained.29 Handa and his group found the efficient

O-acetylation of cellulose could be accomplished using a zinc

based ionic liquid.28 Heinze and Barthel successfully carried

out such reactions as acylation and carbanylation of cellulose

326 | Green Chem., 2006, 8, 325–327 This journal is � The Royal Society of Chemistry 2006
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in BMIMCl without any catalysts under mild conditions, low

excess of reagent and a short reaction time.27 In all these

reports, the reaction media (ionic liquids) could be easily

recycled and reused.10,27,28

3.3. Preparation of cellulose composites

Preparation of cellulose composites using ionic liquids has

broadened the conventional cellulose application scope. It can

reduce society’s dependence on nonrenewable petroleum-based

synthetic polymers. Rogers and his coworkers have prepared

various cellulose blended or composite materials.29,30 The

incorporated functional additives can be either dissolved (e.g.,

dyes, complexants, other polymers) or dispersed (e.g., nano-

particles, clays, enzymes) in the ionic liquids before or after

dissolution of the cellulose. With this simple, non-covalent

approach, Rogers and his group can readily prepare encap-

sulated cellulose composites of tunable architecture, function-

ality, and rheology. Zhang and his coworkers have prepared

wool keratin/cellulose composite materials such as fiber and

membrane using BMIMCl as a solvent.31 In our laboratory,

we have prepared the anti-UV cellulose blending by adding

UV filter into the cellulose–BMIMCl solution. In order to

prevent the pesticide powder (Bacillus thuringiensis crystal

protein) degrading in use, we coated this blending on the

pesticide powder. The coated pesticide powder was much more

stable in use than the uncoated one, whose half-life period

extended from 4 to 7 days.

4. Future prospects

The dissolution of cellulose using ionic liquids has been

providing a new platform for ‘‘green’’ cellulose utilization. It

also provides the possibilities of comprehensive utilization of

lignocellulosic materials by fractionation of the lignocellulosic

materials with ‘‘green’’ means. This might bring the break-

through in production of such basic chemical feed-stocks as

ethanol and lactic acid from lignocellulosic materials and

reduce society’s dependence on nonrenewable petroleum-based

feed-stocks. A new avenue is opened for solving the environ-

mental and energy problems to maintain social sustainable

development. Besides the comprehensive ‘‘green’’ utilization of

lignocellulosic materials, it also provides the possibilities of

preparation of various advanced materials, including cellulose

derivatives and cellulose composites, in place of the synthetic

polymers, which biodegrade slowly. In fact, some of the above-

mentioned cellulose derivatives and cellulose composites have

great potential in industrial applications. For example, the

wool keratin/cellulose composite could be used in the textile

industry to produce fibers. Although lots of basic studies, such

as economical syntheses of ionic liquids and studies of the ionic

liquid toxicology, are much needed, commercialization of these

processes has made great progress in recent years. In China,

the Institute of Process Engineering, Chinese Academy of

Sciences and Wuliangyi Corporation have jointly launched a

program to produce an anti-bacterial fiber using the wool

keratin/cellulose composite technology. BASF has also just

taken out a licence on the technology developed by Rogers for

industrial production of some advanced materials. It is quite

clear that commercialization of these processes will take place

in the near future and we will benefit a lot from these

technologies.
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Under hydrothermal conditions, salicylic alcohol and

p-hydroxybenzyl alcohol were transformed into phenol in high

or moderate yields, whereas m-hydroxybenzyl alcohol and

benzyl alcohol proved to be stable and remained almost intact.

Organic reactions in water have attracted considerable attention as

a way of improving environmentally benign chemical processes,

which obviate the need for harmful organic solvents.1 One of the

major obstacles is the poor solubility of organic compounds in

ambient water. The properties of water can be tuned to overcome

this difficulty by performing the reaction under hydrothermal

conditions.2 The dielectric constant of water decreases with

increasing temperature close to the critical point, which makes it

easier to solvate hydrophobic organic compounds in water. In

addition, the ionic product of water increases with increasing

temperature up to 10211 in the range of 200–300 uC. Hence, the

reaction under hydrothermal conditions provides a broad range of

possibilities for chemical transformations that are not realized in

ambient water.

Recently some researchers have focused their attention on

woody biomass due to the growing concern of new energy and

chemical resources.3 After cellulose, lignin is the second most

abundant polymer on earth.4 In order to utilize lignin for any

purpose, we must depolymerize lignin and convert it into low

molecular weight compounds in an environmentally friendly

way. The hydrothermal reaction seems to be a desirable procedure

for this and reactions of lignin and related compounds have

been documented.5 Hydroxybenzyl alcohols can be regarded as

some of the model compounds of lignin. However, less attention

has been paid to their reactions under hydrothermal conditions.

The reactions of hydroxybenzyl alcohols in organic solvents

at elevated temperature have been reported, where the benzylic

cation is considered to be a reactive intermediate and benzyl

ethers were mainly formed when alcohols were employed as a

solvent.6

Here we describe the reaction behaviour of a series of

hydroxybenzyl alcohols (Fig. 1), in which the location of the

phenolic hydroxy and hydroxymethyl groups proved to be

important for the level of conversion into phenol under

hydrothermal conditions.

The present experiment was conducted with a laboratory made

apparatus based on a commercially available HPLC system and a

GC oven as shown in Fig. 2.7 The sample was dissolved in water

containing a small amount of methanol (1%) and the aqueous

solution (80 mM) was pumped to the reaction pressure and heated

in the oven. The reaction period was regulated by the flow rate of

pump A; pump B controlled the pressure by supplying distilled

water.8 The length of the reactor line was 5 m (0.8 mm id) and the

flow rate was adjusted to 0.2 mL min21 for all experiments. After

cooling to room temperature, the products were immediately

analyzed by LC and GC-MS. This system permits us to perform a

rapid analysis under changing conditions; approximately only

20 min are required to complete a single experiment.

The hydrothermal reaction of salicylic alcohol (1a) did not

proceed at 200 uC and 22.5 MPa and the starting alcohol was

completely recovered (entry 1, Table 1). However, by elevating the

temperature up to 300 uC, salicylic aldehyde (2a) and phenol (3)

were obtained in 20% and 65% yields, respectively (entry 2). Under

supercritical conditions, 1a completely disappeared and 2a and 3

were also obtained (entry 3). m-Hydroxybenzyl alcohol (1b)

was more stable than 1a under the hydrothermal conditions

and the oxidation proceeded at 300 uC to give a small amount

of m-hydroxybenzaldehyde (2b) (entry 4). Phenol (3) was not

observed from 1b under supercritical conditions (entry 5). The

reaction of p-hydroxybenzyl alcohol (1c) at 300 uC afforded 3

together with trace amounts of p-hydroxybenzaldehyde (2c) and

p-cresol (4) (entry 6). It should be noted that the formation of

cresol from hydroxybenzyl alcohols was only observed in the case

of 1c. Benzyl alcohol (1d) was stable compared with hydro-

xybenzyl alcohols and small amounts of benzaldehyde (2d) were

found at 300 uC and 390 uC, with the recovery of unreacted 1d

(entries 8 and 9).

At the high temperature (390 uC), low total yields were obtained

(entries 3, 5, and 7). We found unidentified resinous materials

between the cooling loop and the sample collecting loop, indicating

some side reactions took place to cause the erosion of the mass

balance.
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Fig. 1 Reaction of benzyl alcohols under hydrothermal conditions.
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A most plausible mechanism to form phenol is depicted in

Scheme 1. The formation of phenol may be attributed to a facile

dissociation of the phenolic proton under the hydrothermal

conditions. The resulting phenoxide liberates formaldehyde via

proton transfer leading to phenol. The distinctive reaction

behaviour observed in 1a and 1c reveals the crucial contribution

of the intermediates A and A9 which can be easily transformed into

phenol by release of formaldehyde. The highest conversion was

achieved with the reaction of 1a in which the o-hydroxymethyl

group is considered to promote a dissociation of the phenolic

hydroxy proton under the hydrothermal conditions.9

The present results provide informative examples for depoly-

merization of lignin and related compounds under hydrothermal

conditions. Further studies for transformation of organic com-

pounds using this system are currently in progress.
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Fig. 2 Apparatus for hydrothermal reactions.

Table 1 Results of hydrothermal treatment of a series of benzyl
alcohols

Entry 1 T/uC P/MPa

Yield and recovery (%)

2 3 4 1

1 1a 200 22.5 ,1 ,1 0 .99
2 1a 300 22.5 20 65 0 17
3 1a 390 23.5 7 63 0 0
4 1b 300 22.5 2 0 0 98
5 1b 390 23.5 39 0 0 32
6 1c 300 22.5 ,1 34 3 56
7 1c 390 23.5 1 21 24 11
8 1d 300 22.5 ,1 0 0 86
9 1d 390 23.5 8 0 0 85

Scheme 1 Plausible reaction pathway to form phenol.
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Clean thiolysis reaction of various epoxides in ionic liquids

(ILs) without the use of any catalyst generates b-hydroxy

sulfides in excellent yields (83–98%) with high regioselectivity

and chemoselectivity under mild reaction conditions.

The highly strained three membered ring in epoxide molecules

makes them susceptible to reaction with various nucleophiles.

Ring-opening of epoxides is an atom economical reaction.

Moreover, highly regioselective products could be obtained under

the given reaction conditions.1 Due to these advantages, epoxides

are widely used as starting materials and intermediates in organic

synthesis.2

b-Hydroxy sulfides are important compounds, which have

become increasingly important in medicinal chemistry and organic

synthesis for the preparation of building blocks and target

molecules.3 One of the most practically and widely used routes

for the synthesis of these compounds is the direct thiolysis of

epoxides with thiols in different organic solvents in the presence of

Lewis acids.4 Recently, a new methodology for the ring opening

of epoxides with thiophenols was reported in water5 or under

solvent-free conditions (SFC).6 However, there are some limita-

tions with these methodologies such as use of an excess of thiols

and environmentally unfriendly catalyst or relatively long reaction

periods.

Ionic liquids have received recognition as green media in organic

synthesis due to the ease of tuning physical–chemical properties.7

Therefore, ionic liquids have found wide use in various chemical

reactions7a,b and biotransformations.8 To the best of our knowl-

edge, there are no examples on the use of ionic liquids for the

conversion of epoxides to b-hydroxy sulfides.

Herein, we report that ionic liquids could be used as efficient

reaction media in the ring-opening reaction of epoxides with

thiophenols.

Initially, we investigated the thiolysis of 1,2-epoxy-3-phenoxy-

propane by using stoichmetric amounts of 4-thiocresol at 50 uC
under different reaction media, and the results are illustrated in

Table 1.

Surprisingly, we found that this reaction could be performed

in 1-ethyl-3-methylimidazolium tetrafluoroborate ([Emim]BF4),

1-butyl-3-methylimidazolium tetrafluoroborate ([Bmim]BF4),

1-butylpyridinium tetrafluoroborate ([Bpy]BF4), 1-butyl-3-methyl-

imidazolium chloride ([Bmim]Cl), 1-butylpyridinium bromide

([Bpy]Br) for 10 min without the use of any catalyst in excellent

yields (Table 1, entries 2, 4, 6). The reaction of 1,2-epoxy-3-

phenoxypropane with 4-thiocresol in organic solvent (CH3CN,

CH3NO2, CH2Cl2) or under solvent-free conditions gave lower

conversions even when the reaction was prolonged to 60 min

(Table 1, entries 9–12). Compared to common organic solvents,

the unique feature of the ionic liquids used was based on their

well-organized hydrogen-bonded polymeric supramolecule struc-

ture, which helped to introduce other molecules to form inclusion

compounds.9 Unexpectedly, their hexafluorophosphate analogue

(Table 1, entries 1, 3, 5) showed unsatisfactory yield compared to

other ionic liquids (Table 1, entries 2, 4, 6, 7, 8) in this thiolysis

reaction. In addition, [Emim]BF4 has the lowest viscosity and is

easy to operate. Therefore, [Emim]BF4 was chosen as the reaction

media as the research was extended to other epoxides and other

thiophenols without the use of any catalyst.

Table 2 illustrates the results of the thiolysis of variously

substituted 1,2-epoxides in [Emim]BF4 at 50 uC. In our experi-

ment,10 the nucleophilic attack of thiophenols occurred almost

exclusively on the less substituted a-carbon of all the epoxides

with the exception of styrene oxide, in which the attack of the

nucleophile is driven predominantly, as expected, at the benzylic

b-carbon by electronic effects (Table 2, entries 9, 10). Moreover,

when AlCl3 was used as Lewis acid catalyst, the b-regioselective

aCollege of Chemistry and Materials Science, Wenzhou University,
Wenzhou, 325027, P. R. China. E-mail: suweike@zjut.edu.cn;
Fax: +86 571 88320752
bCollege of Pharmaceutical Sciences, Zhejiang University of
Technology, Zhejiang Key Laboratory of Pharmaceutical Engineering,
Hangzhou, 310014, P. R. China
{ Electronic supplementary information (ESI) available: Experimental
details and characterisation data. See DOI: 10.1039/b600620e

Table 1 Thiolysis of 1,2-epoxy-3-phenoxypropane by 4-thiocresol
under different reaction conditions at 50 uCa

Entry Reaction medium Time/min Yield (%)b

1 [Emim]PF6 60 65
2 [Emim]BF4 10 95
3 [Bmim]PF6 60 61
4 [Bmim]BF4 10 94
5 [BPy]PF6 60 60
6 [BPy]BF4 10 95
7 [Bmim]Cl 10 87
8 [Bpy]Br 10 85
9 CH3CN 60 43c

10 CH3NO2 60 42 (49)
11 CH2Cl2 60 48 (53)
12 SFC 60 47 (50)
a For a typical experimental procedure, see ref. 10. b Isolated total
yield (isolated total yield if the reaction was carried out at 50 uC for
24 h). c Reflux temperature.
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products (2i, 2j) were obviously increased and the yield were also

increased greatly (Table 2, entries 9, 10).

The procedure worked well with thiophenols bearing a variety

of substituents (see Table 2). Not only less hindered thiophenols

but also sterically more hindered thiophenols led to the product in

excellent yields. When less nucleophilic thiophenols (entries 3, 12,

14, 17, 20) were used, the reaction could also work efficiently

compared to electron rich thiophenols (entries 7, 8, 10, 18) under

the same conditions. On the other hand, this reaction gave high

chemoselective product with thiophenols bearing different nucleo-

philic groups (entries 6, 8, 10, 11, 18; Scheme 1). The reaction was

completed with nucleophilic attack of the thiohydroxy, and the

hydroxy or amino group remained untouched.

To extend the scope of the ring-opening reaction, the thiolysis of

(R)-epichlorohydrin11a or (S)-epichlorohydrin11b was also studied

in [Emim]BF4. The reaction was found to be highly regioselective

and stereospecific, which demonstrated original chirality in the

epoxides was remained. The corresponding products (1u, 1v)

were obtained in excellent yield and high ee value (Scheme 2).

Enantiopure b-hydroxy sulfides are widely used as chiral

building blocks for the synthesis of a variety of chiral organic

compounds.12

Next, we investigated the recycling of the ionic liquid in

subsequent thiolysis, for example, thiolysis of epichlorohydrin with

2,3-dichlorothiophenol (Scheme 3). The ionic liquid ([Emim]BF4)

was reused for five runs without any appreciable loss of activity.

In summary, we report that [Emim]BF4, [Bmim]BF4, [Bpy]BF4,

[Bmim]Cl, and [Bpy]Br are convenient and efficient reaction media

for the ring-opening reaction of epoxides with thiophenols. The

title reactions proceeded smoothly in ionic liquid without the use

of any catalyst. This method generates b-hydroxy sulfides in

excellent yields with high regioselectivity and chemoselectivity.

Obviously, the advantages of this method include using recyclable

ionic liquid as reaction media, high regioselectivity and chemo-

selectivity, high yields, fast reaction, simple operations and it is

Table 2 Ring-opening reaction in [Emim]BF4
a

Entry

Epoxide

Thiophenols Product Yield (%)b Regioselectivity (a/b)cR1 R2

1 PhOCH2 H C6H5SH 1a 97 98/2
2 PhOCH2 H p-(CH3)C6H4SH 1b 95 .99/1
3 PhOCH2 H p-(F)C6H4SH 1c 93 .99/1
4 PhOCH2 H 2,3-(Cl)2-C6H3SH 1d 94 97/3
5 PhOCH2 H p-(Br)C6H4SH 1e 93 .99/1
6 PhOCH2 H 2-(NH2)-4-(Cl)C6H3SH 1f 92 98/2
7 PhOCH2 H o-(CH3O)C6H4SH 1g 98 .99/1
8 PhOCH2 H m-(OH)C6H4SH 1h 91 .99/1
9 Ph H C6H5SH 2i, 1i 90 (93)d 28/72 (7/93)

10 Ph H m-(OH)C6H4SH 2j, 1j 88 (94)d 35/65 (6/94)
11 –(CH2)4– 2-(NH2)-4-(Cl)C6H3SH 1k 93 —
12 –(CH2)4– p-(F)C6H4SH 1l 90 —
13 –(CH2)6– C6H5SH 1m 87 —
14 CH3 H p-(F)C6H4SH 1n 84 (91)e .99/1
15 CH3 H p-(Br)C6H4SH 1o 83 (94)e .99/1
16 CH3 H 2,4-(CH3)2C6H3SH 1p 84 (92)e 98/2
17 CH2Cl H p-(F)C6H4SH 1q 93 (93)f 98/2
18 CH2Cl H m-(OH)C6H4SH 1r 94 (94)f .99/1
19 CH2Cl H 2,3-(Cl)2-C6H3SH 1s 94 (92)f 97/3
20 CH3(CH2)5 H o-(F)C6H4SH 1t 90 94/6
a Reaction conditions: epoxide (2 mmol), thiophenols (2 mmol), and [Emim]BF4 (1 mL), 50 uC, 10 min. b Isolated total yield. c Ratios of the
two regioisomers were determined by 400 MHz 1H NMR. d The reaction was run in [Emim]BF4 in the presence of 1 equiv. of AlCl3 at 50 uC.
e The reaction was run at room temperature for 4 h. f The reaction was run at 50 uC for 5 min.

Scheme 1 Chemoselective thiolysis of epoxides.

Scheme 2 Thiolysis of chiral epoxides.

Scheme 3 Reusing of ionic liquid in subsequent thiolysis reactions.
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environmentally benign. Further applications of ionic liquids in

green synthesis are ongoing in our group.
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Fe(III) treated K-10 montmorillonite and FeCl3 (both hydrated and anhydrous) are compared as

catalysts for oxidative coupling of phenol substrates under a range of conditions. While the

commonly reported coupling of 2-naphthol proceeds under a range of conditions, other substrates

are far less readily coupled. Counterintuitively, biphasic reactions of poorly water soluble

substrates in contact with aqueous solutions of FeCl3 are the most universally applicable

conditions while many homogeneous reaction mixtures yield little or no coupling product. Fe(III)

treated K-10 proved to be a poor catalyst for oxidative coupling of most substrates. Comparison

of coupling conditions provides a framework for optimisation of green methodologies using

oxidative coupling catalysts.

Introduction

The formation of C–C linked biaryl dimers is an important

synthetic tool, and is involved in the biosynthesis of natural

products containing biaryl linkages.1 Additionally, oxidative

coupling is believed to be an important process in the

formation of humic materials in soils via enzymatic and

abiotic routes.2 Understanding such synthetic processes on a

molecular scale is the basis of ongoing study within our group.

The knowledge obtained from soil chemistry studies and from

the wider soil literature, aids understanding of the inorganic/

abiotic processes which promote C–C bond formation, from a

synthetic point of view.3

The oxidative dimerisation of phenols is a long-established

reaction, which can be promoted stoichiometrically by

FeCl3?6H2O,4,5 and catalytically by Cu(II)-amine complexes6

as well as supported transition metals.7 The coupling mechanism

is believed to involve either one two-electron or two one-

electron oxidations to form an aryl-aryl coupled dimer through

the ortho 2 and/or para positions 3 (Scheme 1).5,8 Protonation

of the phenol, as determined by pH, can also influence the

coupling mechanism, and overall two protons and two electrons

are lost during coupling.9 In some cases, competing and/or

subsequent oxidation to form quinones occurs, either from the

coupled product 4 or the original substrate 5.

Modified clay minerals are commonly used as hetero-

geneous catalysts in organic synthesis10 and oxidative coupling

of phenols has been effected using clay-supported transition

metals,7,11,12 as naturally derived, environmentally benign and

re-useable heterogeneous catalysts. Treating clays with transi-

tion metal ions, such as Cu(II) or Fe(III) salts, causes ion-

exchange and surface adsorption of these hydrated cations,

increasing the Lewis acidity and redox activity of the clay.

K-10 montmorillonite is a commercially available clay that is

acid-treated to increase surface area, and to effect protonation

of the remaining negatively charged exchange sites. While

K-10 is not a particularly pure or structurally intact clay, it is

easily obtained and modified for use in organic synthesis,

hence its ongoing popularity.

Remarkably, when we sought to compare the activity of the

potentially green catalysts, Fe(III) treated clays, with various

other methods described in the literature, it appeared that

many of the greener methods described were so highly

substrate specific, that procedures to effect oxidative coupling

were not universally applicable and also exhibited some

surprising phase dependence.

In this paper a range of coupling conditions, utilising either

FeCl3 (both in the hexahydrate and anhydrous forms), or

Fe(III) treated clays as oxidants/catalysts in solvents (toluene,

acetonitrile, water) or solvent-free, were compared in the

oxidative coupling of a varied group of substrates.

Results and discussion

Substrates for oxidative coupling are depicted in Scheme 2.

2-Naphthol 6, as the most often referred to substrate in reports

of new or more effective oxidative coupling reactions, was

tested alongside anthrone 7, vanillin 8, 2,6-dimethylphenol 9,

2,4-dimethylphenol 10 and sodium 6-hydroxynaphthalene-2-

sulfonate 11 to yield variously, C–C biaryl coupled products

aCentre for Green Chemistry, Monash University, Melbourne, Australia.
E-mail: Janet.Scott@sci.monash.edu.au; Fax: +61 03 99054597;
Tel: +61 03 99054600
bSchool of Applied Sciences and Engineering, Monash University,
Churchill, Australia. E-mail: Antonio.Patti@sci.monash.edu.au;
Fax: +61 03 99054597; Tel: +61 03 99051620
{ Electronic supplementary information (ESI) available: additional
experimental data. See DOI: 10.1039/b518132a

Scheme 1 Coupling of substituted phenols to form o-o9 2 or p-p9 3

dimers.
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12–17 or diphenoquinone 21. Anthrone is reported to undergo

keto-enol tautomerism to 9-anthrol in the presence of

transition metals, including FeCl3.13 Some competitive sub-

strate oxidation without coupling to yield naphthoquinone 18,

anthraquinone 19 or benzoquinone 20 occurred under some

conditions tested.

Catalysts Fe(III) treated K-10 montmorillonite and

FeCl3?6H2O (or dehydrated) were employed under a range

of conditions similar to those previously described: Fe(III)

treated clays,7 in biphasic systems with aqueous FeCl3,4,14

so-called ‘solid-state’,5 and using acetonitrile as solvent, as well

as a two-phase toluene/molten FeCl3?6H2O system.

Results are summarised in Table 1 and additionally depicted

as maximum recoverable yields of coupled product in Fig. 1.

This graphically illustrates the huge differences in efficacy of

the various conditions. Many reports of greener conditions

describe only the coupling of 2-naphthol or substituted

2-naphthol, yet, coupling of 2-napthol 6 to yield BINOL 12

is readily achieved under a range of conditions including: with

FeCl3?6H2O in toluene, neat, or in water and, to a reasonable

extent, by reaction in toluene (replacing the chlorobenzene

reported by Kantam et al.7) with the catalyst Fe(III) treated

K-10. Thus, this reaction is readily achieved under conditions

that may prove useless for other substrates and is not a good

probe for comparison of green oxidative coupling protocols.

Remarkably, in spite of the poor aqueous solubility

exhibited by most of these substrates, reaction at 50 uC in

aqueous FeCl3 solution provided significant conversion to

coupled products for most substrates, except anthrone. These

reactions were biphasic (except for 11) and Ding et al. suggest

that reaction occurs at the crystalline substrate surface, via an

interaction between solid and liquid phases.4,15 This does not

Scheme 2 Substrates and products. Substrates 6, 7, 8, 10 and 11 yield coupled products 12, 13, 14, 16 and 17 while 9 provides the further oxidised

diphenoquinone 21 along with 15. Oxidation of substrates 6, 7 and 9 to yield 18, 19 and 20 competes with biaryl coupling.

Table 1 Mass recovery and product distribution in oxidative coupling reactions, compound number in parentheses

Catalyst: Fe3+-K10
(A) Toluene, 111 uC, 6 h (B) Water, 100 uC, 6 h (C) Neat, 50 uC, 24 h (D) Neat, 160 uC, 24 h
Reca Smb Cpc Oxd Rec Sm Cp Ox Rec Sm Cp Ox Rec Sm Cp Ox

6 79 33 67(12) 88 96 4(12) 96 93 7(12) 100 82 18(12)
7 94 21 78(13) 1(19) 91 65 32(13) 3(19) 90 82 4(13) 14(19) 82 58 2(13) 40(19)
8 96 100 0(14) 90 100 0(14) 100 100 0(14) 70 72 28(20)
9 86 100 0(15,21) 0(20) 24 0 29(15,21) 71(20) 99 100 0(15,21) 0(20) 13 10 90(15,21) 0(20)
10 81 85 15(16) 17 36 64(16) 100 100 0(16) 10 98 2(16)
11 100 100 0(17) 97 100 0(17) 97 100 0(17) 100 100 0(17)
Catalyst: FeCl3?6H2O

(E) Water, 50 uC, 4 h (F) Acetonitrile, 82 uC, 4 h (G) Neat, 50 uC, 4 h (H) Toluene, 50 uC, 4 h
Reca Smb Cpc Oxd Rec Sm Cp Ox Rec Sm Cp Ox Rec Sm Cp Ox

6 99 0 100(12) 99 80 18(12) 2(18) 99 0 100(12) 86 0 100(12)
7 87 88 3(13) 9(19) 78 27 64(13) 9(19) 80 7 30(13) 63(19) 82 0 89(13) 11(19)
8 68 43 57(14) 65 97 3(14) 99 100 0(14) 95 100 0(14)
9 89 12 87(15,21) 1(20) 85 57 16(15,21) 27(20) 88 100 0(15,21) 0(20) 25 55 15(15,21) 30(20)
10 75 25 75(16) 100 100 0(16) 92 31 69(16) 63 92 8(16)
11 97 0 100(17) 58 100 0(17) 99 100 0(17) 99 100 0(17)
a Mass recovery (%) b Starting material (%) c Coupled products (%) d Oxidised products (%)
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appear to be supported by the lack of reactivity of anthrone,

the least water soluble material, and instead it is postulated

that it is indeed dissolved substrate which reacts (as previously

suggested16) possibly via a phenoxide radical mechanism

due to the low pH of FeCl3 solutions (measured to be 2.5).

Coupled products, which (bar 17) exhibited poor aqueous

solubility, largely separated from the aqueous solution,

facilitating easy recovery, along with other benefits associated

with reactions ‘on water’.17

It was expected that reaction in acetonitrile (F), which yielded

a homogeneous solution, would proceed rapidly, however,

reasonable conversion was only obtained with anthrone 7.

Attempts to effect coupling in other solvents including diethyl

ether and ethyl acetate (both yielding homogeneous reaction

mixtures) were also unsuccessful. When dissolved in toluene (H),

anthrone readily reacted, yielding coupled product 13 almost

as efficiently as 2-naphthol. FeCl3?6H2O is insoluble in toluene

and forms a separate molten lower phase at 50 uC. Nonetheless,

some reactions proceeded rapidly and such conditions

provided for easy product recovery by simple filtration of the

Fe salt residue and evaporation of the toluene solution

post reaction. Given that, above 37 uC, FeCl3?6H2O is a liquid

comprised of Fe(H2O)4Cl2
+ and FeCl4

2, with excess water

molecules,18 this might be described as a biphasic reaction with

an ionic liquid catalyst.

Previous reports of direct solvent-free reaction of 2-naphthol

6 with FeCl3?6H2O,5 coupled with the observation that this

hydrated salt may form low melting mixtures with certain

substrates,19 led to the examination of solvent-free reaction

mixtures (G). Grinding of solid FeCl3?6H2O with substrates

6–11 and gentle heating (50 uC) resulted in reaction mixtures

that differed significantly in physical appearance (Fig. 2): 6

yields the yellow reaction mixture noted previously19 as does 7;

vanillin 8, forms a black liquid upon contact with the Fe salt;

the mixture with 9 liquefies completely above the melting point

of FeCl3?6H2O; 10, a liquid at room temperature (at 37 uC the

entire mixture melts and immediately solid Fe residues begin to

separate), yields a mixture of solid and liquid across the entire

temperature range and 11 remains a mixture of two solids up

to 37 uC.

Only the reaction mixtures that were designated as biphasic

at the chosen reaction temperature in Fig. 2 yielded significant

quantities of coupled products. A powder-XRD trace obtained

immediately for the reaction mixture of 6 and FeCl3?6H2O

on heating to 50 uC, indicated a dramatic loss of overall

crystallinity. (A similar order of reactivity was demonstrated

using anhydrous FeCl3 (m.p. 304 uC) at 21 uC in a glove box

challenging the suggestion that this was due to separation of

products from the hydrated ionic liquid or concentrated

aqueous solution of Fe(H2O)4Cl2
+ and FeCl4

2.)

A final observation: in the presence of FeCl3, substrates 9

and 10 were usually recovered as dark red oils, indicating the

possible formation of charge-transfer complexes. However,

these are unlikely to play a mechanistic role due to their

appearance in both reactive and unreactive systems.

Conclusion

Biphasic oxidative coupling of poorly water soluble substrates

in contact with aqueous solutions of FeCl3 were the most

universally applicable conditions, while many homogeneous

reaction mixtures yielded little or no coupling product. Fe(III)

treated K-10 proved to be a poor catalyst for oxidative

coupling of most substrates. The more successful conditions

for Fe(III)-promoted coupling were observed when reactions

were biphasic, indicating that homogeneous conditions may

not always be the best choice for similar synthetic processes.

Experimental

2-Naphthol, anthrone, 2,6-dimethylphenol, 2,4-dimethyl-

phenol, sodium 6-hydroxynaphthalene-2-sulfonate, K-10

montmorillonite clay, and anhydrous FeCl3, were purchased

from Sigma–Aldrich chemical company, vanillin from Ajax

Chemicals Ltd and FeCl3?6H2O from BDH. All reagents and

organic solvents were used as purchased from the supplier

without any further purification.

Fig. 1 Quantities of coupled products, represented as (mass recovery/

100 6 % Cp), recovered under various reaction conditions. Fe3+-K10:

A = toluene reflux, 6 h; B = water reflux, 6 h; C = solvent-free 50 uC,

24 h; D = solvent-free 160 uC, 24 h. FeCl3?6H2O: E = water, 50 uC, 4h;

F = CH3CN reflux, 4 h; G = solvent-free, 50 uC, 4 h ; H = toluene

50 uC, 4 h.

Fig. 2 Observed phase-changes with changes in T for solvent-free

reaction mixtures (G) for substrates 6–11.
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1H nuclear magnetic resonance (NMR) and 13C NMR

spectra were recorded on 200 MHz, 300 MHz or 400 MHz

Bruker spectrometers in CDCl3, DMSO-d6 or D2O with

tetramethylsilane (TMS) as an internal standard (d = 0 ppm),

except in the case of D2O (H2O d = 4.79 ppm). Gas

chromatography (GC) was performed on an Agilent 6850

Series II Network GC System, equipped with an FID detector

and an HP-1 column (30 m 6 0.32 mm ID). Helium was

used as a carrier gas at a flow-rate of 2.0 ml min21, and a

temperature program of 100–300 uC at 10 uC min21 was

employed. Conversions were deduced from comparison of

integrated areas of well-resolved signals in 1H NMR spectra

(¡1% error was determined for this method), or from resolved

signals in GC analysis (compared to mixtures of standards

made up to known concentrations). In addition, GC-MS

analysis was used to confirm identity of the components of

product mixtures. GC-MS was performed on a ThermoQuest

TRACE DSQ GC-MS using an SGE BP5 column (30 m 6
0.22 mm ID) and an Electron Impact (EI) detector with an

ionisation energy of 70 eV. Helium was used as a carrier gas

at a flow-rate of 0.8 ml min21, and a temperature program

of 50 uC for 2 min, 20 uC min21 to 250 uC held for 16 min

was employed. Atomic absorption spectroscopy (AAS) was

carried out using a Perkin Elmer atomic absorption spectro-

meter Model 3110. Inductively coupled plasma optical

emission spectroscopy (ICP-OES) was carried out using a

Varian VistaPro ICP-OES with simultaneous CCD and axial

view torch detectors. Melting points were recorded on a

Gallenkamp variable heat melting point apparatus at a

heating rate of 1 uC min21.

Preparation of Fe(III)-treated K-10 montmorillonite

Commercially available acid treated K-10 montmorillonite

was washed with cold, dilute hydrochloric acid to remove

exchangeable cations. The clay was then stirred in an aqueous

FeCl3 solution containing five times the metal ion concentra-

tion, compared with the approximated cation exchange

capacity of the clay (y100 mequiv per 100 g). The clay was

washed thoroughly with deionised water until chloride ions

could no longer be detected in the washings. After drying

(105 uC) and milling, the clay thus obtained was independently

analysed by AAS and ICP-OES to determine the Fe content of

the clay. Fe content determination by AAS involved acid-

washing of a small amount of Fe(III)-treated K-10 and its

precursor (y300 mg) in 0.1 M HCl twice, and analysing the

combined washings bracketed by Fe standards. Fe content

determination by ICP-OES involved digestion of Fe(III)-

treated K-10 and its precursor (y1 g) in aqua regia followed

by multi-elemental analysis bracketed by mixed-standards.

The exchangeable Fe content of the clay was determined to be

0.0098 g Fe per 1.000 g of clay by AAS and 0.0083 g Fe per

1.000 g of clay by ICP-OES (average 0.0090 g Fe per 1.000 g of

clay). Assuming saturation with Fe(III), the CEC of the clay

was calculated to be y50 mequiv per 100 g.

Example procedure for clay-catalysed reactions in toluene (A)

Fe(III)-treated K10 montmorillonite (0.2368 g, 0.0380 mmol

Fe) was added to a solution of anthrone 7 (0.2002 g,

1.0310 mmol) in toluene (30 ml) at reflux (111 uC) for 6 h.

After cooling, solids were removed by filtration, the organic

solution was dried (MgSO4), filtered and the solvent removed

in vacuo to give a yellow solid (0.1883 g, 94% mass recovery).
1H NMR (CDCl3, TMS, 300 MHz) revealed 21% anthrone 7,

78% bianthronyl 13 and 1% anthraquinone 19.

Example procedure for clay-catalysed reactions in water (B)

Anthrone 7 (0.1980 g, 1.0190 mmol) was added to a suspension

of Fe(III)-treated K-10 montmorillonite (0.2345 g, 0.0380 mmol

Fe) in water (30 ml) and stirred at reflux (100 uC) for 6 h. The

mixture was filtered, extracted with dichloromethane, dried

(MgSO4), filtered and the solvent removed in vacuo to give a

yellow solid (0.1807 g, 91% mass recovery). 1H NMR (CDCl3,

TMS, 300 MHz) revealed 65% anthrone 7, 32% bianthronyl

13, and 3% anthraquinone 19.

Example procedure for solvent-free reactions with clays (C,D)

2-Naphthol 6 (0.2008 g, 1.3930 mmol) and Fe(III)-treated K-10

montmorillonite (0.3231 g, 0.0520 mmol Fe) were ground

together, placed in a sealed Pyrex test-tube in an aluminium

dry block heater and kept at 50 uC (160 uC for high-temp

experiments (D)) for 24 hours. The organic component was

extracted with dichloromethane, filtered to remove clay, dried

(MgSO4), filtered and the solvent removed in vacuo to give a

white solid (0.1931 g, 96% mass recovery). 1H NMR (CDCl3,

TMS, 300 MHz) revealed 93% 2-naphthol 6 and 7%

1,19-binaphthalene-2,29-diol 12.

Example procedure for reactions with Fe salt in water (E)

2,6-Dimethylphenol 9 (0.2024 g, 1.6570 mmol) was added to a

solution of FeCl3?6H2O (1.7695 g, 6.5470 mmol) in distilled

water (30 ml) and slurried at 50 uC for 4 h. The solid organic

phase was filtered off after cooling, and the remaining mixture

was extracted with dichloromethane, dried (MgSO4), filtered,

combined and the solvent removed in vacuo to give a red

solid (0.1801 g, 89% mass recovery). 1H NMR (CDCl3,

TMS, 300 MHz) revealed 12% 2,6-dimethylphenol 9, 68%

3,39,5,59-tetramethyldiphenoquinone 21, 19% 3,39,5,59-tetra-

methyl-1,19-biphenyl-4,49-diol 15, and 1% 2,6-dimethyl-

benzoquinone 20.

Example procedure for reactions with Fe salt in acetonitrile (F)

2-Naphthol 6 (0.2010 g, 1.3940 mmol) was added to a solution

of FeCl3?6H2O (0.7531 g, 2.7860 mmol) in acetonitrile (30 ml)

and stirred at reflux (82 uC) for 4 h. The reaction was quenched

with 1 M HCl (10 ml), partitioned with an aliquot of

dichloromethane, dried (MgSO4), filtered and the solvent

removed in vacuo to give a white solid (0.1995 g, 99% mass

recovery). 1H NMR (CDCl3, TMS, 400 MHz) revealed

80% 2-naphthol 6, 18% 1,19-binaphthalene-2,29-diol 12, and

2% 1,4-naphthoquinone 18.

Example procedure for neat reactions with Fe salts (G)

2,4-Dimethylphenol 10 (0.2000 g, 1.6370 mmol) and

FeCl3?6H2O (0.8825 g, 3.2650 mmol) were placed in a sealed
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test-tube, mixed together and kept at 50 uC for 4 h. The

reaction was quenched with 1 M HCl (10 ml), washed with an

aliquot of distilled water and the organic component extracted

with dichloromethane. The solution was dried (MgSO4),

filtered and the solvent removed in vacuo to give a red

solid (0.1835 g, 92% mass recovery). 1H NMR (CDCl3, TMS,

200 MHz) revealed 31% 2,4-dimethylphenol 10 and 69%

3,39,5,59-tetramethyl-1,19-biphenyl-2,29-diol 16.

Example procedure for reactions with Fe salt in toluene (H)

FeCl3?6H2O (0.7484 g, 2.7690 mmol) was added to a solu-

tion of 2-naphthol 6 (0.1999 g, 1.3870 mmol) in toluene

(30 ml) and slurried at 50 uC for 4 h. The mixture was

filtered and the solvent removed in vacuo to give a white

solid (0.1770 g, 86% mass recovery). 1H NMR (CDCl3,

TMS, 200 MHz) revealed 0% 2-naphthol 6 and 100%

1,19-binaphthalene-2,29-diol 12.
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Palladium(II)-catalyzed oxidative Heck arylation reactions proceed at room temperature with

atmospheric air as the sole reoxidant. Using arylboronic acids as arylating agents and inexpensive

2,9-dimethyl-1,10-phenanthroline as the supporting ligand, efficient vinylic substitution reactions

were obtained both with electron-poor and electron-rich olefins on a 1–50 mmol scale.

Introduction

The oxidative Heck arylation differs from the more established

palladium(0)-catalyzed Heck arylation1–3 in the initial catalytic

step, generating the essential arylpalladium intermediate by a

transmetallation reaction instead of the usual oxidative

addition process. Despite the need for smooth regeneration

of palladium(II) after each catalytic turnover,4–6 the increasing

interest in these halide-free oxidative methodologies is

illustrated by the large number of recent publications.7–11

In this area, a number of miscellaneous transmetallation

substrates have been investigated as suitable arylating

agents,7–10,12 although few can compete with arylboronic

acids regarding stability, low toxicity and commercial avail-

ability.11,13 With arylboronic acids, molecular oxygen was

recently reported as an environmentally benign alternative to

copper(II)-based reoxidants,11,14 which produce stoichiometric

amounts of heavy-metal waste. Pure oxygen is, however,

associated with hazardous and dangerous handling (gas tubes),

limiting the utility of the technology for large-scale applica-

tions. Thus, if atmospheric air could be utilized as the

palladium reoxidant, allowing a simple open-vessel protocol,

the value of the transformation should increase significantly.

There are no fully versatile catalytic systems for Heck

coupling reactions, even though collectively and at elevated

temperatures, the current catalysts can affect a wide range of

Heck transformations. Very few intermolecular Heck arylation

palladium(0) protocols proceed at room temperature,15,16

although the 2,9-dimethyl-1,10-phenanthroline (dmphen, 3d)

ligand has been utilized in Heck reactions with aryl triflates

down to 40 uC.17 In recent years, the phenanthroline class of

oxidatively stable, bidentate nitrogen ligands have also proved

their versatility in palladium(II)-catalyzed reaction sys-

tems.14,18 Although the mechanistic rationale is not fully

elucidated,19 phenanthroline ligands render direct palladium–

dioxygen interaction possible, indicating an opportunity to

carry out Pd(0)/Pd(II) redox cycling under the open air.4,20

Moreover, if arylpalladium generation is facile, oxidative

Heck vinylation of arylboronic acids may be accomplished

at ambient temperature, which saves energy and may be of

profound importance when assembling complex and sensitive

molecules, or for parallel synthesis applications.

Results and discussion

Herein, we establish that efficient arylations of both electron-

rich and electron-poor olefins can be performed at room

temperature with a range of arylboronic acids in open vessels,

provided that the phenanthroline derivative 3e is utilized as the

supporting ligand.

In initial oxidative Heck screening experiments (see

Scheme 1) the efficiency of different ligands 3a–h was

investigated in acetonitrile using 2 equiv. p-tolylboronic acid

(1c), 1 mmol n-butyl acrylate (2a), 2 equiv. N-methylmorpho-

line (NMM) as base, 2.4% ligand and 2% Pd(OAc)2 as the

palladium source. The arylations were performed with

vigorous stirring in open reaction vessels at 80 uC, except

for the reaction in entry 3 which was performed at room

temperature to avoid palladium black formation (Table 1). All

ligands encompassing the 2-bipyridyl substructure gave rise to

a productive catalytic reaction with dmphen as the superior

alternative (entry 5), while pyridine delivered no product

(entry 1). Despite a slower transformation, dmphen-related

bisphenylated ligand 3f also furnished a satisfying 87% yield of

cinnamic ester product 4c. Suprisingly, and in contrast to

earlier experience, the bidentate phosphine ligand DPPP (1,3-

bis(diphenylphosphino)propane), 3h, furnished 81% yield after

24 h.18 Alternative organic solvents to acetonitrile afforded

slower reactions with non-complete conversions. The possibi-

lity to perform aqueous chemistry was evaluated by using

water-soluble 3g in pure water with limited success (entry 7).

Dmphen provided a yield of 35% when the reaction was

conducted in a 95 : 5 water–acetonitrile mixture (entry 5).

The open vessel procedure employing dmphen was there-

after applied directly to a range of olefins (2a–h), utilizing

p-tolylboronic acid (1c) as the arylating agent (Table 2).

Reactions were performed at both ambient temperature and at

60–80 uC. Both electron-poor and electron-rich olefins were

coupled in good yields. Importantly, with all olefins, except

Organic Pharmaceutical Chemistry, Department of Medicinal
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E-mail: mats@orgfarm.uu.se; Fax: +46 18 4714474; Tel: +46 18 4714667
{ Electronic supplementary information (ESI) available: Experimental
and analytical data. See DOI: 10.1039/b517152k Scheme 1

PAPER www.rsc.org/greenchem | Green Chemistry

338 | Green Chem., 2006, 8, 338–343 This journal is � The Royal Society of Chemistry 2006

D
ow

nl
oa

de
d 

on
 0

7 
N

ov
em

be
r 

20
10

Pu
bl

is
he

d 
on

 2
8 

Fe
br

ua
ry

 2
00

6 
on

 h
ttp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/B

51
71

52
K

View Online

http://dx.doi.org/10.1039/B517152K


butyl vinyl ether (2g), the yield was almost identical regardless

of reaction temperature, although reaction times varied

considerably. As expected with a bidentate ligand and a

reaction pathway proceding via charged intermediates,14 the

insertions were electronically controlled and occurred with

high regioselectivity,18 delivering predominantly terminal (4c,

5–7) or branched (8–10) products.3,21 The high reactivity of

electron-poor 2a was somewhat surprising under the cationic

conditions applied, producing an excellent yield (93%) after

24 h at rt (entry 1, Table 2). Disubstituted olefins such as 2b

and prochiral 2h, reacted more sluggishly than the mono-

substituted analogues and did not afford more than modest

yields, despite increased reaction temperatures.

The reaction with 2a was next examined with respect to the

choice of transmetallation precursor (Table 3). Clearly, the

arylation was most productive with electron-rich arylboronic

acids (entry 1, Table 2 and entries 1–4, 6 and 7, Table 3), in

complete agreement with previous examples performed under

oxygen gas and in accordance with recent DFT calculations.14

However, most electron-poor arylboronic acids provided

useful yields, and in fact, p-acetylphenylboronic acid under-

went an efficient oxidative Heck coupling reaction for the

first time.14

Rewardingly, high chemoselectivity was obtained with

bromo-substituted substrates 1f,g in entries 8 and 9 affording

cinnamic esters 4f,g without a competing Pd(0)-catalyzed Heck

process. The opposite chemoselectivity under Pd(0)-conditions

was not possible due to competing Suzuki couplings. Of

particular mechanistic interest were the highly successful

arylations starting with zero-valent Pd2(dba)3 (entries 3 and

4, Table 3) and the complete inhibition of the catalysis by

switching from air to a nitrogen atmosphere (entry 5, Table 3),

demonstrating the efficient and essential oxidative role of

molecular oxygen. Employing heteroaromatic boronic acid 1m

generated product 4m in workable yield.

Intrigued by the high reactivity of electron-deficient olefins

under dmphen-controlled cationic conditions, a series of com-

petitive experiments were performed under air at room tem-

perature using electron-poor olefin 2a and electron-rich olefin

2f. The high regioselectivity remained intact for both olefins

but the results in Table 4 demonstrate that 2a reacts faster than

2f, reaching a maximum 4c/8 product ratio after 20 h. This is in

sharp contrast to the cationic situation with aryl triflates as

substrates and Pd(0) as catalyst, where electron-rich olefins

react faster than their electron-poor counterparts.17,21

To investigate the robustness of the system, a reaction

was performed with 50 mmol olefin 2i in an open vessel at

Table 1 Impact of different ligands on oxidative arylation of n-butyl
acrylate (2a) with p-tolylboronic acid (1c) under air at 80 uCa

Entry Ligand
Reaction
time/h

Yield of
4cb (%)

1 3a 144 0

2 3b 12 73

3 3c 15 75c

4 3d 48 39

5 3e 1 94
72 35d

6 3f 8 87

7 3g 12 77
48 26e

8 3h 24 81

a Reaction conditions: Open vessel charged with p-tolylboronic
acid (2.0 mmol), n-butyl acrylate (1.0 mmol), N-methylmorpholine
(2.0 mmol), Pd(OAc)2 (0.02 mmol), ligand (0.048 mmol 3a or
0.024 mmol 3b–h) and acetonitrile (3 mL). Rapid stirring. b Isolated
yield. c Performed at rt. d Water–acetonitrile 95 : 5. e Water as
solvent.

Table 2 Oxidative arylation of different olefins with p-tolylboronic
acid (1c) at ambient and elevated temperaturesa

Entry Olefin
Temp/
uC

Reaction
time/h Product

Yieldb

(%)

1 2a rt 24 4c 93
80 1 94

2 2b 80 96 5a 35c

5b

3 2c rt 96 6 63

4 2d rt 24 7 85d

80 96 75d

5 2e rt 144 8 57
80 24 67

6 2f rt 48 9 71
60 6 68

7 2g rt 24 10 35e

60 24 91e

8 2h rt 18 11 35
80 6 45

a Reaction conditions: Open vessel charged with p-tolylboronic acid
(2.0 mmol), olefin (1.0 mmol), N-methylmorpholine (2.0 mmol),
Pd(OAc)2 (0.02 mmol), dmphen (0.024 mmol) and acetonitrile (3 mL).
Rapid stirring. b Isolated yield .95% pure by GC-MS. c 5a : 5b =
40 : 60, determined by NMR. d a/b 15 : 85, determined by GC-MS.
e Isolated as the corresponding p-tolyl methyl ketone, after acidic
in situ hydrolysis (glacial HOAc).
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rt (Scheme 2). The isolated yield of 83% 4n (7.30 g)

demonstrated the good scalability of the reaction and indicated

that the methodology may also be applicable for large scale

processing.

Conclusions

In summary, we have demonstrated a robust protocol where

aryl- and heteroarylboronic acids serve as powerful arylating

Table 3 Oxidative arylation of n-butyl acrylate (2a) with a set of arylboronic acidsa

Entry Arylboronic acid Temp/uC Reaction time/h Product Yieldb (%)

1 1a 80 72 4a 82

2 1b rt 48 4b 81

3 1c rt 24 4c 94c

4 1c 80 1 4c 95c

5 1c 80 24 4c 0d

6 1d 80 24 4d 96

7 1e rt 24 4e 81

8 1f rt 48 4f 63

9 1g 80 24 4g 87

10 1h 80 96 4h 68

11 1i 80 18 4i 67

12 1j rt 120 4j 61

13 1j 80 24 4j 64
14 1k 80 48 4k 70

15 1l 80 18 4l 64

16 1m 80 96 4m 50

a Reaction conditions: Open vessel charged with boronic acid (2.0 mmol), n-butyl acrylate (1.0 mmol), N-methylmorpholine (2.0 mmol),
Pd(OAc)2 (0.02 mmol), dmphen (0.024 mmol) and acetonitrile (3 mL). Rapid stirring. b Isolated yield .95% pure by GC-MS. c 0.02 mmol
Pd2(dba)3 instead of Pd(OAc)2. d Closed vessel with nitrogen atmosphere.
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agents at ambient temperature using the stable and inexpen-

sive phenanthroline-class ligand 3e. Different olefins were

smoothly converted to the corresponding arylated analogues in

high yields by conducting Pd(II)-catalyzed oxidative Heck

reactions under air, instead of using Cu(II) salts22 or pure O2

gas as the reoxidant. The reaction was smoothly scaled up

from 1 mmol to 50 mmol. Thus, this is a rare example of a

general protocol enabling different Heck couplings to be

conducted at room temperature.

The improvement of the oxidative Heck reaction that we

have achieved has an environmental impact by reducing waste,

additives, risks, cost and energy consumption. Added together,

these factors cover a big part of what makes the concept of

‘‘green chemistry’’ so important today.

Experimental

General

All starting materials and reagents were commercially avail-

able and used as received. Products 4a,22 4b,22 4c,23 4f,24 4g,18

4h,25 4j,22 4k,25 4l,25 4m,25 4n,26 727 and 914 have been

previously reported and characterized. Compounds 5a,b28 and

1129 have also been previously reported but without proper

spectral characterization. Structures 4d, 4i, 6 and 8 are to the

best of our knowledge new compounds. Compounds 4e and

hydrolyzed 6 (3-(4-methylphenyl)-2-propenal), 8 (p-methyl-

acetophenone) and 10 (p-methylacetophenone) are commer-

cially available. All known products gave satisfactory

analytical and spectroscopic data corresponding to the

reported literature values. Analytical TLC was performed

using Merck glass-backed 0.2 mm silica gel 60 F-254 plates.

Visualization was done with UV light. NMR spectra were

obtained on a Varian Mercury + spectrometer at 400 MHz

for 1H, at 100 MHz for 13C NMR, both at 25 uC. Chemical

shifts for 1H and 13C were referenced to CHCl3 and CDCl3,

respectively. Low-resolution mass spectra were recorded on a

GC-MS instrument equipped with a CP-Sil 8 CB capillary

column (30 m 6 0.25 mm, 0.25 mm) operating at an ionization

energy of 70 eV. The oven temperature was 40–300 uC.

General procedure for oxidative Heck reactions using Pd(OAc)2

(Tables 1–3)

All reagents were weighed in air and the reactions were

conducted in an open vessel. A 100 mL round-bottomed flask,

fitted with a glass tube as cooler, or a glass vial, was charged

with arylboronic acid 1 (2.0 mmol), olefin 2 (1.0 mmol),

N-methylmorpholine (0.22 mL, 2.0 mmol) and acetonitrile

(2 mL). The reaction mixture was stirred until all the reagents

were thoroughly dissolved. Pd(OAc)2 (4.5 mg, 0.02 mmol)

and the bidentate ligand (0.024 mmol) dissolved in 1 mL

acetonitrile were then added to the reaction mixture. The

mixture was vigorously stirred at the specified temperature,

until full conversion of the starting material was obtained. The

reaction mixture was filtered and the flask washed with warm

dichloromethane. The crude product was thereafter purified

on silica gel using isohexane or a mixture of isohexane and

ethyl acetate to give the pure product 4–11.

General procedure for oxidative Heck reactions using Pd2(dba)3

(Table 3)

The same protocol as above but using Pd2(dba)3 (18.3 mg,

0.020 mmol) instead of Pd(OAc)2.

Procedure for large-scale experiment (Scheme 2)

A 500 mL round-bottomed flask, fitted with a glass tube as

cooler was charged with p-tolylboronic acid (100 mmol),

methyl acrylate (50 mmol), N-methylmorpholine (11 mL,

100 mmol) and acetonitrile (150 mL). The reaction mixture

was stirred until all the reagents were thoroughly dissolved.

Pd(OAc)2 (225 mg, 1 mmol) and ligand 3e (250 mg, 1.2 mmol)

dissolved in 50 mL acetonitrile were then added to the reaction

mixture. The mixture was vigorously stirred at ambient

temperature for 48 h. The solvent was removed in vacuo and

the residue was dissolved in 200 mL dichloromethane and

subsequently washed with sodium hydrogen carbonate (aq.,

sat.). After concentration of the crude mixture, purification on

silica gel (isohexane–ethyl acetate, 20 : 1) delivered the pure

product, methyl-3-(p-tolyl)acrylate (4n).

Procedure for competitive experiment (Table 4)

All reagents were weighed in air and the reactions were

conducted in an open vessel. A 100 mL round-bottomed

flask, fitted with a glass tube as cooler, was charged with

p-tolylboronic acid (204 mg, 1.5 mmol), N-vinyl-2-pyrrol-

idinone (56 mg, 0.5 mmol), butyl acrylate (64 mg, 0.5 mmol),

N-methylmorpholine (0.22 mL, 2.0 mmol) and acetonitrile

(2 mL). The reaction mixture was stirred until all the reagents

were dissolved. Pd(OAc)2 (2.25 mg, 0.02 mmol) and dmphen

(2.6 mg, 0.024 mmol) dissolved in 1 mL acetonitrile were then

added to the reaction mixture. This procedure was repeated six

times and the mixtures were vigorously stirred at room

temperature for the appropriate time (1, 2, 4, 8, 20, 30 or

48 h). The reactions were quenched by gentle evaporation of

Table 4 Competitive experiment between n-butyl acrylate (2a) and
N-vinylpyrrolidinone (2f) using 1c as the arylating agent at room
temperaturea

Entry Time/h Yieldb 4c (%) Yieldb 8 (%) Ratioc

1 1 8 5 1.6
2 2 13 8 1.8
3 4 24 9 2.8
4 8 63 23 2.7
5 20 80 30 2.8
6 30 92 33 2.7
7 48 99 41 2.5
a Reaction conditions: Open vessel charged with p-tolylboronic acid
(1.5 mmol), N-vinyl-2-pyrrolidinone (0.5 mmol), n-butyl acrylate
(0.5 mmol), N-methylmorpholine (2.0 mmol), Pd(OAc)2 (0.02 mmol),
dmphen (0.024 mmol) in acetonitrile (3 mL) and rapid stirring at
room temperature. b NMR yield. c Product ratio of 4c/8.

Scheme 2
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the solvent with N2 gas, and benzaldehyde (0.5 mmol) was

added as internal standard for determination of NMR yield.

NMR spectral data for compounds 5a,b and 11

n-Butyl (E)-2-methyl-3-(p-tolyl)acrylate (5a). 1H NMR

(400 MHz, CDCl3): d 0.97 (t, J = 7.4 Hz, 3H), 1.40–1.50 (m,

2H), 1.67–1.74 (m, 2H), 2.12 (d, J = 1.5 Hz, 3H), 2.37 (s, 3H),

4.21 (t, J = 6.6 Hz, 2H), 7.19–7.21 (XX9 part of an AA9XX9

system, 2H), 7.30–7.32 (AA9 part of an AA9XX9 system, 2H),

7.65 (br s, 1H). 13C NMR (100 MHz, CDCl3): d 13.9, 14.2,

19.4, 21.5, 31.0, 64.9, 127.9, 129.2, 129.9, 133.3, 138.5, 138.8,

169.1.

n-Butyl 2-(4-methylbenzyl)acrylate (5b). 1H NMR (400 MHz,

CDCl3): d 0.91 (t, J = 7.3 Hz, 3H), 1.30–1.40 (m, 2H), 1.58–

1.65 (m, 2H), 2.32 (s, 3H), 3.59 (br s, 2H), 4.12 (t, J = 6.6 Hz,

2H), 5.44 (dt, J = 1.5 Hz, 1.5Hz, 1H), 6.21 (dt, J = 1.5 Hz,

0.9 Hz, 1H), 7.07–7.11 (m, 4H). 13C NMR (100 MHz, CDCl3):

d 13.9, 19.3, 21.2, 30.8, 37.8, 64.8, 126.0, 129.1, 129.2, 135.86,

135.94, 140.7, 167.2.

5-(p-Tolyl)-4,5-dihydro-[1,3]-dioxepine (11). 1H NMR

(400 MHz, CDCl3): d 2.33 (s, 3H), 3.43 (ddd, J = 11.5 Hz,

8.7 Hz, 0.4 Hz, 1H), 3.75–3.80 (m, 1H), 3.96 (dd, J = 11.6 Hz,

4.6 Hz, 1H), 4.84 (dd, J = 7.0 Hz, 0.4 Hz, 1H), 4.93 (dd, J =

7.4 Hz, 3.7 Hz, 1H), 5.19 (d, J = 7.0 Hz, 1H), 6.46 (dd, J =

7.4 Hz, 2.4 Hz, 1H), 7.12–7.17 (m, 4H). 13C NMR (100 MHz,

CDCl3): d 21.2, 48.2, 77.1, 98.3, 112.5, 128.0, 129.5, 136.8,

138.0, 146.1.

Spectroscopic and analytical data for new compounds 4d, 4i, 6

and 8

n-Butyl (E)-3-(4-n-butylphenyl)acrylate (4d). 1H NMR

(400 MHz, CDCl3): d 0.93 (t, J = 7.3 Hz, 3H), 0.97 (t, J =

7.4 Hz, 3H), 1.31–1.49 (m, 4H), 1.56–1.73 (m, 4H), 2.63 (t, J =

7.9 Hz, 2H), 4.21 (t, J = 6.7 Hz, 2H), 6.40 (d, J = 16.0 Hz, 1H),

7.18–7.20 (XX9 part of an AA9XX9 system, 2H), 7.43–7.45

(AA9 part of an AA9XX9 system, 2H), 7.67 (d, J = 16.0 Hz,

1H); 13C NMR (100 MHz, CDCl3): d 14.1, 14.3, 19.6, 22.7,

31.1, 33.7, 35.9, 64.7, 117.5, 128.4, 129.3, 132.3, 144.9, 146.0,

167.7; Anal. Calcd for C17H24O2: C, 78.42; H, 9.29; O, 12.29;

Found: C, 78.49; H, 9.39; O, 12.10.

n-Butyl (E)-3-(3-acetylphenyl)acrylate (4i). 1H NMR

(400 MHz, CDCl3): d 0.97 (t, J = 7.4 Hz, 3H), 1.39–1.49 (m,

2H), 1.66–1.73 (m, 2H), 2.63 (s, 3H), 4.22 (t, J = 6.7 Hz, 2H),

6.52 (d, J = 16.0 Hz, 1H), 7.48 (br t, J = 7.7 Hz, 1H), 7.70–7.72

(m, 1H), 7.71 (d, J = 16.0 Hz, 1H), 7.94 (ddd, J = 7.7 Hz,

1.8 Hz, 1.1 Hz, 1H), 8.09–8.10 (m, 1H); 13C NMR (100 MHz,

CDCl3): d 13.7, 19.2, 26.7, 30.7, 64.6, 119.7, 127.7, 129.2,

129.7, 132.2, 135.0, 137.7, 143.3, 166.7, 197.4; Anal. Calcd for

C15H18O3: C, 73.15; H, 7.37; O, 19.49; Found: C, 72.98; H,

7.26; O, 19.26.

2-((E)-2-p-tolylvinyl)-[1,3]-dioxolane (6). 1H NMR

(400 MHz, CDCl3): d 2.34 (s, 3H), 3.92–4.10 (m, 4H), 5.42

(dd, J = 6.1 Hz, 0.9 Hz, 1H), 6.12 (dd, J = 16.0, 6.1 Hz, 1H),

6.75 (d, J = 16.0 Hz, 1H), 7.12–7.14 (XX9 part of an AA9XX9

system, 2H), 7.30–7.32 (AA9 part of an AA9XX9 system, 2H);
13C NMR (100 MHz, CDCl3): d 21.2, 65.0, 104.1, 124.0, 126.8,

129.3, 133.0, 134.9, 138.3. The identity of 6 was further

confirmed by comparison of the NMR spectrum obtained

from the hydrolyzed product, 3-(4-methylphenyl)-2-propenal,

produced by 15 min stirring in 1 M HCl, with reference

values.30 Instability prevented elemental analysis from being

carried out.

N-(1-[4-methylphenyl]ethenyl)-2-azapinone (8). 1H NMR

(400 MHz, CDCl3): d 1.75–1.83 (m, 6H), 2.33 (s, 3H), 2.67–

2.69 (m, 2H), 3.49–3.52 (m, 2H), 5.14 (s, 1H), 5.56 (s, 1H),

7.12–7.14 (XX9 part of an AA9XX9 system, 2H), 7.28–7.30

(AA9 part of an AA9XX9 system, 2H); 13C NMR (100 MHz,

CDCl3): d 21.1, 23.5, 28.7, 30.0, 37.6, 51.8, 110.3, 125.8,

129.2, 133.4, 138.3, 149.0, 175.8. The identity of 8 was

further confirmed by comparison of the GC spectra obtained

from the hydrolyzed product, p-methylacetophenone, pro-

duced by stirring over night in 1 M HCl, with a genuine

sample. Instability prevented elemental analysis from being

carried out.14
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An efficient and green catalytic protocol for the oxidation of alcohols to the corresponding

aldehydes is the need of industry and is continuously being sought for. This report describes the

use of manganosilicate molecular sieves as an efficient heterogeneous catalyst in aqueous

conditions using the peroxodisulfate ions as the oxidising agent. The advantageous feature of this

oxidation methodology is the efficiency and selectivity with which it oxidizes the heterocyclic and

aliphatic alcohols. The other interesting facet of this communication is the synthesis of

manganosilicate molecular sieves by a facile complexing procedure leading to the uniform

mesoporous cubic structure devoid of extra-framework bulk manganese oxide species.

Introduction

The oxidation of alcohols to the corresponding carbonyls

is one of the most important synthetic transformations in

organic chemistry.1–4 Today’s stringent environmental and

legislative concerns demand for the greener methods that

minimise or eliminate the use of corrosive reagents and stop

the stoichiometric formation of inorganic waste.5,6 As a

consequence, numerous catalytic procedures for oxidation of

alcohols have been developed including environment friendly

protocols with special emphasis on benign solvents.7–19 In this

regard, the use of water as a reaction solvent has attracted

great attention in the recent past and has become an active

area of research in green chemistry.20,21 In this direction, a

wide variety of organic reactions including Diels–Alder

reaction, Claisen-rearrangements, aldol reactions, allylation

reactions, oxidations and hydrogenations of alkenes are

reported,22,23 however, only a few reports of catalytic oxida-

tion of alcohols in water have been reported to date.24–27 In

continuation with the long lasting interest in this area,28–30 we

herein report a new facile and efficient methodology for the

oxidation of heterocyclic and alicyclic alcohols to the

corresponding carbonyl compounds. This new methodology

employs peroxodisulfate ions as the oxidising agent, in

presence of the manganosilicate molecular sieves as the

heterogeneous catalyst, in water as the medium. The readily

available peroxodisulfate ions have been recognised as one of

the strongest and versatile oxidant for a variety of organic and

inorganic compounds.31–38 In this oxidation protocol, the

manganosilicate catalyst was easily separated by filtration and

could be regenerated and reused several times without loss of

its activity and selectivity. The incorporation of manganese

into the mesoporous silicates have been reported earlier,

however, the reported methodologies suffer with the loss of the

ordered mesoporous structure, low metal loadings or the

formation of bulk manganese species outside the mesoporous

framework.39–42 The present work reports for the first time a

new facile methodology to blend the manganese oxide gel into

the synthesis mixture of silicate framework. The overall meso-

porous cubic structure was maintained and no bulk manganese

oxide was detected outside the mesoporous framework.

Experimental

Chemicals

All the chemicals were of AR grade and used without any

further purification. KMnO4 and maleic acid were procured

from E-Merck India Ltd. Hexadecyl amine (HDA), tetra-

ethylorthosilicate (TEOS) and all the alcohols were obtained

from Merck-Schuchardt DHG, Germany. Ammonium

peroxydisulfate was acquired from Qualigens Fine chemicals,

a division of Glaxo India Ltd.

Synthesis of manganosilicate molecular sieves

The synthesis mixture of manganosilicate molecular sieves was

composed of TEOS/HDA/maleic acid/KMnO4/ethanol/H2O in

the molar ratios 1 : 0.25 : 0.125 : 0.315 : 49 : 28. A solution of

hexadecyl amine was made in ethanol and maleic acid was

added in parts. To this mixture, aqueous KMnO4 solution and

TEOS were added simultaneously and dropwise with vigorous

stirring. Brown coloured gel formed was stirred for two hours

and then allowed to age for 24 hours at the ambient tem-

perature. The upper water layer was decanted and material

was air dried on a glass plate. This was then followed by

calcination at 550 uC in air for 5 hours.

Catalyst characterisation

Manganosilicate molecular sieves were characterised by X-ray

diffraction, electron spin resonance (ESR), tunneling electron

microscope (TEM), and N2 sorption analysis. Elemental

analysis was performed by an inductively coupled plasma

atomic emission spectrometer (ICP-AES). X-ray scattering

measurements were made with CuKa radiation on a
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SIEMENS D 5000 diffractometer equipped with reflection

geometry, a NaI scintillation counter, a curved graphite crystal

monochromator and a nickel filter. The scattered intensities

were collected from 2u to 40u (2h) by scanning at 0.030u (2h)

steps with a counting time of 0.5 s at each step. Transmission

electron microscopy was carried out on a Philips CM 200

transmission electron microscope operating at 200 kV. Images

were recorded on film. Surface area, pore volume and pore

diameter measurements were carried out using nitrogen sorp-

tion technique on a Micromeritics ASAP 2010 instrument.

Catalyst samples were pretreated under vacuum at 200 uC, and

then subjected to analysis at the temperature of liquid nitrogen.

General procedure for the oxidation of alcohols

The preliminary experiments were performed using 3-pyridyl

methanol and ammonium peroxydisulfate in the absence of

manganosilicate molecular sieves to find no oxidation of the

substrate. This indicated the use of manganosilicate molecular

sieves as essential. The initial studies were carried out with

3-pyridyl methanol and manganosilicate molecular sieve as the

catalyst using ammonium peroxydisulfate as the oxidizing

agent. The optimum reaction conditions were established. All

the other substrates were oxidised under the same experimental

conditions. The reactions were studied in a mechanically

agitated contactor made of glass and a reflux condenser. The

reaction mixture acidified with H2SO4 containing the required

amount of alcohol and catalyst in water was stirred

mechanically. Required amount of aqueous persulfate solution

was added continuously with the help of a peristaltic pump.

The reaction was performed in a water bath assembly where

the desired temperatures were properly maintained.

Method of analysis

Samples were withdrawn periodically from the reaction mixture

and were filtered before being analysed by HP 6890 N gas

chromatograph equipped with autosampler 7683 series injector

and HP chemstation. A (30 m 6 0.32 mm id 6 0.25 mm) column

packed with DB-5 (5% polyphenyl + 95% polymethyl siloxane)

was used for analysis (injector/detector temperature 250 uC,

oven 60 uC–2 min–10 uC min21–250 uC–5 min). 3-pyridyl

methanol and 4-pyridyl methanol were analysed by Water’s

Aliance HPLC system equipped with 2695 sample handling unit

and 2487 UV detector. Purosphere star (250 6 4.6 mm 6 5 mm)

column was used with 0.02 mol Na2HPO4 (pH 7) buffer :

acetonitrile (90 : 10) mobile phase. For analysis of 2-n-butyl-5-

chloro-imidazole-4-alcohol, Water’s Atlantis (C-18) (250 6
4.6 mm 6 5 mm) column was used with buffer (0.18 g NaH2PO4

+ 1.18 g Na2HPO4 in 1 litre deionised water, pH 7 with

orthophosphoric acid): acetonitrile (65 : 35) mobile phase.

Synthetic mixtures were prepared and used for calibration and

quantification. GC-MS and LC-MS confirmed the products.

Results and discussion

Synthesis and characterisation of manganosilicate molecular

sieves

We found manganese oxides with tunnel and layered materials

to be fascinating for their multivalent character and high

efficiency in oxidation reactions.43,44 However, because of the

small tunnel size, the number of the organic compounds that

can be oxidized by manganese oxides is limited to molecules

with smaller kinetic diameters. It was thought worthwhile to

engineer a new type of material that has redox characteristics

of octahedral manganese oxides with the advantages of high

surface area and larger pore dimensions of mesoporous

silicates. The synthesis methodology was designed to blend

the manganese oxide gel in the synthetic mixture of meso-

porous silica. The permanganate ions were chemically reduced

in the solution at the time of hydrolysis of TEOS. The resulting

manganosilicate molecular sieves had the Mn content of

11 weight% as determined by elemental analysis using ICP and

the BET surface area of 552 m2 g21, pore volume 0.5 cm3 g21

and average pore diameter of 36 Å. X-ray powder diffraction

patterns of the manganosilicate molecular sieve are shown in

Fig. 1. The XRD pattern of manganosilicate material showed

4 diffractions in the 2h range of 2–8u, similar to XRD patterns

previously reported for Mn-M41S materials.45–47 The material

exhibits sharp and intense peaks, indicating that the cubic

arrangement of mesopores is well ordered. The repeat distance

(cubic, ao~d100

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

h2 z k2 z l2
p

) including the pore walls was

calculated to be 36 Å. The ESR spectra of manganosilicate

molecular sieves are shown in Fig. 2. At room temperature a broad

single line signal centered at g = 2.0027 was observed. CaCl2-

exchanged manganosilicate samples depicted six well resolved

hyperfine sextet lines at about 3300 gauss. Also forbidden

transitions were observed between allowed sextet lines. The

observation of forbidden transitions indicated presence of

immobile Mn(II) species.45–47 Both Mn(II) and Mn(IV) can give

similar ESR spectra. However, Mn(IV) shows g values less than

2.0 and the calcined manganosilicates appeared purple to violet

in color, which is consistent with the color of Mn(II) ions but

not Mn(IV) ions since Mn(IV) ions are usually yellow.48 The

g-factor and the hyperfine splitting obtained are characteristic of a

Mn+2 complex in octahedral coordination. The hyperfine sextet

lines signal obtained with CaCl2-exchanged manganosilicate

samples concluded the presence of manganese ions in the

framework sites in silicate molecular sieves.49 The TEM micro-

graph for manganosilicate molecular sieves is shown in Fig. 3. It

shows smaller particles with cubic morphology and average

particle size of 100 nm. No bulk manganese or precipitates outside

the silica particles were found.

Fig. 1 X-ray diffraction pattern of manganosilicate.
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Oxidation of alcohols

The scope of manganosilicate to act as an oxidising catalyst

was examined against various heterocyclic and alicyclic

alcohols as depicted in Table 1. The oxidation protocol

was successfully applied for the synthesis of the carbonyl

compounds of high industrial importance, for their

potential use as pharmaceutical intermediates. 2-n-Butyl-5-

chloro-imidazole-4-carboxaldehyde (entry 1) is used for

the synthesis of losartan, an antihypertensive, non-peptide

angiotensin II receptor antagonist.50 Substituted cyclo-

hexanones (entries 2 and 3) are used for the synthesis of

atovaquone, an antipneumocystic hydroxynaphthoquinone

derivative that inhibits mitochondrial electron transport.51

3-Pyridinecarboxaldehyde (entry 4), is a highly useful inter-

mediate for preparing medicines, agricultural chemicals and

dyestuff, for instance it is used in the synthesis of imidacloprid,

a new type of insecticide that acts on the nicotinic acid

receptors.52 4-Pyridinecarboxaldehyde (entry 5) is used in the

synthesis of porphyrin analogues that are potent antagonists

to inhibit fibroplast growth factor (FGF 2) and vascular

endothelial growth factor (VEGF) receptor binding for

treatment of tumors and malignant tissues.53 Furfuraldehyde

(entry 7) is used in the synthesis of dantrolene and piperidolate

that are antispasmodic and anticholinergic agents.54,55

Heterocyclic alcohols, which are usually regarded as difficult

substrates in most oxidations involving transition metals, due

to their strong coordination ability, were selectively converted

to the corresponding aldehydes. This indicates that nitrogen-

based moieties, at least for cases where the nitrogen atom is

not susceptible to oxidation, do not interfere with the catalytic

alcohol oxidation. This result is indicative of the better efficacy

of our catalyst to perform oxidation of heterocyclic alcohols in

comparison with previously reported monomeric transition

metal complex catalysts. Proximity of the heteroatom in the

aromatic ring to the site of oxidation appeared to have no

effect on the course of the reaction (entries 4 and 5). It was

contemplated that chloro group substitution in aromatic ring

did not interfere with the oxidation of hydroxy group but

accelerated the rate of reaction (entries 1 and 8). Secondary

alcohols were all selectively oxidised to the corresponding

ketone in good to high yields. The reaction appears to be truly

heterogeneous. The oxidation of 3-pyridyl methanol stopped

when the manganosilicate catalyst was filtered off the hot

reaction mixture and the reaction was further continued at the

same temperature.

Reusability of catalyst

The reusability of manganosilicate was established by carrying

out repeated oxidation of 3-pyridyl methanol with recovered

catalyst (Fig. 4). The catalyst was regenerated before being

reused in subsequent batches. It was washed with water and air

dried at 75 uC for 4 h, followed by subsequent heating at

300 uC for 2 h. With fresh catalyst, the conversion of 3-pyridyl

methanol was 80%, however it went down to 77% during

the third reuse. The interesting part was the selectivity

towards the aldehyde that remained same during each run.

The decrease in conversion could be attributed to the observed

losses due to attrition, during filtration of the catalyst

particles. No make up quantity of catalyst was added during

subsequent experiments.

Conclusions

In summary, the paper describes a facile methodology to

synthesise uniform cubic manganosilicate molecular sieves,

devoid of any extra-framework manganese oxides; and the

usefulness of the material as recyclable catalyst in the benign

oxidation protocol for difficult to oxidize heterocyclic and

aliphatic alcohols. This oxidation methodology conforms to

5 of the 12 guiding principles of green chemistry, as proposed

by Anastas and Warner.56
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Fig. 2 ESR spectra of manganosilicate.

Fig. 3 TEM micrograph of manganosilicate molecular sieve.
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Fluorine-free and hydrophobic room-temperature ionic liquids (RTILs) composed of the bis(2-

ethylhexyl)sulfosuccinate (BEHSS) ion, which is known as the surface-active anion constituting

Aerosol OT1, and symmetric tetraalkylammonium ions ((CnH2n+1)4N+; n = 4–8), have been

prepared. Physicochemical properties of the water-saturated RTILs such as density, conductivity,

viscosity and mutual solubility with water (W) have been measured. The RTIL|W interface is

polarizable for the RTILs with n = 5–8 in spite of the high water content, 3.6–8.9 wt% in the

water-saturated RTILs. The width of the polarized potential window of the RTIL|W interfaces is

quantitatively correlated with the solubility of the RTIL in W. The RTIL–W two-phase systems

are not spontaneously emulsified and no reverse micelles are formed in the water-saturated

RTILs, although BEHSS2 is known to form stable water-in-oil emulsions and reverse micelles in

oil–water two-phase systems.

Introduction

The properties of room-temperature ionic liquids (RTILs) can

be tuned by choosing cations and anions constituting the

RTILs. Various cations and anions have been combined to

form RTILs having desired physicochemical characteristics.1–5

However, in the case of water-immiscible RTILs composed of

hydrophobic cations and anions, the number of ions, especially

anions, so far reported is limited because salts composed of

hydrophobic and bulky ions tend to have high melting points

(Tm). Two widely used anions for water-immiscible RTILs

are the PF6
2 6 and bis(trifluoromethylsulfonyl)imide (C1C1N)

ion,7 both of which contain fluorine atoms. Fluorine-free and

hydrophobic anions that are more environmentally friendly

are highly desired.8–10

Several ionic liquids composed of fluorine-free and hydro-

phobic anions have been reported. Tetraalkylammonium

tetraalkylborates11 and tetraphenylborates12 having Tm below

100 uC were already found more than two decades ago.

More recently, Larsen et al. prepared ionic liquids composed

of bulky carborane anions, aiming at ionic liquids with little

nucleophilicity, and found that some salts with carborane

anion derivatives have a Tm below 50 uC.13 Wasserscheid et al.

found that 1-butyl-3-methylimidazolium (C4mim) octylsulfate

has a Tm of 34–35 uC and explored their application to the

solvent in the two-phase organic synthesis.14 Mukai et al.

recently used dodecylsulfonate ions for ionic liquids, among

which the 1,3,4-trimethylimidazolium salt has a Tm of

92.5 uC.15

To obtain salts having lower Tm values, the combination

of a cation with higher symmetry and an anion with lower

symmetry (or vice versa) may be promising. One candidate

for the anions with lower symmetry is bis(2-ethylhexyl)sulfo-

succinate (BEHSS) ion, which has a sulfo group and two

branched alkyl chains. BEHSS2 is a widely used surface-active

anion constituting Aerosol OT1 (Na[BEHSS]). A few research

groups replaced the sodium ion of Na[BEHSS] with symmetric

tetraalkylammonium ions ((CnH2n+1)4N+; n = 1–3) to study the

cation-size effect on the structure of reverse micelles in oil.16–18

The salts obtained were waxy solids at room temperature.17,18

Recently, we found that BEHSS-based salts composed of the

symmetrical tetraalkylammonium ions with longer alkyl chains

(n = 4–8) and trioctylmetylammonium ion are liquid at room

temperature.19,20

In the present paper we will describe the physicochemical

properties of BEHSS-based RTILs composed of symmetric

tetraalkylammonium ions (n = 4–8). The electrochemical

polarizability of the interfaces between water (W) and the

BEHSS-based RTILs will also be reported. We will show that

the solubility of these RTIL in water is correlated with the

polarized potential window (ppw) of the RTIL|W interfaces,

and that the RTIL–W two-phase systems are not sponta-

neously emulsified within the ppw and no reverse micelles are

formed in the water-saturated RTILs although BEHSS2 is

known to form stable water-in-oil emulsions and reverse

micelles in oil–water two-phase systems.

Experimental

Chemicals

Bromide salts of tetrabutylammonium (TBA), tetrahexyl-

ammonium (THxA) and tetraoctylammonium (TOA) ions,

and iodide salts of tetrapentylammonium (TPnA) and

Department of Energy and Hydrocarbon Chemistry, Graduate School of
Engineering, Kyoto University, Kyoto, 615-8510, Japan.
E-mail: kakiuchi@scl.kyoto-u.ac.jp; Fax: +81 75-383-2490;
Tel: +81 75-383-2489
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tetraheptylammonium (THpA) ions, were purchased from

Tokyo Kasei Kogyo. Na[BEHSS] was purchased from Sigma.

All chemicals were used as received.

Preparation of RTIL

Equimolar amounts of tetraalkylammonium halide

((CnH2n+1)4NX; n = 4–8, X = Br, I) and Na[BEHSS] were

dissolved in trichloromethane. The trichloromethane solution

was then repeatedly washed with water until no halide ions

were detected in the aqueous phase upon mixing with an

AgNO3 aqueous solution. After evaporation of trichloro-

methane, a yellow viscous liquid was obtained as a crude

RTIL. In order to remove trace halide ions as precipitate, the

crude RTIL was dissolved into methanol and Ag2O was

added. Ag2O and precipitated AgX were filtered off. After

repeated washing of RTIL with a methanol–water mixture

and drying under vacuum, a clear and colorless RTIL was

obtained.

Measurements of physicochemical properties

A 50 mL centrifugation glass vial containing RTIL and water

was shaken by hand and then kept at 25 uC in a water bath

for at least three days. After centrifugation at 3000 rpm for

20 min, a water-saturated RTIL was obtained as a transparent

liquid. The glass transition points (Tg) of the water-saturated

RTILs were measured using a differential scanning calorimeter

(Pyris Diamond DSC, Perkin-Elmer) at a heating or cooling

rate of 10 uC min21. Density (d), viscosity (g), conductivity

(k) and solubility of water in the water-saturated RTILs

(SW/R) were measured with a pycnometer, an oscillation type

viscometer (VM-10A-M, CBC Materials), conductometer

(CM-117, Kyoto Electronics), and a Karl Fischer moisture-

meter (CA-21, Dia Chemical), at 25 uC, respectively.

Electrochemical measurements

Potentiometry. The solubility of RTILs in water (SR/W)

was measured using potentiometry at the RTIL|W interface.

The shape of the cell for potentiometric measurements has

been reported elsewhere.21 The electrochemical cell is repre-

sented as:

where mM stands for mmol dm23, C denotes either the TBA,

TPnA, THxA, THpA, or TOA ion, which is in common in

the III, IV, and V phases. Before measurement, the aqueous

solutions (the III and V phases) were equilibrated with

RTIL, and RTIL (the IV phase) was equilibrated with

water, at 25 uC. The potential of the Ag/AgCl electrode on

the right-hand side with respect to the left is denoted as E. We

measured E as a function of x keeping a and b constant for

each RTIL at 25 uC.

Voltammetry. Cyclic voltammograms (CVs) were recorded

for estimating the width of the ppw of the RTIL|W

interfaces.22,23 The RTIL|W interface was formed at the orifice

of a micropipette tip having an inner diameter of several

micrometers, typically 2 mm. A borosilicate glass capillary with

the outer diameter of 1 mm was pulled by using a micropipette

puller with a heat coil (PC-10, Narishige). The two-electrode

electrochemical cell we employed is represented as:

The definition of E in cell (II) is the same as that for cell (I).

The current, I, corresponding to the flow of a positive charge

from W to RTIL is taken to be positive. The IR drop was not

compensated for. The estimated solution resistance in this

system was several tens of MV at most and the magnitude of

the current in the ppw is in the sub-nA level. The effect of the

IR drop on the shape of a CV would become discernible

only at the edge of the ppw. All measurements were performed

at 25 uC.

Results and discussion

Physicochemical properties of the water-saturated RTILs

Melting points and glass transition points. In the DSC traces

of the BEHSS-based RTILs, only the glass transition was

observed. The melting/freezing behavior was absent even when

the samples were slowly heated and cooled at 1 uC min21 in the

DSC measurements or after the RTILs were kept in a freezer

(220 uC) for a week. This behavior does not necessarily mean

that BEHSS-based RTILs do not have Tm. They may be in the

supercooled state below their Tm, not showing transition to the

solid state. On the other hand, we found that [THxA][C1C1N]

became solid when cooled in the DSC measurements at a

moderate cooling rate (10 uC min21), though the viscosity is

similar to those of the BEHSS-based RTILs (Table 1). Other

RTILs composed of symmetric tetraalkylammonium ions

and C1C1N2, [R4N][C1C1N], have also been reported to

show Tm.24,25

The observed Tg values (Table 1) are in the range of Tg for

most glass-forming RTILs, from 270 uC to 2100 uC.26–29

Tg of these BEHSS-based RTILs gradually decreases with

increasing n. Such a tendency has also been found in the

cation-size effect on Tg of RTILs composed of aliphatic

quaternary ammonium ions; Tg decreases with increasing size

for the cations of relatively small size.24,30

Table 1 Physicochemical properties (melting point (Tm), glass
transition point (Tg), density (d), viscosity (g), and conductivity (k))
for BEHSS-based RTILs and [THxA][C1C1N] saturated with water

RTIL FWa Tm/uC Tg/uC db/g cm23 gb/Pa s kb/mS cm21

[TBA][BEHSS] 664.1 —c 271 0.993 0.373 86.8
[TPnA][BEHSS] 720.2 —c 271 0.978 0.517 46.1
[THxA][BEHSS] 776.3 —c 274 0.968 0.639 21.8
[THpA][BEHSS] 832.4 —c 280 0.961 0.690 14.4
[TOA][BEHSS] 888.5 —c 280 0.952 0.759 13.9
[THxA][C1C1N] 634.8 28 277 1.186 0.388 130
a Formula weight. b At 25 uC. c Not observed.
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Density. The density of these RTILs saturated with water

are in the range of 0.95–0.99 g cm23 (Table 1), i.e., slightly

lighter than that of water. These values are considerably

smaller than those for imidazolium-based RTILs (1.1–

1.6 g cm23)3 or [R4N][C1C1N] (1.0–1.2 g cm23).25 The

decreasing tendency of d with increasing n has also been

found for a series of [R4N][C1C1N].25

Conductivity and viscosity. With increasing n, g mono-

tonically increased and k monotonically decreased. Comparing

g and k for the BEHSS-based RTILs with those for

[THxA][C1C1N], the BEHSS-based RTILs have higher g and

lower k than the corresponding C1C1N-based RTILs. This

reflects the greater size of BEHSS2 than that of C1C1N2.

Solubility of the RTILs in water. We determined SR/W

potentiometrically by measuring E of cell (I) as a function of

c
W;0
Cþ , where c

W;0
Cþ is the concentration of C+ in W before W is in

contact with RTIL. The plots of E against logc
W;0
Cþ for the

BEHSS-based RTILs and [THxA][C1C1N] are shown in Fig. 1.

For RTILs except for [TOA][BEHSS], E at high c
W;0
Cþ values

was linearly dependent on logc
W;0
Cþ with a common slope,

59.2 mV decade21 at 25 uC. This is because the equilibrium

concentration of C+ in W in contact with RTIL, cW
Cþ, is almost

equal to c
W;0
Cþ at higher c

W;0
Cþ than SR/W and thus E shows the

Nernstian response to c
W;0
Cþ (See Appendix). At lower c

W;0
Cþ

values E leveled off to that at c
W;0
Cþ = 0, because, at c

W;0
Cþ values

lower than SR/W, cW
Cþ is almost equal to SR/W and thus E is

independent of c
W;0
Cþ .

For each BEHSS-based RTIL, SR/W was estimated by fitting

a theoretical curve to the experimental plot. The results, except

for [TOA][BEHSS], are shown in Table 2. The increase in the

length of four alkyl chains of the R4N+ by one methylene unit

resulted in the decrease in SR/W by one order of magnitude.

The solubility of [TOA][BEHSS] cannot be determined

because the E values did not vary with c
W;0
Cþ . This is probably

because the partition of Cl2 instead of TOA+ determines the

phase-boundary potential across the RTIL|W interface, DW
R w;

the hydrophobicity of TOA+ is stronger than the hydro-

philicity of Cl2. The solubility of [THxA][BEHSS] (200 mM)

is greater than that of [THxA][C1C1N] (7 mM), and this is

ascribed to the more hydrophilic nature for BEHSS2 than

C1C1N2.

Solubility of water in the RTILs. The water-saturated RTILs

contain 3.6–8.9 wt% of water, as a function of n (Table 2).

These values are significantly large compared with those of

other hydrophobic RTILs. For example, the water content

of water-saturated [THxA][C1C1N] was 0.3 wt%, less than a

tenth of those of BEHSS-based RTILs (Table 2). Other

hydrophobic RTILs have less water content than BEHSS-

based RTILs: 0.9 wt% for [C8mim][C1C1N]21 and 1.3 wt%

for [C8mim]PF6.31 Such an exceptionally large water content in

BEHSS-based RTILs probably results from the strong

hydration of hydrophilic sulfo group in BEHSS2. The average

number of water molecules per BEHSS2 is 2–4 (Table 2).

These values are similar to the hydration number of the sulfo

group of BEHSS2 reported in the reverse micelles, i.e., 2.32

It might be expected that reverse micelles of water are

formed in the RTILs because BEHSS2 is a well-known

surface-active ion to form reverse micelles in oil.33,34 However,

for both dry and water-saturated RTILs, small angle X-ray

scattering (SAXS) measurements showed one broad peak at

the same periodicity.35 The periodicity increased with increas-

ing n. These results indicate that the observed structure is likely

to originate from the disordered periodic structure of cations

and anions in RTILs.36 Water is thus likely to be uniformly

distributed in the BEHSS-based RTILs, hydrating to the sulfo

group of BEHSS2. This picture is in harmony with the IR

spectroscopic studies of water structure in other RTILs such as

[C4mim]BF4
37 and [C10mim]Br.38

The reason for the absence of reverse micelles in the BEHSS-

based RTILs seems to be the hydrophobicity of the counter

cations of BEHSS2. AOT1 (Na[BEHSS]) forms reverse

micelles in oil, where the water pool of the micelle is

surrounded by the shell made from BEHSS2.33,34 A small

and hydrophilic Na+ exists in the water pool.33,34 The

hydrophobic cations constituting the BEHSS-based RTIL,

R4N+, are thermodynamically and geometrically difficult to

exist as counter cations of BHESS2 in the water pool.

Fig. 1 Plots of the terminal voltage against the logarithm of the initial

concentration of C+ in W with C = TBA (n), TPnA (%), THxA (#),

THpA (%), and TOA (m) for [C][BEHSS], and with C = THxA for

[C][C1C1N] (&). The solid lines represent the fitting curves from

eqn (11). The (a, b) values in cell (I) are (500, 100) for [TBA][BEHSS],

(100, 10) for [TPnA][BEHSS], (10, 1) for [THxA][BEHSS], (1, 0.1) for

[THpA][BEHSS], (0.2, 0.02) for [TOA][BEHSS], and (10, 1) for

[THxA][C1C1N].

Table 2 Solubility of the RTILs in water (SR/W) and solubility of
water in the RTILs (SW/R) for BEHSS-based RTILs and
[THxA][C1C1N] saturated with water

RTIL SR/W
a/M SW/R

a/wt%

[TBA][BEHSS] 3 6 1022 8.9 (3.6c)
[TPnA][BEHSS] 3 6 1023 6.0 (2.6c)
[THxA][BEHSS] 2 6 1024 4.5 (2.0c)
[THpA][BEHSS] 2 6 1025 3.7 (1.8c)
[TOA][BEHSS] —b 3.6 (1.9c)
[THxA][C1C1N] 7 6 1026 0.3 (0.1c)
a At 25 uC. b Not observed. c Molar ratio of water to RTIL in the
RTIL phase.
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Emulsification of the RTIL-W systems

Na[BEHSS] (Aerosol OT1) is well known to cause sponta-

neous emulsification in oil–water two-phase systems when

added in water39 or oil.40,41 However, we found in the present

study that when the BEHSS-based RTILs were in contact

with water, the spontaneous emulsification did not occur.

This difference may be elucidated by using a criterion of

the instability of oil(O)|W interfaces, i.e., electrochemical

instability.42

According to the theory of the electrochemical instability,

the interfaces become unstable only in a limited range of the

phase-boundary potentials across the O|W interfaces (DW
O w)

around the standard ion-transfer potential (DW
O w0

i ) of the

surface-active ion.42 The width of the instability window,

which is dependent on the surface activity of the surfactant ion

and its concentration, is typically on the order of a few

hundred millivolts.43–46 When only one kind of salt, C+A2,

partitions between a RTIL–W two-phase system, DW
R w at the

partition equilibrium is given by:23

DW
R w~

DW
R w0

CzzDW
R w0

A{

2
(1)

The values of DW
R w0

Cþ and DW
R w0

A2 have not been determined.

To estimate DW
R w for the RTIL–W two-phase systems for the

present case, we used the values of DW
DCEw0

Cþ and DW
DCEw0

A2

for the 1,2-dichloroethane(DCE)–W two-phase systems.

In the case of [THxA][BEHSS]|W interface, from the values

DW
DCEw0

THxA = 20.49 V47 and DW
DCEw0

BEHSS = +0.03 V48 it is

expected that DW
R w = DW

R w0
BEHSS 2 0.26 V. Thus DW

R w seems

to be negative enough to be out of the window of the

electrochemical instability around DW
R w0

BEHSS and no sponta-

neous emulsification takes place in these RTIL–water two-

phase systems.

Polarized potential window

The CVs at the interface between water and the BEHSS-based

RTILs are shown in Fig. 2(a). All the RTIL|W interfaces

except for the [TBA][BEHSS]|W interface were found to be

polarizable. If the ions in W are hydrophilic enough, the width

of the ppw is determined by the hydrophobicity of the ions

constituting the RTIL and a good measure of the ppw is

DW
R w0

A2 2 DW
R w0

Cþ.22 The [TBA][BEHSS]|W interface was

nonpolarized because DW
R w0

A2 2 DW
R w0

Cþ is not large enough.

For all the RTILs the positive end of the ppw was located at

the same potential. The transfer of moderately hydrophobic

BEHSS2 from RTIL to water is likely to limit the positive end.

On the other hand, the negative end of the ppw was dependent

on the RTILs. With elongating the alkyl chain of the cations

from TBA+ to THxA+ the negative end of the ppw shifted to

the negative direction and the ppw widened. This shift

indicates that the negative end of the ppw is limited by the

transfer of hydrophobic cations, TBA+, TPnA+ and THxA+,

from RTIL to water. The difference in the width of the ppw

for [TBA][BEHSS] and [TPnA][BEHSS] or [TPnA][BEHSS]

and [THxA][BEHSS] was about 0.1 V, which is similar to that

observed for [R4N][C1C1N]|W interfaces.23 Further elongation

of the alkyl chain from THxA+ to THpA+ or further to TOA+

did not widen the ppw. The negative ends of the ppw for

[THpA][BEHSS] and [TOA][BEHSS] are both likely to be

limited by the transfer of Cl2 from water to RTIL.

In Fig. 2(b), a CV at the [THxA][C1C1N]|W interface

is shown for comparison with Fig. 2(a). The ppw of the

[THxA][C1C1N]|W interface is wider than that of the

[THxA][BEHSS]|W interface, indicating that C1C1N2 is more

hydrophobic than BEHSS2, which is consistent with the

results of the solubility measurement. In the CVs in Fig. 2,

neither irregular current nor spike-like current was seen

within the ppw, which is in contrast to that observed in CVs

measured at the interface between water and DCE containing

Na[BEHSS],41,49 and is consistent with the absence of

spontaneous emulsification discussed above.

Relationship between the polarized potential window and the

solubility product

The solubility product of the RTIL in W, KW
s (= SR/W

2), is

related to the difference in the standard ion transfer potentials

of the cation and the anion constituting RTIL, D(DW
R w0)CA;22

D DW
R w

� �
CA

:DW
R w0

A{{DW
R w0

Cz~{
RT

F
lnKW

s (2)

The positive end of the ppw where the current due to the

transfer of A2 from RTIL to W flows is determined by DW
R w0

A2

and, similarly, the negative end is determined by DW
R w0

Cþ.

Therefore, the width of the ppw is related with D(DW
R w0)CA.21

The width of the ppw and D(DW
R w0)CA for the BEHSS-based

RTILs and [THxA][C1C1N] calculated from Ks
W are shown

Fig. 2 (a) Cyclic voltammograms at the interface between water

and [TBA][BEHSS] (1), [TPnA][BEHSS] (2), [THxA][BEHSS] (3),

[THpA][BEHSS] (4), [TOA][BEHSS] (5). In the abscissa, the term

(RT/F)lncWref
BEHSS was added to compensate for the n dependent change

in the phase-boundary potential across the RTIL|Wref interface. Here

cWref
BEHSS is the equilibrium concentration of BEHSS2 in Wref. cWref

BEHSS was

calculated using eqn (7) from c
Wref;0
BEHSS (1 mM) and SR/W for the BEHSS-

based RTILs. (b) Cyclic voltammograms at the interface between

water and [THxA][C1C1N] at 25 uC. Scan rate: 10 mV s21. A solution

of 100 mM LiCl and 20 mM Li[C1C1N] was used for Wref in cell (II).
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in Fig. 3 as a function of n. These parameters for the

BEHSS-based RTILs show a similar chain-length dependence;

the longer the alkyl chain, the greater the values. The plot of

D(DW
R w0)CA vs. n was well fitted to the straight line. The slope

was estimated to be 32 mV per methylene unit. For com-

parison, the plot of D(DW
DCEw0)CA (; DW

DCEw0
A2 2 DW

DCEw0
Cþ) is

shown in Fig. 3. The D(DW
DCEw0)CA values are calculated using

the values of DW
DCEw0

Cþ, 20.09 V, 20.23 V, 20.36 V, and

20.49 V for tetrapropylammonium ion, TBA+, TPnA+ and

THxA+,47 respectively, and DW
DCEw0

BEHSS (0.03 V).48 The

D(DW
DCEw0)CA values are greater than the corresponding

D(DW
R w0)CA values. The slope of the straight line was 34 mV

per methylene unit, and is slightly greater than that for

the BEHSS-based RTILs, 32 mV. The absolute values of

DW
O w0

i generally become smaller for a solvent with higher

polarity.50 Therefore D(DW
O w0)CA and the slope for the n

dependence are also expected to show the same trend. It was

found that the BEHSS-based RTILs apparently have higher

polarity than DCE. A recent study on the mid-point potentials

of ion transfer across the [THxA][C1C1N]|W interface shows

that [THxA][C1C1N] has polarity in-between those of nitro-

benzene and DCE.22

The width of the ppw shows a similar chain-length

dependence to D(DW
R w0)CA up to n = 6 (Fig. 3). The values of

the width of the ppw are about 0.2 V smaller than those of

D(DW
R w0)CA for the BEHSS-based RTILs for n ¡ 6 and

[THxA][C1C1N]. For n = 7, the limitation of the ppw by Cl2

transfer from W to RTIL makes the width of the ppw

narrower than the expected value from D(DW
R w0)CA. The

apparent contradiction that SR/W (and D(DW
R w0)CA) for n = 7

is measurable whereas the width of the ppw for n = 7 is

narrower than expected is ascribed to the difference in the

concentration of Cl2 in W for potentiometry and cyclic

voltammetry: 1 mM for the former and 100 mM for the latter.

It would be useful to make the criterion of the polarizability of

the RTIL|W interfaces from the solubility or vice versa.22 The

value 0.19 V of D(DW
R w0)CA for [TBA][BEHSS] is not enough to

make the [TBA][BEHSS]|W interface polarizable whereas

0.31 V for [TPnA][BEHSS] makes the [TPnA][BEHSS]|W

interface polarizable at the range of 0.1 V. The D(DW
R w0)CA

value to differentiate nonpolarized interfaces and polarizable

ones is likely to be between 0.2 and 0.3 V and the solubility is

1023–1022 M.51

Conclusions

Five RTILs composed of fluorine-free and hydrophobic

BEHSS2 and symmetric tetraalkylammonium ions have been

prepared. They are liquid at the temperature down to their

glass transition points of y280 uC. The potentiometric and

voltammetric measurements have revealed that the width of

the ppw of the RTIL|W interfaces is related to the solubility

of RTILs in water. The fluorine-free and hydrophobic

characteristics will make these RTILs suitable for the

application of the RTIL–W two-phase systems such as

liquid–liquid extraction.

No emulsification of the RTIL–W two-phase system occurs

although the RTILs contain surface-active BEHSS2 with high

content. The SAXS measurements revealed that no reverse

micelle formation occurs in the BEHSS-based RTILs. These

apparent surface-inactive properties originate from the hydro-

phobicity of R4N+ constituting the BEHSS-based RTILs

and can, hence, be tuned by properly choosing the counter

cations of BEHSS2.

Appendix

First, we consider that a water-immiscible RTIL composed of

a cation, C+, and an anion, A2, is in contact with pure water.

At equilibrium, W is saturated with C+ and A2. The amount of

C+ and A2 dissolved into W from RTIL is equal due to the

electroneutrality in W. The equilibrium concentrations of C+

and A2, represented as cW
Cþ and cW

A2 respectively, are equal if

we neglect micelle formation and ion-pair formation in W. The

concentration is defined as the solubility of RTIL in W, SR/W.

The concentrations, cW
Cþ, cW

A2, and SR/W are related to the

solubility product of the RTIL in W, KW
s , as,21

KW
s = cW

CþcW
A2 = SR/W

2 (3)

where we assumed that the activity coefficients of C+ and A2

in W are unity.

Second, we consider that the water-immiscible RTIL is in

contact with an aqueous solution where the C+ salt of a

hydrophilic anion, for example, [C]Cl, is dissolved at the

concentration of c
W;0
Cþ before the contact. The hydrophilic

anion (such as Cl2) dissolved in W will not affect the partition

of other ions because the partition of Cl2 into RTIL is

negligible. The amounts of C+ and A2 dissolved into W from

RTIL are then equal as is the case of the partition into pure

water. In this case, the equilibrium concentrations, cW
Cþ and

cW
A2, are not equal because c

W;0
Cþ is finite. They are represented

by using the difference in the concentration of the ions in W at

equilibrium and that before the contact with RTIL, Dc, as,

cW
Cþ = c

W;0
Cþ + Dc (4)

cW
A2 = Dc (5)

Fig. 3 Chain length dependence of D(DW
DCEw0)CA for R4N+ and

BEHSS2 (w), and D(DW
R w0)CA for the interfaces between water and

[R4N][BEHSS] ($) and [THxA][C1C1N] (m), and the width of the ppw

of the interfaces between water and [R4N][BEHSS] (#) and

[THxA][C1C1N] (n). The straight lines are fitted to the plots of

D(DW
R w0)CA for [R4N][BEHSS] and D(DW

DCEw0)CA.
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From eqns (3), (4) and (5),

(c
W;0
Cþ + Dc)Dc = SR/W

2 (6)

From eqns (4) and (6), cW
Cþ is written as,

cW
Cz~

cW, 0
Cz z

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

cW, 0
Cz

� �2

z4S2
R=W

r

2
(7)

At two limiting cases, cW
Cþ is simply written as,

cW
Cþ # c

W;0
Cþ (when c

W;0
Cþ & SR/W) (8)

cW
Cþ # SR/W (when c

W;0
Cþ % SR/W) (9)

As shown in eqn (7), cW
Cþ depends on c

W;0
Cþ and SR/W.

Therefore if we measure cW
Cþ as a function of c

W;0
Cþ , we can

determine SR/W. Instead of directly measuring cW
Cþ, we may

utilize the Nernstian response of the phase-boundary potential

across the RTIL|W interface, DW
R w, to c

W;0
Cþ , as follows,21

DW
R w~DW

R w0
Czz

RT

zCzF
ln cW

Cz

� �
(10)

where DW
R w0

Cþ stands for the standard ion-transfer potential of

C+, R the gas constant, T temperature, zC+ the charge on C+ in

signed units of electronic charge and F the Faraday constant.

In cell (I) in the Experimental section, the measured voltage of

the cell, E (= DW
R w + Eref), is then represented as:

E~

DW
R w0

CzzEref

� �
z

RT

zCzF
ln

cW, 0
Cz z

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

cW, 0
Cz

� �2

z4S2
R=W

r

2

0

BB@

1

CCA
(11)

where Eref denotes the contribution of the other nonpolarized

interfaces to E. By fitting a curve from eqn (11) to the

experimental E vs. c
W;0
Cþ plots, SR/W (and cW

R w0
Cþ + Eref) can be

evaluated.
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Polyethylene glycol (PEG) is found to be an inexpensive, non-toxic, environmentally friendly

reaction medium for the conjugate addition of amines to conjugated alkenes to afford the

corresponding adducts in excellent yields under mild reaction condition. The use of PEG avoids

the use of acid or base catalysts and moreover PEG can be recovered and reused.

Introduction

The search for alternative reaction media to replace volatile

and often toxic solvents commonly used in organic synthetic

procedures is an important objective of significant environ-

mental consequence.1 Media considered include: (a) the use of

supercritical fluids2 that have the advantage of facile solvent

removal and easy recyclability but require high pressure; (b)

fluorous based systems3 that have the advantage of being

highly hydrophobic but expensive and for which the solvents

are probably innocuous but have the disadvantage of being

volatile; (c) more recently, environmentally benign solvents

such as ionic liquids,4 water,5 and polyethylene glycol.6 Ionic

liquids have a particularly useful set of properties, being non-

volatile and virtually insoluble in water and alkanes but readily

dissolving many transition metal catalysts. It is customary to

measure the efficiency of a catalyst by the number of cycles for

which it can be reused. Similarly, the value of a new solvent

medium primarily depends on its environmental impact, the

ease with which it can be recycled, low vapor pressure,

nonflammability and high polarity for solubilization. In

performing the majority of organic transformations, solvents

play an important role in mixing the ingredients to make the

system homogeneous and allow molecular interactions to be

more efficient.

The Michael reaction, since its discovery in 1889,7 has been

one of the most important reactions in organic chemistry.

Recently, we have reported aza-Michael reaction of N-alkyl

and N-aryl piperazine with acrylonitrile using copper nano-

particles as the catalyst under mild reaction conditions.8 In this

article, we describe the use of a simple and widely available

polymer, polyethylene glycol (PEG) as a non-toxic, inexpen-

sive, non-ionic liquid solvent of low volatility. PEG and its

monomethyl ethers are inexpensive, thermally stable, recover-

able, and nontoxic media for phase transfer catalysts.9 PEG, a

biologically acceptable polymer used extensively in drug

delivery and in bioconjugates as tool for diagnostics, has

hitherto not been widely used as a solvent medium but has

been used as a support for various transformations.6,10

Herein, we report PEG 400 as a recyclable reaction medium

for the conjugate addition of amines to conjugated alkenes

at room temperature without any use of acid and base catalyst

(Scheme 1). Such reactions do not generate any toxic waste

by product.

Our efforts began with N-phenylpiperazine and acrylonitrile

(Table 1, entry 1) in PEG (400 MW) at room temperature for

35 min, the corresponding adduct was obtained in 99% yields

after a standardized workup protocol. Other piperazine and

amines were treated with a variety of conjugated alkenes in

PEG-400 as reaction media (Table 1). The reactions proceed

efficiently at room temperature without the need for any

further acid or base catalyst and goes to completion in a short

time (30–50 min). This protocol is compatible with various

a,b-unsaturated ketones, nitriles, and esters and different

amines or various piperazine under mid reaction conditions.

No by-product formation was observed. N-Methylpiperazine

and acrylonitrile (entry 2, Table 1) produce cyanoethyl

derivatives in 98% yield with ease. Verma et al.8 reported a

similar drop-off in yield under catalysis of copper nanoparti-

cles. PEG in these reactions eliminates the use of volatile

organic solvents and as a recyclable reaction medium. In

addition to the often referred advantages of using PEG 400 as

solvent, this procedure has following remarkable features as

compared to conventional method: (1) short reaction times, (2)

clean reaction protocol, (3) high yielding.

In order to prove that the use of polyethylene glycol as

solvent is also practical, it must be conveniently recycled with

minimal loss and decomposition. Since polyethylene glycol is

immiscible with aliphatic hydrocarbons, the desired product

may be extracted with compounds such as cyclohexane, and

the retained PEG phase may be reused.6 The solvent phase was

recycled with no loss of reactivity for three cycles, although a

weight loss y5% of PEG was observed from cycle to cycle. A

Synthetic Organic Chemistry Research Laboratory, Department of
Chemistry, University of Delhi, Delhi, 110007, India.
E-mail: chandra682000@yahoo.co.in; Fax: +91-11-23816312;
Tel: +91-11-9818901344
{ Electronic supplementary information (ESI) available:
Experimental. See DOI: 10.1039/b517397c Scheme 1
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control experiment was conducted in the absence of PEG 400

in ether or cyclohexane and it was observed that addition of

N-phenyl piperazine to acrylonitrile produced the correspond-

ing product (Scheme 2) in 18% yield in 48 h.8

There was no reaction in the absence of PEG. Thus,

probable mechanism for the addition of amines to conjugated

alkenes employing PEG as reaction medium may be due to the

attraction between the PEG hydroxyl group oxygen and

hydrogen attached to nitrogen of amine, which makes the

N–H bond weaker, enhancing the nucleophilicity of nitrogen

for addition to electron-deficient alkenes.

Experimental

Different amines, electron deficient alkenes, acrylonitrile and

PEG 400 were purchased from Aldrich. Typically reactions

were carried out as follows: A mixture of amine (1 mmol),

alkene (1.5 mmol) and PEG 400 (2.5 g) was placed in 20 mL

round-bottomed flask. The reaction mixture was stirred at

room temperature until the reaction was complete. The

reaction mixture was extracted with dry ether, the extract

dried and concentrated under reduced pressure and resulting

crude product was purified by silica column chromatography

using ethyl acetate and hexane as an eluent to obtain the

adduct in excellent yield. The recovered PEG can be reused for

a number of cycles without significant loss of activity. All

organic compounds except 3-[4-(4-nitro-phenyl)-piperazin-1-

yl]-propanitrile reported in literature,8,11 and are fully charac-

terized by spectral analysis. Entry 4 in Table 1: 1H NMR

of 3-[4-(4-nitro-phenyl)-piperazin-1-yl]-propanitrile d (ppm,

Table 1 The aza-Michael reaction of amines with electron deficient alkenes in PEGa

Entry Unsaturated alkenes Product Time/h Yield (%)b

1 35 min 99

2 45 min 98

3 45 min 99

4 45 min 99

5 30 min 99

6 45 min 98

7 35 min 99

8 35 min 99

9 35 min 99

10 35 min 99

a Reaction conditions: 1 mmol amine, 1.5 mmol alkenes, 2.5 g PEG-400, 25 uC. b Isolated yield.

Scheme 2

This journal is � The Royal Society of Chemistry 2006 Green Chem., 2006, 8, 356–358 | 357
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300 MHz) 8.12 (d, J = 9 Hz, 2 H), 6.83 (d, J = 9 Hz, 2 H),

3.44 (t, J = 5 Hz, 4 H), 2.75 (t, J = 7 Hz, 2 H), 2.66 (t, J = 5 Hz,

4 H), 2.56 (t, J = 7 Hz, 2 H). 13C NMR d (ppm, 75 MHz)

141.3, 132.4, 125.9, 114.2, 113.2, 51.3, 50.6, 46.6, 45.9.

TOF MS (m/z) 261.6 (M + 1). IR (v, cm21) 2245.41 (CN),

1328.72 (NO2).

Conclusions

Polyethylene glycol offers a convenient, inexpensive, non-ionic

liquid, non-toxic and recyclable reaction medium for Michael

reaction of various amines with electron deficient alkenes, thus

substituting for volatile organic solvents. This protocol offers a

rapid and clean alternative and reduces reaction times. The

recyclability of the catalyst makes reaction economically and

potentially viable for commercial applications.
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The thermal decomposition of HCO2H or preferably, HCO2X (X = Na or NH4) can be used to

generate H2 for the continuous hydrogenation of aromatic and cyclic aldehydes, ketones and

nitroaromatics in high temperature pressurised water (HTPW). This means that hydrogenation

reactions can be carried out in exactly the same equipment as has previously been used for

selective oxidation in HTPW, thus facilitating relatively simple application of these reactions

for non-specialists.

Introduction

The use of water as a greener reaction medium is highly

attractive. High temperature pressurised water (HTPW)

exhibits unique characteristics, i.e. high compressibility,

tunability of density and solvent power, enhanced mass

transfer due to low viscosity and high diffusion coefficients

and high heat capacities which enable an ultra-efficient heat

removal from the reaction. A key advantage of HTPW for

performing chemistry is the possibility of varying the dielectric

constant, e, and the ionic product, pKw of the reaction medium

merely by changing the pressure and/or temperature.1 This

greatly facilitates reaction optimization and the rich potential

of HTPW for reaction chemistry has been demonstrated by

different research groups across the world.2–3

Our group at Nottingham has investigated both near-critical

water, ncH2O, and supercritical water, scH2O, as media for

environmentally more acceptable reactions in both batch and

continuous processes.4

Selective hydrogenation and oxidation are two of the

most important industrial processes. HTPW provides several

advantages, particularly for oxidation. It dissolves both gases

and organic substrates resulting in a single phase reaction

mixture thereby overcoming mass and heat transfer limitations

and increasing reaction rates; and, of course, H2O is totally

non-flammable.

The exothermicity of oxidation means that HTPW reactions

should be conducted on as small a scale as possible in the

laboratory. Furthermore, the need for selectivity demands

that the concentration of O2 should be controlled precisely.

However, we have found that the use of compressed O2,

although possible on a small scale, is expensive, and is

difficult to control. Therefore, we have demonstrated the

successful in situ generation of O2 by the thermal decomposi-

tion of aqueous H2O2.5

We have already used this ‘‘gasless’’ approach for the

selective oxidation of different methylaromatic compounds in

scH2O.5–7 The H2O2 decomposes rapidly during thermal

treatment into O2 and H2O. The resulting mixture of O2

dissolved in HTPW was then mixed with the appropriate

catalyst and organic substrate, which was then oxidised to

produce the desired carboxylic acid products.5–7

Here, we present an extension of the ‘‘gasless’’ approach for

carrying out the hydrogenation of different functional groups

in HTPW by using the thermal decomposition of formic acid,

HCO2H, sodium formate, HCO2Na, or ammonium formate,

HCO2NH4 as the source of H2. The key advantage is that one

can use the same type of reactor for either oxidation or

hydrogenation merely by choosing to use an aqueous solution

of either H2O2 or HCO2H (Fig. 1). In this paper, we first

investigate the decomposition of HCO2H and HCO2Na in

HTPW and then use these compounds as the precursors for

a series of hydrogenations.

Experimental

All experiments were carried out at the University of

Nottingham; the apparatus is shown in Fig. 1. Dilute aqueous

HCO2X (X = H, Na, NH4) solution was pumped continuously

into the system and decomposed in the pre-heater under the

experimental conditions required to generate a mixture of H2

and HTPW. The H2 precursor solutions were prepared from

HCO2H 97% (Aldrich) and NaOH or NH3 (35%) solution as

required. After this, the organic and H2-HTPW streams were

mixed statically in a cross-piece before entering the reactor.

The reaction mixture flowed through a tubular reactor with
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short residence times (5 to 30 s). Reactor effluent was

quenched down to 40 uC in a concentric-tube heat exchanger

with counter-current cooling water. Finally, the cooled

reaction mixture was filtered and depressurized using a back-

pressure regulator. Samples were collected for consecutive

periods of 10–15 min and were then analysed off-line.

Flow rates were controlled via the pump flowrates (HPLC

volumetric pumps). The preheater and reactor temperatures

were controlled by separate PID controller modules. Pressure

was controlled manually using the back-pressure regulator.

The residence time (Rt) was estimated from the total reactor

volume divided by the volumetric flow-rate at reactor

temperature. The total volume was taken as the sum of the

volume of the tubular reactor constructed from Hastelloy

C276 pipework. The volumetric flow-rate, which changes with

temperature (and density) along the tubing, was calculated

using the physical properties of H2O at the reaction conditions

as published in the International Steam Tables and by the US

National Institute of Science and Technology (NIST).

Cyclohexanone and its products were analyzed by GC

with an Alltech ECONO-CATTM-ECTM-1 column (30 m 6
0.32 mm id 6 1 mm). Calibration standards were diluted in

ethanol whereas reactor samples were injected undiluted. An

initial column temperature of 150 uC was maintained for

10 min, followed by a 5 uC min21 gradient for a further 10 min.

Detector initial temperature was 300 uC, injector temperature

250 uC and pressure 12 psi. An injection volume of 5 mL was

used for all the samples. Retention times of 4.5 min for

cyclohexanone and 4.41 for cyclohexanol were obtained.

Acetophenone, benzaldehyde and their respective products

were analysed using a Waters Xterra reverse phase C18

column (3 6 150 mm), maintained at 40 uC; flow rate

0.7 mL min21, run time = 7 min, post-time = 2 min, injection

volume = 5 mL; UV detection at 230, 254, 280 and 300 nm. A

non-isocratic method with gradient elution of the solvents:

Time = 0 min: 30% CH3CN and 70% CH3CO2Na/CH3CO2H

as a buffer, at 5 min 50% CH3CN vs. 50% buffer and at 7 min

30% CH3CN vs. 70% buffer were used. The stock buffer

solution contained 15.0 g anhydrous CH3CO2Na in 250 mL

de-ionised H2O, plus CH3CO2H (50% v/v, 100 mL). The pH

was adjusted to 3.9 ¡ 0.1 with 5% CH3CO2H, before diluting

to 500 mL. 30 mL of stock buffer was then diluted to a total

volume of 500 mL with de-ionised H2O. Standards were

diluted in CH3CN whereas reactor products were diluted in

water (1 : 10).

Gases (CO, CO2, CH4 and H2) were collected into a Varian

4900 micro-GC with an internal pump that drew gaseous

samples into the injection port. Analysis was performed on two

capillary columns: M5A 20 m with an 8 s back flush; 120 uC/

20.0 psi isobaric: HSA 0.4 m; 80 uC/20.0 psi isobaric. Both

channels used a 50 ms injection time).

CAUTION: This type of hydrogenation is potentially

hazardous, and must be approached with care. A thorough

safety assessment must be made for each particular apparatus.

In our experiments, the possibility of a runaway exothermic

reaction was reduced by using dilute solutions (,10% w/w) of

the H2 precursor. The equipment must be operated with

adequate ventilation.

Results

Thermal decomposition of HCOOH or HCOONa in HTHP

Table 1 summarises the composition (molar percentage) of the

gases formed at different pressures and temperatures for an

aqueous solution of HCO2H and HCO2Na. Under these

conditions, both precursors produced H2, CO2 and CO, with

traces of CH4 also detected.

In the case of HCO2H, the formation of gases can be

explained by the following series of reaction equilibria:

(i) Thermal decomposition:8

HCO2H O CO2 + H2 (decarboxylation)

HCO2H O CO + H2O (dehydratation)

(ii) ‘‘Water-gas shift’’:9

CO + H2O O CO2 + H2

(iii) Formation of methane:

CO + 3 H2 O CH4 + H2O

CO2 + 4 H2 O CH4 + 2 H2O

Fig. 1 Schematic diagram of the ‘‘gasless’’ bench-scale reactor for either hydrogenation or oxidation reactions in HTPW. Equipment description:

D-01, HCO2H solution feed vessel; D-02: H2O2 solution feed vessel; D-03, organic feed vessel; P-01, HCO2H or H2O2 solution feed pump (HPLC

pump, Gilson Model 304, flow rate = 2.5–10 mL min21, maximum allowed pressure (Pmax) = 40 MPa); P-02, organic feed pump (HPLC pump,

Gilson model 304, flow rate = 0.25–1 mL min21, Pmax = 40 MPa); E-01, pre-heater (1/16 in AISI 316 tubing, 3 m, heat supplied by a cartridge

heater (Watlow, 240 V, 200 W, FIREROD0247 NFRG2E164A) and a band heater (Watlow, 240 V, 200 W, NTB25X6UA3, 47 02 DM)); R-01,

tubular reactor (1/16 in AISI 316 tubing, 0.115 m); E-02, concentric tube cooler (1/8 inside 3/8 in AISI 316 tubing, 0.3 m); BPR-01, back pressure

regulator (Tescom 26-1722-24-043, Pmax = 42 MPa, Cv , 0.01).
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Pressure has very little effect on the composition of

the gases with ¡5% variation. By contrast, temperature

showed a significant influence. Thus, the amount of H2

increased from 35 ¡ 5% to 50 ¡ 5% on increasing the

temperature from 250 to 400 uC. The corresponding variation

in CO2 was rather less, changing from 35 ¡ 5% to 40 ¡ 5%

over the same temperatures interval. However, the CO

concentration is reduced considerably at higher temperatures,

e.g. from ca. 30% at 250 uC down to ,5% at 400 uC. The

amount of CO2 was in general lower than the H2 (according

to the equation an equimolar amount of CO2 and H2 should

be obtained), which suggests that some CO2 is retained in

the aqueous phase, since CO2 has a relatively high solubility

in water.

A totally different composition of gases was observed for the

thermal decomposition of solutions of HCO2Na because the

Na+ can react with aqueous CO2. The plausible reaction

pathway is given below:10

(i) H2 is obtained by reacting [HCO2
2] with water:

HCO2Na + H2O O H2 + NaHCO3

(ii) Bicarbonate can decompose to CO2 and carbonate:

2NaHCO3 O CO2 + Na2CO3 + H2O

H2 was the major component at all temperatures and

pressures. CO and CO2 were also present, although only very

low molar percentages of CO were observed compared to

those detected for the thermal degradation of HCO2H.

The amount of CO2 showed pressure dependence only when

the decomposition was carried out at 150 uC, ranging from

6% to 27% when the pressure increased. However, at higher

temperatures this variation was ,5%.

The higher percentages of H2 suggest that HCO2Na should

be a better H2 precursor for running hydrogenation reactions.

However, there is another important aspect, namely the rate of

decomposition of the precursor (e.g. the conversion of the H2

source within the pre-heater). On the basis of conversion, the

choice is not so clear because the rate of decomposition of

HCO2H is considerably higher than that of HCO2Na. Up to

90% conversion was achieved for HCO2H, while the maximum

conversion for HCO2Na was only ca. 35% for the 3 m length

of preheater in our apparatus. Therefore, we carried out

hydrogenation reactions with both precursors to establish

which was better.

Reduction of nitrobenzene into aniline

Aromatic amines are of significant industrial importance

being widely used as intermediates for the synthesis of dyes,

pharmaceuticals and agrochemicals. The reduction of nitro

compounds is one of the most common synthetic methods for

their manufacture. The current industrial processes are based

on the catalytic hydrogenation or stoichiometric reduction

reactions.11

Table 1 Pressure and temperature effect on the HCO2Na and HCO2H decomposition

HCO2H O H2 + CO + CO2 HCO2Na O H2 + CO + CO2

H2

mol% H2 for HCO2H decompositiona

H2

mol% H2 for HCO2Na decompositionb

Temperature/uC Temperature/uC

P/MPa 250 300 350 400 P/MPa 250 300 350 400c

15.0 30.3 48.8 51.8 51.4 15.0 90.8 90.5 97.2 —
20.0 39.6 49.6 49.2 52.7 20.0 88.2 93.7 98.0 —
26.0 37.5 43.8 47.4 52.1 26.0 79.1 95.8 98.4 —
30.0 35.7 42.6 49.0 47.0 30.0 71.8 96.6 98.5 —
33.0 35.3 41.4 43.7 51.8 33.0 64.5 97.2 98.5 —

CO2

mol% CO2 for HCO2H decompositiona

CO2

mol% CO2 for HCO2Na decompositionb

Temperature/uC Temperature/uC

P/MPa 250 300 350 400 P/MPa 250 300 350 400c

15.0 38.7 40.8 43.3 44.2 15.0 6.7 7.8 1.9 —
20.0 35.4 37.3 43.4 42.1 20.0 8.5 5.3 1.4 —
26.0 35.0 39.0 41.7 40.8 26.0 16.6 3.5 1.2 —
30.0 35.4 42.1 37.8 39.7 30.0 21.9 2.5 1.2 —
33.0 36.6 41.9 41.0 43.3 33.0 27.9 2.4 1.1 —

CO

mol% CO for HCO2H decompositiona mol% CO for HCO2Na decompositionb

Temperature/uC CO Temperature/uC

P/MPa 250 300 350 400 P/MPa 250 300 350 400c

15.0 31.0 15.2 4.8 4.3 15.0 2.5 1.8 0.9 —
20.0 25.0 13.1 7.4 5.2 20.0 3.3 1.0 0.4 —
26.0 27.4 16.9 11.0 7.1 26.0 4.3 0.7 0.2 —
30.0 28.7 14.7 13.2 13.3 30.0 6.3 0.8 0.1 —
33.0 27.7 16.2 15.2 4.8 33.0 7.5 0.4 0.1 —

a Aqueous solutions with a concentration of 2.3 mol L21 of HCOOH at a flow rate of 10 mL min21 were used in all cases. b Aqueous solutions with
a concentration of 2.3 mol L21 of HCOONa at a flow rate of 10 mL min21 were used in all cases. c At temperatures above 350 uC (near the critical
point) a sudden precipitation of Na2CO3 was observed resulting in the blockage of the reactor.
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We have already reported the selective reduction of

nitroarenes to anilines using metallic zinc in ncH2O.12

However, this reduction was performed in batch reactors

requiring greater than stoichiometric amounts of Zn. Thus, the

development of a continuous zinc-free reduction in HTPW is

highly attractive.

The reduction of nitrobenzene was carried out in H2O from

150–300 uC and 15–30 MPa. All the reactions were performed

by using relatively dilute solutions (,10% organic w/w). Initial

experiments were performed using an aqueous solution of

HCO2Na as the H2 precursor.

As expected, the reaction temperature has strong influence

on the degree of the conversion of the nitrobenzene, Fig. 2. No

reaction was observed at ,150 uC. Increasing the temperature

from 200 to 300 uC improved the yield from 55% to 98%.

Aniline was the only detectable product at temperatures

>200 uC.

The effect of residence time (Rt), at 25.0 MPa and 300 uC
was also studied (see Fig. 3). The reaction was complete in only

a few seconds in contrast to the reduction of the nitroarenes

with Zn in HTPW where several hours were required to

achieve equivalent yields of aniline.12

Similar trends for temperature and residence times were

observed when HCO2H was used as the H2 precursor. Table 2

summarises the results. As can be seen, there is no significant

influence of pressure.

All of these reactions were undertaken without any catalyst.

Numerous methods have been reported in the literature for the

reduction of the nitroarenes to aniline, generally requiring the

presence of a transition metal.11 Therefore, it is quite likely

that the stainless steel of the reactor could be playing an

important catalytic role in the reaction. There are two possible

mechanisms: a surface catalysed reaction by the reactor wall or

the leaching of catalytically active components from the

reactor wall, which is less likely since there are many examples

of catalytic effect of reactor walls under similar conditions.

Reduction of benzaldehyde and cyclohexanone

Bryson et al. have reported the selective batch reduction of

benzaldehyde and cyclohexanone with HCO2Na under condi-

tions of temperature and pressure similar to ours.13 Tables 3

and 4 summarise our results for benzaldehyde and cyclo-

hexanone, respectively, which are comparable in terms of

yield with those obtained by Bryson et al. However, there were

significant differences between our continuous and their batch

processes. For similar yields, higher selectivity (fewer side

products) is achieved at lower temperatures in the continuous

process. This is probably the result of shorter residence times

compared to the batch process (seconds vs. hours), thereby

avoiding side reactions (Cannizaro, dehydration and aldol

reaction).

When we tried to repeat these reactions using HCO2H as the

H2 precursor, neither cyclohexene nor benzaldehyde reacted at

all. This was really quite surprising but could be due to catalyst

poisoning by CO. Assuming that these hydrogenations involve

Fig. 2 Effect of the temperature on the hydrogenation of PhNO2

using HCO2Na as the source of H2 at P = 20.0 MPa. Flow rates:

HCO2Na (2.3 mol L21), 5 mL min21; nitrobenzene, 0.5 mL min21.

Fig. 3 The effect of residence time on the hydrogenation of PhNO2

using HCO2Na as the source of H2 at 300 uC and 25.0 MPa. Flow

rates: HCO2Na (2.3 mol L21), 2.5–5.0–9.5 mL min21; nitrobenzene,

0.25–0.5–0.95 mL min21 (respectively).

Table 2 Continuous hydrogenation of nitrobenzene in HTPW

Entrya P/MPa T/uC H2 source Yield (%)

1 15.0 300 HCO2H 75
2 20.0 300 HCO2H 74
3 25.0 300 HCO2H 62
4 30.0 300 HCO2H 70
a Flow rates: HCO2H (10%), 5 mL min21; nitrobenzene,
0.5 mL min21.

Table 3 Continuous hydrogenation of benzaldehyde in HTPW

Entry P/MPa T/uC H2 source Rt/s Yield (%)

Brysona 0.82 315 HCO2Na 104 74
1b 15.4 141 HCO2Na 31 40
2b 15.5 190 HCO2Na 29 54
3b 20.5 190 HCO2Na 29 48
4c 15.7 247 HCO2Na 19 65
5d 15.7 250 HCO2H 19 0
a Batch process, Org/HCO2Na 1 : 3. b Org/HCO2Na 1 : 13. c Org/
HCO2Na 1 : 19. d Org/HCO2H 1 : 32.
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surface catalysed reactions, there are well established deactiva-

tion mechanisms involving CO and, it can be seen from Table 1

that the main difference between the decomposition of

HCO2H and HCO2Na is the higher amount of CO produced

by HCO2H. Alternatively, reaction with [HCO2
2] could

involve direct H-transfer rather than hydrogenation via H2.

Fig. 4 shows an additional effect in the reduction of

benzaldehyde, namely the result of increasing the pH of the

H2-precursor solution by deliberately adding ammonia to the

formic acid. Consequently, in a similar way to HCO2Na,

the effect of HCO2NH4 was investigated at 250 uC and

15.0 MPa.

The results show that high yields (94%) of benzyl alcohol

can be generated by adding sufficient NH3 to give 10

equivalents of HCO2NH4 compared to benzaldehyde. As a

result, the use of HCO2NH4 seems to be more efficient than

HCO2Na under similar conditions (see Table 3, entry 4) as less

H2-precursor is needed to obtain a higher benzyl alcohol yield.

As the concentration of NH3 is further increased to reach pH 4

(33-fold excess of HCO2NH4) the yield starts to decrease

slightly to 88%. When higher concentrations of NH3 are used

(pH 8 and 11) the yields of benzyl alcohol drop dramatically.

Thus, the large excess of NH3 used is affecting the selectivity of

the reaction because by-products are formed.

In summary, our method is comparable in terms of yields

with those which were obtained in the batch experiment.13

However, in our case, the reaction is much faster (much lower

residence time) and is more selective at a lower temperature.

The lower yields obtained with cyclohexanone compared to

benzaldehyde and nitro benzene are just due to the fact that

cyclohexanone is less reactive. Therefore, this method

could be applicable for many substrates given an appropriate

residence time.

Reduction of acetophenone to 1-phenyl ethanol

The hydrogenation of acetophenone in HTPW was successful

without added catalyst using either HCO2H or HCO2Na as the

H2 precursor. Yields up to 78% were registered at 15.6 MPa

and 250 uC with residence times as short as 20 s. Fig. 5

illustrates the influence of acetophenone/HCO2Na ratio on the

yield of 1-phenyl ethanol. It can be seen that at least a ten-fold

excess of HCO2Na is required to obtain reasonable yields.

However this demonstrates the selectivity of this method

because, even at this excess, no further reduction of the

aromatic molecule was observed. The need for this large

excess may also reflect the poor conversion of HCO2Na to H2,

see above.

Conclusions

The ‘‘gasless’’ approach described here is not intended for

a large-scale process. Indeed, the large excess of reagents

contravenes several of the Principles of Green Chemistry.

However, we believe that, on the laboratory scale, it has some

definite advantages for the development of greener processes:

(i) it is a simple, convenient and safe way to perform

hydrogenation reactions on a laboratory scale; (ii) it avoids

the use of a compressor, which is especially critical for

hydrogen in terms of safety and equipment costs (a compressor

is needed because the pressures of scH2O experiments are

higher than the pressures in standard gas cylinders and (iii) it

gives a simpler control of the flow rates, at least in small scale

apparatus, where very low flow rates are required. Finally, it

can be used with exactly the same equipment as is used for

selective oxidation, thereby extending the capabilities of a

research group without the need for further equipment.
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Three-component reactions of aldehydes, amines, and diethyl phosphite catalyzed by NBS or CBr4

afforded the corresponding a-amino phosphonates in excellent yields under solvent-free conditions.

Introduction

Due to the growing concern for the influence of organic

solvents on the environment as well as on the human body,

organic reactions without use of conventional organic solvents

have attracted the attention of synthetic organic chemists.1

Although a number of modern solvents such as fluorous

media,2 scCO2,3 ionic liquids,4 and water5 have been exten-

sively studied recently, not using a solvent at all is definitely

the best option. Development of solvent-free organic reactions

is thus gaining prominence.6

Furthermore, interest in the field of organocatalysis has

increased spectacularly in the last few years as result of both

the novelty of the concept and, more importantly, the fact that

the efficiency and selectivity of many organocatalytic reactions

meet the standards of established organic reactions.7 Catalysts

of the same class may promote similar reactions or less closely

related reactions. For instance, DABCO and its analogues

show high efficiency in Morita–Baylis–Hillman reactions,8a

cyanation of ketones,8b as well as ring-opening of aziridines8c

or epoxides.8d NBS is another example of this catalyst class. It

is able to mediate an astonishingly wide variety of transforma-

tions.9 Recently, we found that NBS, as well as CBr4, was also

efficient as a catalyst in the three-component reactions of

aldehydes, amines and diethyl phosphite under solvent-free

conditions, which is disclosed herein.

a-Amino phosphonic acids, their phosphonate esters, and

short peptides incorporating this unit are excellent inhibitors

of a wide range of proteolytic enzymes.10 In addition, a-amino

phosphonate derivatives have broad application due to their

antibacterial11 and antifungal12 activity, and as inhibitors of

phosphatase activity.13 Lewis acid-catalyzed addition of diethyl

phosphite to aldimines provides a useful method for the pre-

paration of a-amino phosphonates.14 Recently, three-compo-

nent synthesis starting from aldehydes, amines, and diethyl

phosphite or triethyl phosphite have been reported by use of

Lewis acids15 and Brønsted acids,16 or under microwave con-

ditions.17 However, many of these procedures suffered from

harsh reaction conditions, the heavy metal catalysts employed,

and the use of stoichiometric and/or toxic, relatively expensive

reagents. Since a-amino phosphonate derivatives are increas-

ingly useful and important in pharmaceuticals and industry,

the development of simple, eco-benign, low cost protocols is

still desirable. As a-amino phosphonate synthesis via three-

component reactions is one of the most important acid-

mediated reactions, development of a reaction that uses catalytic

amounts of economic and readily available catalysts with low

toxicity, while avoiding the use of metals, should greatly

contribute to the creation of environmentally benign processes.

Results and discussion

As previously described, NBS has attracted much attention

as a catalyst in various organic transformations recently.9

Inspired by these results, we conceived that NBS may also

act as an efficient organocatalyst in a-amino phosphonate

synthesis via three-component reactions of aldehydes, amines

and diethyl phosphite. Initial studies were performed by using

NBS (5 mol%) as catalyst in the reaction of benzaldehyde 1a

and aniline 2a with diethyl phosphite in different solvents

(THF, toluene, MeCN, CH2Cl2, DMF, EtOH) at room

temperature. To our delight, we observed the formation of

the corresponding product 3a. Complete conversion and 95%

isolated yield was obtained after 24 hours when the reaction

was performed in EtOH. Further study showed that this

reaction was carried out most efficiently under solvent-free

conditions. Next, we surveyed the temperature for this

reaction. We found that the result was dramatically improved

when the reaction was performed at 50 uC. Only 2 hours

was needed for completion and an almost quantitative yield

of desired compound 3a was isolated. Further examinations

showed that 1 mol% of catalyst was also efficient in this

reaction at the expense of reaction time (12 h, 96% yield,

solvent-free). It is noteworthy that this reaction could be run

under air without loss of efficiency (Scheme 1).

To demonstrate the generality of this method, we next

investigated the scope of this reaction under the optimized

conditions (solvent-free, 5 mol% of NBS, air, 50 uC) and the

results are summarized in Table 1. As shown in Table 1, this

method is equally effective for both aromatic aldehydes and

amines. Various substituted aromatic aldehydes 1a–1d reacted

smoothly with amines 2 to produce a range of a-amino

phosphonate derivatives. Complete conversion and good-to-

excellent isolated yields were observed for all substrates

employed. This reaction is very clean and free from side

reactions. For example, almost quantitative yields of product

3a and 3b were obtained when aldehyde 1a reacted with

anilines 2a and 2b (entries 1 and 2). The reactions also
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proceeded smoothly when benzylamine was employed as the

substrate (entries 4, 8, 10, and 12). However, no desired

products were isolated with aliphatic aldehydes since the

reaction systems were complicated (entries 13 and 14). We

attribute this to the slow formation and unstable nature of the

imine formed from the aliphatic aldehydes examined.

Further investigation showed that CBr4 (5 mol%) was also

highly efficient as a catalyst in the three-component reactions

of aldehydes, amines and diethyl phosphite under solvent-free

conditions. The reaction could be performed at room tem-

perature, and similar results were observed (Table 1).

Conclusions

In conclusion, we have described a convenient and efficient

synthetic protocol for the preparation of a-amino phos-

phonate derivatives utilizing NBS or CBr4 as novel catalyst

via three-component reactions under solvent-free conditions.

This method not only provides an excellent complement

to a-amino phosphonate synthesis via three-component

reactions, but also avoids the use of hazardous acids or

expensive/toxic Lewis acids and harsh reaction conditions.

Experimental

General procedure

A mixture of aldehyde 1 (0.4 mmol), amine 2 (0.4 mmol,

1.0 equiv.), diethyl phosphite (0.4 mmol, 1.0 equiv.), and NBS

or CBr4 (5 mol%) under solvent-free conditions was stirred at

50 uC (Method A: NBS) or at room temperature (Method B:

CBr4) under air. After completion of the reaction as indicated

by TLC, the reaction mixture was quenched with water (10 mL)

and extracted with EtOAc (2 6 10 mL). Evaporation of

the solvent followed by purification on silica gel afforded

pure a-amino phosphonate 3. (All the products are known

compounds. The characterizations of these compounds are

identical with the literature reports15).

Diethyl phenyl(phenylamino)methylphosphonate 3a

Colorless liquid. 1H NMR (400 MHz, CDCl3): d (ppm) 1.10 (t,

J = 7.0 Hz, 3H), 1.27 (t, J = 7.0 Hz, 3H), 3.66–3.67 (m, 1H),

3.90–3.92 (m, 1H), 4.10–4.12 (m, 2H), 4.72–4.80 (m, 1H), 4.87–

4.89 (m, 1H), 6.58–6.69 (m, 3H), 7.07–7.08 (m, 2H), 7.29–7.31

(m, 3H), 7.45–7.46 (m, 2H).

Diethyl (4-methoxyphenylamino)(phenyl)methylphosphonate 3b

Colorless liquid. 1H NMR (400 MHz, CDCl3): d (ppm) 1.11 (t,

J = 7.0 Hz, 3H), 1.28 (t, J = 7.0 Hz, 3H), 3.68 (s, 3H), 3.70–3.72

(m, 1H), 3.91–3.93 (m, 1H), 4.08–4.14 (m, 2H), 4.56 (b, 1H),

4.68 (d, J = 24.3 Hz, 1H), 6.55 (d, J = 9.2 Hz, 2H), 6.69 (d, J =

9.2 Hz, 2H), 7.30–7.32 (m, 3H), 7.45 (d, J = 7.3 Hz, 2H).

Diethyl (4-fluorophenylamino)(phenyl)methylphosphonate 3c

Colorless liquid. 1H NMR (400 MHz, CDCl3): d (ppm) 1.10 (t,

J = 7.0 Hz, 3H), 1.28 (t, J = 7.0 Hz, 3H), 3.66–3.68 (m, 1H),

3.91–3.93 (m, 1H), 4.10–4.14 (m, 2H), 4.66–4.73 (m, 1H), 4.85–

4.87 (m, 1H), 6.52–6.54 (m, 2H), 6.76–6.80 (m, 2H), 7.30–7.33

(m, 3H), 7.44–7.45 (m, 2H).

Diethyl (benzylamino)(phenyl)methylphosphonate 3d

Colorless liquid. 1H NMR (400 MHz, CDCl3): d (ppm) 1.12 (t,

J = 7.0 Hz, 3H), 1.28 (t, J = 7.0 Hz, 3H), 2.36 (s, 2H), 3.53 (d,

J = 13.2 Hz, 1H), 3.79–3.82 (m, 2H), 3.99 (m, 1H), 4.04–4.08

(m, 2H), 7.26–7.42 (m, 10H).

Diethyl (phenylamino)(p-tolyl)methylphosphonate 3e

Colorless liquid. 1H NMR (500 MHz, CDCl3): d (ppm) 1.13 (t,

J = 7.0 Hz, 3H),1.28 (t, J = 7.0 Hz, 3H), 2.30 (s, 3H), 3.68–3.70

Scheme 1 Reaction of benzaldehyde 1a, aniline 2a, and diethyl phosphite catalyzed by NBS or CBr4 (5 mol%) under solvent-free conditions.

Table 1 Reaction of aldehyde 1, amine 2, and diethyl phosphite
catalyzed by NBS or CBr4 (5 mol%) under solvent-free conditionsa

Entry Aldehyde 1 Amine 2 Product 3

Yield (%)b

Method A Method B

1 1a 2a 3a 99 99
2 1a 2b 3b 99 98
3 1a 2c 3c 86 98
4 1a 2d 3d 99 83
5 1b 2a 3e 99 94
6 1b 2b 3f 99 99
7 1b 2c 3g 99 99
8 1b 2d 3h 99 95
9 1c 2b 3i 90 81
10 1c 2d 3j 99 99
11 1d 2b 3k 60 98
12 1d 2d 3l 99 99
13 1e 2b 3m — —
14 1e 2d 3n — —
a Reaction conditions: aldehyde 1 (0.4 mmol), amine 2 (0.4 mmol,
1.0 equiv.), diethyl phosphite (0.4 mmol, 1.0 equiv.), catalyst
(5 mol%), 3–24 h. b Isolated yield.

366 | Green Chem., 2006, 8, 365–367 This journal is � The Royal Society of Chemistry 2006

D
ow

nl
oa

de
d 

on
 0

7 
N

ov
em

be
r 

20
10

Pu
bl

is
he

d 
on

 2
4 

Fe
br

ua
ry

 2
00

6 
on

 h
ttp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/B

51
74

88
K

View Online

http://dx.doi.org/10.1039/B517488K


(m, 1H), 3.92–3.95 (m, 1H), 4.08–414 (m, 2H), 4.71 (d, J =

24.0 Hz 1H), 4.75 (b, 1H), 6.60 (d, J = 7.5 Hz, 2H), 6.66–6.69

(m, 1H), 7.07–7.13 (m, 4H), 7.33–7.35 (m, 2H).

Diethyl (4-methoxyphenylamino)(p-tolyl)methylphosphonate 3f

Colorless liquid. 1H NMR (400 MHz, CDCl3): d (ppm) 1.14 (t,

J = 7.0 Hz, 3H), 1.28 (t, J = 7.0 Hz, 3H), 2.30 (s, 3H), 3.67 (s,

3H), 3.69–3.71 (m, 1H), 3.92–3.93 (m, 1H), 4.09–4.14 (m, 2H),

4.66 (d, J = 24.3 Hz, 1H), 4.80 (br, 1H), 6.55 (d, J = 9.2 Hz,

2H), 6.68 (d, J = 9.2 Hz, 2H), 7.12 (d, J = 7.8 Hz, 2H), 7.31–

7.34 (m, 2H).

Diethyl (4-fluorophenylamino)(p-tolyl)methylphosphonate 3g

Colorless liquid. 1H NMR (400 MHz, CDCl3): d (ppm) 1.12 (t,

J = 7.0 Hz, 3H), 1.28 (t, J = 7.0 Hz, 3H), 2.31 (s, 3H), 3.67–

3.70 (m, 1H), 3.91–3.92 (m, 1H), 4.10–4.14 (m, 2H), 4.63–4.70

(m, 1H), 4.83–4.85 (m, 1H), 6.52–6.54 (m, 2H), 6.75–6.80 (m,

2H), 7.12 (d, J = 7.8 Hz, 2H), 7.33 (d, J = 7.8 Hz, 2H).

Diethyl (benzylamino)(p-tolyl)methylphosphonate 3h

Colorless liquid. 1H NMR (400 MHz, CDCl3): d (ppm) 1.14 (t,

J = 7.0 Hz, 3H), 1.27 (t, J = 7.0 Hz, 3H), 2.30 (s, 2H), 2.35 (s,

3H), 3.53 (d, J = 13.2 Hz, 1H), 3.78–3.82 (m, 2H), 3.96–4.06

(m, 3H), 7.26–7.31 (m, 9H).

Diethyl (4-chlorophenyl)(4-methoxyphenylamino)-

methylphosphonate 3i

Colorless liquid. 1H NMR (400 MHz, CDCl3): d (ppm) 1.16 (t,

J = 7.0 Hz, 3H), 1.29 (t, J = 7.0 Hz, 3H), 3.69 (s, 3H), 3.80–3.81

(m, 1H), 3.94–4.03 (m, 1H), 4.09–4.14 (m, 2H), 4.51–4.53 (m,

1H), 4.62–4.70 (m, 1H), 6.50–6.70 (m, 4H), 7.29–7.39 (m, 4H).

Diethyl (benzylamino)(4-chlorophenyl)methylphosphonate 3j

Colorless liquid. 1H NMR (400 MHz, CDCl3): d (ppm) 1.25 (t,

J = 7.0 Hz, 3H), 1.27 (t, J = 7.0 Hz, 3H), 3.50 (d, J = 13.2 Hz,

1H), 3.77 (d, J = 13.2 Hz, 1H), 3.97–4.10 (m, 6H), 7.23–7.37

(m, 9H).

Diethyl furan-2-yl(4-methoxyphenylamino)methylphosphonate

3k

Colorless liquid. 1H NMR (500 MHz, CDCl3): d (ppm) 1.20 (t,

J = 7.0 Hz, 3H), 1.34 (t, J = 7.0 Hz, 3H), 3.70 (s, 3H), 3.87–

3.89 (m, 1H), 4.03–4.07 (m, 1H), 4.16–4.20 (m, 2H), 4.23 (b,

1H), 4.78 (d, J = 13.2 Hz, 1H), 6.30 (s, 1H), 6.36–6.37 (m, 1H),

6.62–6.64 (m, 2H), 6.72–6.74 (m, 2H), 7.37 (s, 1H).

Diethyl (benzylamino)(furan-2-yl)methylphosphonate 3l

Colorless liquid. 1H NMR (400 MHz, CDCl3): d (ppm) 1.22 (t,

J = 7.0 Hz, 3H), 1.31 (t, J = 7.0 Hz, 3H), 3.59 (d, J = 13.2 Hz,

1H), 3.85–3.88 (m, 2H), 4.03–4.15 (m, 5H), 6.37–6.38 (m, 2H),

7.29–7.30 (m, 6H).
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Zeolite Hb is found to be an efficient catalyst for the acylation of alcohols and amines with acetic

acid under microwave irradiation. The process is environmentally safe and heterogeneous with

excellent yields.

1. Introduction

The acylation of alcohols and amines is one of the most

frequently used transformations in organic synthesis as it

provides an efficient and inexpensive means for protecting

hydroxy and amino groups in a multistep synthetic process.1

Despite a number of procedures, new efficient methods are still

in strong demand. Acetyl chloride and acetic anhydride are

routinely used as acylating agents in the presence of an acidic2

and basic3 catalyst. However, both of these reagents, being

corrosive and a lachrymator respectively, are not always ideal.

Moreover, the acidic conditions in Lewis acid acylations lead

to the cleavage of sensitive functional groups such as acetals

and TBDMS ethers. Amine bases such as triethylamine,

pyridine or 4-(N,N-dimethylamino) pyridine (DMAP), 4-pyr-

rolidinopyridine and triphenylphosphine were used as catalysts

for acylation of alcohols with acetic anhydride. Sc(OTf)3,4

TMSOTf5,6 and clays7,8 such as K-10, KSF were reported

for the acylation of alcohols and amines respectively with

acetic anhydride. Tetrabutylammonium salt,9 cyanide anion10

and Cp2Sm(thf)2
11 are also used in the acylation of amines

with esters. Earlier, we reported the acylation of alcohols

and amines with acetic acid using LaY and HY12 as

catalysts. Recently, Gd(OTf)3
13 and iodine,14 ZnO,15 bromo-

dimethylsulfoniumbromide,16 lanthanide(III) tosylates,17

CoCl2?6H2O,18 ZrOCl2?8H2O19 have been reported to pro-

mote the acylation of alcohols and amines with acetic

anhydride or acetylchloride. Acylation with acetic anhydride

without catalyst has also been reported.20 Though acylation of

alcohols can also be brought about by the action of Lewis acid

reagents in conjunction with carboxylic acids, the Lewis acid is

destroyed in the work-up procedure resulting in substantial

waste production.21–23 These catalysts suffer from some

drawbacks. Scandium triflate is rather expensive and must be

used under anhydrous conditions. Trimethylsilyl triflate is

labile towards moisture, and its acidity is too strong for acid-

sensitive alcohols as reagents.

However, most of these methods suffer from one or more

of the following disadvantages: long reaction times, vigorous

reaction conditions and the occurrence of side reactions.

Nevertheless, there is still a great demand for acid catalysts to

generate esters under mild conditions.

The use of acetic acid rather than acetic anhydride or

acetyl chloride is both economically and environmentally

advantageous, because substances used in chemical synthesis

may either be incorporated into the final product or into

byproducts as waste. Increasingly, the chemical industry seeks

products with high yield and low waste. The concept of

‘‘atom economy’’24,25 has been introduced to monitor the fate

of the reactants.

The use of heterogeneous catalysts in different areas of

organic synthesis has now reached significant levels, not only

because it enables environmentally benign synthesis, but also

due to the good yields, accompanied by excellent selectivities,

that can frequently be achieved. Zeolites are uniform micro-

porous crystalline materials and have been investigated

extensively and applied as solid catalysts in the field of

petrochemistry.26,27 Zeolites are also known to catalyze

various synthetic organic transformations much more effec-

tively and selectively than the Lewis acid catalysts.

Microwave irradiation of organic reactions has rapidly

gained in popularity as it accelerates a variety of synthetic

transformations28 via time- and energy-saving protocols.

Herein, we report the microwave enhanced O,N-acylation of

alcohols and amines respectively with acetic acid over zeolites

as recyclable catalysts.

2. Experimental

Hb zeolite was obtained from Sud. Chemie, India. The Si/Al

ratio was 15. In a typical reaction procedure, 2 mmol of

substrate, 2 ml of acetic acid and 200 mg of zeolite catalyst

were introduced into a two neck cylindrical flask (20 mm

diameter and 10 cm height) equipped with a reflux condenser

and temperature sensor. The microwave irradiation was

carried out in a ETHOS MR microwave reactor (milestone,

Italy) and the temperature was maintained at 117 uC at an

operation power of 600 watts for 3–40 minutes. The reaction

was carried out under stirring. At the end of the irradiation,

the reaction mixture was cooled to room temperature and then

the catalyst was filtered and the solid was washed with ether.

The combined filtrates were washed with saturated sodium

bicarbonate solution and then dried over anhydrous sodium

sulfate and the solvent evaporated under reduced pressure.

Catalysis Group, Indian Institute of Chemical Technology, Hyderabad,
India. E-mail: sjkulkarni@iictnet.org; Fax: +91-40-27160387/27160757;
Tel: +91-40-27193161
{ IICT Communication No: 020908.
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3. Results and discussion

All the reactions (Scheme 1 and Scheme 2) were performed

with 2 mmol of substrate in 2 ml of acetic acid using 200 mg

of Hb zeolite and modified beta zeolite at 117 uC with an

irradiation power of 600 watts for the selected time in an

ETHOS MR microwave reactor.

We have investigated the use of various zeolites, K10

montmorillonite, SiO2 and SiO2–Al2O3 as catalysts for the

acylation of benzyl alcohol (Table 1) and acylation of aniline

(Table 2) with acetic acid. The results showed that Hb zeolite

showed high catalytic activity compared to other catalysts. The

acylation of benzyl alcohol failed to proceed in the absence of

catalyst. To explore the generality and scope of this reaction a

wide range of structurally varied alcohols were subjected to

acylation by this procedure. The results are reported in Table 3.

Scheme 1

Scheme 2

Table 1 Acylation of benzyl alcohol with acetic acid: variation of
catalysta

Entry Catalyst
Time/
min

Conversion
(%)

Selectivityb

(%)

1 Hb 3 99 99
2 HY 3 13 99
3 HMordenite 3 — —
4 HZSM-5(40) 3 18 99
5 HZSM-5(150) 3 21 99
6 MCM-41 3 25 99
7 Montmorillonite K10 3 — —
8 SiO2–Al2O3 3 2 99
9 SiO2 3 1 99
10 No catalyst 3 — —
a Benzyl alcohol (2 mmol), acetic acid (2 ml), catalyst (200 mg).
b The products were characterized by NMR, mass spectra and GC
analysis. Selectivity = % formation of product (ester).

Table 2 Effect of variation of catalyst on acylation of aniline with
acetic acida

Entry Catalyst Time/min Conversionb (%)

1 Hb 15 31
2 HY 15 26
3 H-Mordenite 15 27
4 HZSM-5(40) 15 14
5 HZSM-5(150) 15 24
6 HMCM-41 15 16
7 Montmorillonite K10 15 07
8 SiO2–Al2O3 15 ,5
9 Silica 15 ,5
10 HX 15 24
11 NaY 15 16
12 No catalyst 15 ,5
a Aniline (2 mmol), acetic acid (2 ml), catalyst: 200 mg, reaction
temperature = 117 uC. b The products were characterized by NMR,
mass and quantified by GC. Selectivity = % formation of product
(amide) = 99%.

Table 3 Acylation of alcohols with acetic acid over Hb zeolite under
microwave irradiationa

Entry Substrate
Time/
min

Conversion
(%)

Selectivityb

(%)

1 3 98 99

2 4 99 99

3 10 97 99

4 30 89 99

5 5 99 99

6 3 95 82

7 3 98 64

8 4 99 99

9 CH3–(CH2)8–CH2OH 6 95 99
10 30 93 99

11 CH3(CH2)3OCH2–CH2OH 4 77 92
12 40 89 99

13 30 30 99

a Substrate (2 mmol), Hb (200 mg), acetic acid (2 ml). b The
products were characterized by NMR, mass spectra and GC
analysis, selectivity = % formation of product (ester).

This journal is � The Royal Society of Chemistry 2006 Green Chem., 2006, 8, 368–372 | 369

D
ow

nl
oa

de
d 

on
 0

7 
N

ov
em

be
r 

20
10

Pu
bl

is
he

d 
on

 0
1 

M
ar

ch
 2

00
6 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/B
60

00
31

B
View Online

http://dx.doi.org/10.1039/B600031B


Good to high yields were obtained in all cases except phenol.

Aralkyl alcohols undergo reaction at a relatively faster rate

compared to the aliphatic alcohols. Electron donating groups

facilitate the reaction whereas electron withdrawing groups

slow down the reaction (Table 3, entries 3 and 4).

It was found that primary alcohols undergo smooth acyla-

tion and give the desired ester, whereas with the secondary

alcohols (Table 3, entries 6 and 7) a small amount of

byproducts (olefin) was produced together with the desired

acetate. In addition, allylic alcohols can be acylated in high

yields (Table 3, entry 8). In the present catalytic system, the

phenol reacts very slowly and yields 30% in 30 minutes. The

effect of solvents (acetonitrile, acetone, dichloromethane,

carbon tetrachloride and n-hexane) in the acylation of benzyl

alcohol with acetic acid using Hb zeolite as catalyst is studied.

Under these conditions, the results were obtained only when

acetic acid was used as a solvent. The present reaction was also

conducted using different amounts of the catalyst (Table 4)

and it was found that the reaction conducted with 200 mg of

catalyst is optimum requirement for the better conversion.

To compare the efficiency of microwave irradiation with

those of conventional heating, the reaction was carried out

with benzyl alcohol as substrate in acetic acid at the

same temperature (117 uC) without microwave irradiation.

30 minutes were required to complete the reaction. Zeolite Hb

shows good activity, which is independent of the different

polarities of the reactants. Thus, it seems likely that almost

all reagents utilized in the present study can reach the active

sites of the catalyst surface. After the reaction, the catalyst

(zeolite) is recovered with retention of its catalytic activity. It

can be further reactivated for reuse by heating it at 500 uC in

the presence of air. The catalyst shows good activity even after

three cycles. The highly crystalline nature of Hb before and

after the reaction was confirmed by the X-ray diffraction

pattern.

A tentative mechanism for the formation of ester (acylation

of alcohols) is shown in Scheme 3. At the Brønsted acid sites of

Hb zeolite the carbonyl group is protonated and the resulting

acylium ion further reacts with alcohol to give the correspond-

ing ester.

An efficient method for the acylation of amines to the

corresponding amides using acetic acid over various metal ion

modified zeolite beta under microwave irradiation (Scheme 2)

has been reported. Table 2 shows the results of acylation of

aniline over various zeolite catalysts with acetic acid under

microwave irradiation. Results indicate that Hb is the best

catalyst, giving 31% conversion of aniline in 15 min of

microwave irradiation.

A comparison of the activity of various metal modified Hb

zeolites shows that Feb is the most efficient compared to other

catalysts (Table 5). 5 wt% Feb showed 52% conversion of

aniline within 15 min of microwave irradiation (Table 5,

entry 2). Table 6 shows the results of acylation of various

amines with acetic acid in the presence of 5 wt% Feb catalyst

under microwave irradiation. It is interesting, though perhaps

not surprising, to note that electron donating groups facilitate

the reaction whereas electron withdrawing groups slow down

the reaction. The conversions of alkyl amines are found to be

relatively higher than aryl amines and heterocyclic amines.

The conversion and selectivity percentages for different

substrates can be noted from Table 6. The catalyst 5 wt%

Feb showed consistent results without any significant loss of

activity even after three cycles. The reaction proceeds very

smoothly at 117 uC under 30–40 min of microwave irradiation.

In a control experiment without catalyst, only a small quantity

(,5%) of the aniline was converted to acetanilide under similar

reaction conditions (Table 2, entry 12). A plausible reaction

mechanism of this acylation over zeolites is presented

(Scheme 4). Here, the carbonyl group is protonated over the

Brønsted acid sites of the zeolite. The resulting complex is the

acylating agent or an acylium ion, formed in a cleavage

reaction with H2O as byproduct. This further reacts with

amine to give the corresponding amide.

4. Conclusions

In conclusion, we have developed an efficient, rapid, safe, high

yielding and eco-friendly method for acylation of alcohols and

amines using acetic acid over zeolites and metal modified HbScheme 3

Table 5 Effect of modified zeolitesa on the acylation of aniline with
acetic acida

Entry Catalyst Time/min Conversionb (%)

1 Hb 15 31
2 5%Feb 15 52
3 5%Lab 15 36
4 5%Cub 15 29
5 5%Crb 15 36
6 5%Cob 15 31
7 5%Znb 15 45
8 5%Nib 15 47
9 5%Ceb 15 35
10 5%Pbb 15 21
11 5%Wb 15 36
a Aniline (2 mmol), acetic acid (2 ml), catalyst: 200 mg, reaction
temperature = 117 uC. b The products were characterized by NMR,
mass and quantified by GC. Selectivity = % formation of product
(amide) = 99%.

Table 4 Acylation of benzyl alcohol with acetic acid over Hb: effect
of amount of catalysta

Entry Amount of catalyst/mg Time/min Conversionb (%)

1 200 3 99
2 100 3 51
3 50 3 30
4 25 3 18
a Benzyl alcohol (2 mmol), acetic acid (2 ml). b The products were
characterized by NMR, mass spectra and GC analysis, reaction
temperature = 117 uC, selectivity = % formation of product (ester) =
99%.
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zeolites under microwave irradiation. The present method is

applicable to primary and secondary alcohols, primary amines

and anilines. Another advantage of the present method is that

these zeolite catalysts can be reused. This is remarkable and

makes the method economically valuable.
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1 30 73 99

2 40 74 99

3 30 — —

4 40 99 99

5 40 72 99

6 40 — —

7 40 — —

8 30 85 50

9 40 96 99

10 40 99 99

11 40 — —

a Amine (2 mmol), acetic acid (2 ml), 5 wt% Feb (200 mg), reaction
temperature: 117 uC. b The products were characterized by NMR,
mass spectra and GC analysis, selectivity = % formation of product
(amide).
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The separation, post-reaction, of ionic liquids and catalysts from reaction products is an unresolved

challenge in the application of ionic liquids to organometallic catalysis. This paper addresses this

challenge using organic solvent nanofiltration technology. Suzuki reactions were carried out in a

homogeneous solution, comprising 50 : 50 wt% ethyl acetate and ionic liquid. The post reaction

mixture was diluted further with ethyl acetate and then separated by nanofiltration into a permeate

fraction and a retained (retentate) fraction. The product was recovered in the nanofiltration

permeate, while the ionic liquid and palladium catalyst were retained by the membrane and recycled

into subsequent consecutive reactions. Thus, the organic solvent nanofiltration was able to separate

the Suzuki reaction product from both catalyst and ionic liquid. Three ionic liquids were tested:

cocosalkyl pentaethoxi methyl ammonium methosulfate (ECOENG2500), tetrabutylammonium

bromide (TBAB) and trihexyl(tetradecyl)phosphonium chloride (CyPhos1101). All the ionic

liquids screened showed positive effects on the catalytic stability, significantly reducing the

formation of palladium black and providing high reaction yields over consecutive recycles. The best

performance was observed for the CyPhos1101 system. Additional investigations employing this

ionic liquid showed that the reaction–recycle process can be successfully performed at lower

catalyst–substrate ratios, leading to higher catalyst turnover numbers.

Introduction

The properties of ionic liquids (ILs) can be engineered through

ion selection, and this flexibility has earned them a reputation

as ‘‘designer’’ solvents.1–8 ILs are used in a continually

evolving range of applications, including cross-coupling

reactions where the benefits of these highly polar yet non-

coordinating solvents has been demonstrated.9–12 An example

of such a reaction is the Suzuki coupling, a key step in the

synthesis of active pharmaceutical ingredients,13,14 where ILs

have provided enhanced catalytic activity and stability.15,16

However, an unresolved challenge is the efficient separation of

IL from products in post-reaction mixtures. Separation of

Suzuki reaction products from IL and homogeneous transition

metal catalyst (TMC) via solvent extraction is the conventional

choice9–11 for obtaining IL (and catalyst in some cases) in a

recyclable form (see Fig. 1a). However, while solvent extrac-

tion is suitable for separation of apolar products, its use in

separation of polar products is more problematic. For the

latter case, a moderately polar extracting organic solvent (OS)

is required, but since ILs tend to have significant partition

coefficients into polar solvents, or are completely miscible with

them, this can result in loss of IL to the product stream.

We propose that organic solvent nanofiltration (OSN) can

provide a separation solution which reduces these problematic

losses. In this context, we envisage two schemes for the use of

OSN. In systems in which the IL and the moderately polar

extracting solvent form a biphasic mixture, a significant

amount of IL can partition into the organic solvent phase.

The first scheme involves (see Fig. 1b) separating the phases,

and then applying OSN to the organic solvent phase to separate

the product from the IL. The IL can be retained by the

membrane, and then recycled to the reaction system. The second

scheme, investigated in this paper, (see Fig. 1c) dispenses with

the need for an intermediate solvent extraction. The reaction

is carried out in a homogeneous solution of IL and organic

solvent. The post reaction mixture is subjected to OSN,

resulting in a permeate stream containing solvent and product,

and a retentate stream containing solvent, TMC and IL.

This study extends our previous work using single-phase

mixtures of IL with organic solvents for Suzuki couplings.17

We found that pure ILs can lower reaction rates due to

unfavourable heat and mass transfer characteristics arising

from their high viscosities (e.g. ECOENG2500 displays 3150 cP

at 20 uC17). Using 50 : 50 wt% mixtures of organic solvent and

miscible ILs avoided the problems associated with these high

viscosities, while maintaining the beneficial effects of IL on the

reaction. Crucially, this means that IL can be recycled for use in

subsequent reactions as a single phase mixture with organic

solvent, as opposed to in the form of pure IL. In these cases, the

scheme shown in Fig. 1c is directly applicable.

The nanofiltration of organic solvents has been made

possible by the development of solvent stable nanofiltration

Department of Chemical Engineering, Imperial College London,
Exhibition Road, South Kensington, London, UK SW7 2AZ.
E-mail: a.livingston@imperial.ac.uk

{ MWCO of the membranes used here was obtained from a plot of the
rejections of a series of n-alkanes dissolved at 2 wt% in toluene, versus
alkane molecular weight. MWCO is defined as the molecular weight
(MW) for which rejection by the membrane is 90%.
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membranes.18 These membranes have molecular weight cut

offs (MWCOs){ in the range 200–1000 g mol21. Separation of

large molecules (i.e. large IL and TMC) from smaller sized

molecules within this range (i.e. small reaction products)

has been reported previously.19,20 Cross-flow nanofiltration of

synthetic post reaction mixtures has demonstrated high IL

rejections{, Ri > 95% for ECOENG2500 and CyPhos1101.21

In this study, for the first time, we combine a reaction in

a single phase IL–organic solvent medium with OSN to

implement consecutive Suzuki reactions, using only a single

initial charge of IL and TMC. We also investigate decreasing

TMC loading, in order to minimise palladium contamination

levels in the product stream.

Results and discussion

IL Screening

The following ILs were used in 50 : 50 wt% homogeneous

mixtures with ethyl acetate: tetrabutylammonium bromide

(TBAB), ECOENG2500 and CyPhos1101. The model reac-

tion selected for this work (Fig. 2) was the formation of

4-acetyl-biphenyl (ABP) by the Suzuki coupling between

4-bromoacetophenone (BrAP) and phenylboronic acid.

Tris(dibenzylideneacetone)dipalladium chloroform complex

(Pd2(dba)3–CH3) was used as the TMC, BrAP was added as

the limiting reactant and reaction time was 1 hour in all the

experiments. Reactions were also carried out in pure ethyl

acetate to act as a control. ILs were selected based on

achieving satisfactory yields for the Suzuki coupling as well as

high RIL (>95%) with STARMEM2 122§, the OSN membrane

used throughout this work.17,21

The product recovery and IL recycle process used in this

work can be seen in Fig. 3. After the reaction (stage 2), an

aqueous wash stage was used to remove solid water-soluble

by-products. The post reaction mixture was then filtered,

Fig. 2 Suzuki reaction forming 4-acetyl-biphenyl.

Fig. 3 Catalyst and IL recycle process, showing the different stages

(1–5) involved between reaction and nanofiltration.

Fig. 1 IL/TMC recycle schemes for coupling reactions: (a) conven-

tional product isolation via solvent extraction, (b) OSN used with a

bi-phasic IL/organic system, and (c) OSN used with a single phase IL–

organic solvent system.

{ where C is concentration. § STARMEM is a trademark of W.R. Grace and co.
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where the OSN membrane retained the IL and TMC for

recycling into following reactions, while the product and ethyl

acetate permeated through.

This paper is focused on the recycle process as a whole, so

the results are reported as process yields (Y), which are defined

for each cycle (j) as:

Yj, process %ð Þ~ ABPj, stage 5 permeate molð Þ
BrAPj, fed to stage 1 molð Þ

� �
|100% (1)

It is worth noting that the process yield (see eqn (1)) defined

in this paper should be distinguished from the reaction yield

(see eqn (2)), which does not take the process workup into

account. In the process (see Fig. 3), the retentate from stage 5

is recycled to stage 1 of the following cycle. This retentate

contains a small amount of the product (ABP) and un-

reacted BrAP, and so the reaction yield for each cycle (j) is

calculated as:

Yj, reaction %ð Þ~

ABPj, fed to stage 5{ABPj{1, stage 5 retentate molð Þ
BrAPj, fed to stage 1zBrAPj{1, stage 5 retentate molð Þ

 !
|100%

(2)

Fig. 4 shows the process yield (see eqn (1)) plotted against

the number of process cycles for each solvent system. The first

reaction for the pure ethyl acetate and the various ethyl

acetate–IL mixtures shows a surprisingly constant yield of

75–85%. This is consistent with our previously reported

work.17 In subsequent reactions the process yields for all but

the ethyl acetate–CyPhos1101 system fall rapidly. The ethyl

acetate–CyPhos1101 system maintains higher process yields

(>70%) over a larger number of cycles than any of the other

solvent systems screened. This indicates that CyPhos1101

provides an extraordinary level of catalyst protection com-

pared to the other ILs, although ethyl acetate–EE500 and ethyl

acetate–TBAB still maintain moderately higher yields than the

pure ethyl acetate system. Fig. 4 also shows that process yields

increase in all systems over cycles 2–4. This is explained by the

initial accumulation of ABP within the process due to ABP in

the retentate. For example, in the ethyl acetate–CyPhos1101

system, the yield increases over the first cycles and then reaches

a steady value, equal to the reaction yield, at the 3rd cycle.

Finally, it starts to decline slowly after the 5th cycle. During

this period it is evident that the OSN workup recovers all the

ABP after the initial accumulation in the retentate fraction.

To understand this behaviour, the theoretical process yield

was iteratively calculated assuming (a) consistent reaction

yields of 80%; (b) no formation of side product, which means

process yield and process conversion are equal; (c) RBrAP = 0

and RABP = 0; and (d) that the ratio between the volume

of feed solution and retentate in the filtration (Vj21, retentate/

Vj21, feed) was 0.175 (see eqn (3)). Obviously, there is

nothing recycled into stage 1 for the first cycle (j = 1) i.e.

BrAPj21 = 0, stage 5 retentate and ABPj21 = 0, stage 5 retentate equal

zero moles.

Yj, calculated process %ð Þ~

1{
Vj, stage 5 retentate

Vj, fed to stage 5

� �
|

ABPj, fed to stage 5 molð Þ
BrAPj, fed to stage 1 molð Þ|100%

(3)

where,

ABPj, fed to stage 5 molð Þ~ Vj{1, stage 5 retentate

Vj{1, fed to stage 5

|

ABPj{1, fed to stage 5 molð Þz Yreaction %ð Þ
100

|

BrAPj, fed to stage 1 molð ÞzBrAPj{1, stage 5 retentate molð Þ
� �

(3a)

BrAPj{1, stage 5 retentate molð Þ~ Vj{1, stage 5 retentate

Vj{1, fed to stage 5
|

1{
Yreaction %ð Þ

100

� �
| BrAPj{1, fed to stage 2 molð Þ
� �� � (3b)

The theoretical process yield starts at less than 70%, reaches

a value slightly above the reaction yield by the 4th cycle, and

then gradually declines over subsequent reactions. This is

because the ABP product recycled in the retentate from the

first reactions gradually works its way out of the system, along

with the ABP formed in each consecutive reaction. The

theoretical and actual process yields deviate. There are two

main explanations for this decline in process yields with

increasing reaction–filtration cycles, and both are related to a

decreasing reaction yield resulting from the loss of active

palladium catalyst, which is only added to the first cycle. The

first explanation is the physical loss of catalyst from the

process via sampling of the nanofiltration feed (in this process,

2.5% of catalyst present in each cycle is lost). Some catalyst is

also lost through the aqueous phase of the water wash.

The second explanation for the process yield decline arises

from catalyst instability and the consequent decrease in its

activity. One possible scenario is that the catalyst decomposes

into smaller fragments, which can penetrate through the OSN

membrane (stage 5, Fig. 3). An attempt was made to retain the

palladium remaining in the permeate stream by using a second

filtration stage. However, it was unsuccessful and this suggests

that the palladium may pass through the membrane in a

degraded form, which has a reduced size compared to its

original catalytic structure.

This degraded form could be related to the formation

of catalytically inactive palladium black precipitate. This

Fig. 4 Process yields from using recycled catalyst–IL, for pure ethyl

acetate (EA), EA–ECOENG2500 (EE500), EA–CyPhos1101

(CY101) and EA–tetrabutylammonium bromide (TBAB) systems (all

IL systems 1 : 1 wt% IL : EA). All experiments initially had 5.0 mol%

catalyst loading.
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precipitate is a sign of palladium catalyst deactivation and this

is thought to arise from agglomeration of palladium inter-

mediates.22 In our system, significant palladium black was

removed along with the aqueous phase leaving stage 3 (see

Fig. 3) and was quantified by ICP analysis after dissolution

with aqua regia. Palladium black was formed in all the solvent

systems, indicating that the ILs screened could not completely

prevent the deactivation of the catalyst. However, Table 1

shows 73% of palladium from the catalyst is lost as palladium

black in the ethyl acetate system. This is almost three times

the observed loss in the ethyl acetate–CyPhos1101 system,

illustrating the significant degree of catalyst stabilisation

provided by CyPhos1101. The enhancement of stability may

arise from a mechanism which involves a monomolecular layer

of IL23 surrounding the palladium core and preventing the

agglomeration of colloidal palladium.

It is also interesting to note that individual analysis of each

cycle shows the majority of palladium black is formed during

the first two cycles. For example, 66% of the initial amount of

palladium was lost in the first cycle in the pure ethyl acetate

system. An average of 0.08% was lost in each cycle from the

3rd cycle onwards. This palladium loss is clearly related to the

sharp decline in the process yield (see Fig. 4) for the first two

cycles of the ethyl acetate system.

The water wash (stage 3, Fig. 3) was introduced to remove

the water soluble by-products. Water soluble potassium ions,

introduced to the process by the addition of K3PO4, are

removed in this stage. Quantitative analysis of the amount of

potassium in the water phase showed that consistently 70–80%

of the potassium added is removed in the water wash of the

organic phase over all the cycles. The water wash also provides

a relatively neutral pH environment for the nanofiltration

membrane by extracting the base from the organic phase.

Quantitative analysis of boron has also been performed. The

amount of boron in the water phase was compared with the

amount of boron in the limiting reactant BrAP that forms

the by-product. This mass balance closed within 90%,

showing that the by-product, K[BrB(OH)3], is removed from

the process through the water wash. This avoids a build up

of solid material within the process that might foul the

membrane surface.

In the model reaction, BrAP is employed as the limiting

reactant. From the number of moles of BrAP consumed in the

reaction, an equivalent number of moles of product ABP

should be generated, assuming no undesirable side reactions.

This is expressed through the correlation between process

yield and process conversion, see eqn (4). In Fig. 5, the

correlation between them suggests that process conversion is

consistently 10–20% higher than process yield for all the

solvent systems. This implies that around 80–90% of the

reacted BrAP forms ABP, while the remaining 10–20% is

consumed by the formation of unwanted side products.

Process conversion (X) is defined as:

Xj,process %ð Þ~ 1{
BrAPj, stage 5 permeate molð Þ
BrAPj, fed to stage 1 molð Þ

 !
|100% (4)

Palladium contamination

Fig. 6 shows the levels of palladium per unit mass product in

the filtration permeate stream. This is a key variable in terms

of pharmaceutical quality control and consumer safety, where

a typical range of 2–10 mg palladium per kg of product24 is

required. Overall, although the palladium levels have been

greatly reduced by the nanofiltration stage (e.g. by 79 times

for the 1st CyPhos1101 cycle), the palladium levels in the

permeate streams are still unacceptable for a pharmaceutical

grade product and thus further reduction is desirable.

The results from the metal analysis show that the amount of

metal in the permeate stream in all solvent systems follow a

similar pattern shown in Fig. 6; initially decreasing and then

appearing to spike after cycle 5. No plausible explanation can

be offered for this unsystematic spiking. As suggested by the

two stage filtration results described above, the palladium

Table 1 Percentage of palladium initially added to system appearing
as palladium black in different solvent systems, totalled over all the
cycles

Solvent system
Catalyst loading
(mol%)

Pd appearing as black
precipitate (%)

EA 5 73.4
EA–CY101 5 24.8
EA–CY101 0.9 15.9

Fig. 5 Process yield vs process conversion (see eqns (2) and (5)).

Fig. 6 Palladium loading in the nanofiltration permeate stream.
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species may be in a degraded form. Nair et al.19 reported loss

of the membrane selectivity for recycling palladium catalyst in

Heck reactions over consecutive reactions, and speculated this

was due to the degradation of catalyst into nanoparticles. A

similar phenomenon could take place in the experiments

reported here, with the spiking observed in the product stream

of this system corresponding to the cycles in which, for some

reason, more nanoparticles leave the system via the OSN

permeation.

Catalyst loading reduction

One obvious approach to reduce the palladium in the permeate

is by using less initial catalyst for the reactions. In this study

the catalyst loading was reduced from 5.0 mol% to 0.9 mol%,

and then down to 0.1 mol% for reactions performed in ethyl

acetate and ethyl acetate–CyPhos1101 systems. The process

yields (see Fig. 7) also drop for the low catalyst loading, as one

would expect. Palladium black was also observed for lower

catalyst loadings (Table 1). Turn Over Number (TON) is

calculated as:

TONj~

Pk~j

k~1

ABPk, stage 5 permeate molð Þ

TMC
only initial charge
j~1, fed to stage 2 molð Þ

(5)

where k is a summatory index.

The TON is significantly improved by using low catalyst

loading in the same solvent system. For example, Fig. 8 shows

the TON increases from 310 (5.0 mol% catalyst loading) up to

5100 (0.1 mol% experiment), taking all the cycles in the ethyl

acetate–CyPhos1101 solvent system into account.

The benefits of the presence of CyPhos1101 are clearly

shown in Fig. 7a, where over 70% yield is achieved in 4 cycles

at 0.1 mol% catalyst loading. This result contrasts well with the

ethyl acetate system where over 70% yield is achieved only in

the initial two cycles even at 5.0 mol% catalyst loading

(see Fig. 7b).

It is also interesting to note that negligible yields and

conversions were observed in the first cycle for all low catalyst

loadings (i.e. 0.9 mol% and 0.1 mol%) in both solvent systems.

Subsequently, process yields increase to values over 60% in the

second cycle. This may be due to lack of activation of the

palladium catalyst in the initial cycle. This effect, observed by

other research groups,10,12 seems to become more significant at

low catalyst loading.

In order to further investigate this observation, four reaction

cycles were performed after an initial catalyst pre-activation

step, in which the catalyst (0.9 mol%) was activated in the

presence of BrAP, triphenylphosphine, CyPhos1101 and ethyl

acetate, under the reaction conditions, but without phenyl-

boronic acid, water and base. Pre-activation provided a

process yield of 66% for the first cycle. As alluded to above,

this is consistent with a reaction yield of 80% because

part of the ABP remains in the retentate. For the subsequent

Fig. 7 Effects of reducing initial catalyst loading on process yield,

analysed using GC of the permeate (a) EA–Cy101 systems (b) EA

systems.

Fig. 8 Cumulative turnover numbers for each system showing the

effect of reducing catalyst loading for different solvent systems.

Fig. 9 Palladium loading in the nanofiltration permeate stream.
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cycles, the values of the process yield increase and then

decrease in a pattern similar to that obtained without catalyst

pre-activation.

At low catalyst loading, the pattern of palladium levels (see

Fig. 9) is similar to that observed previously (see Fig. 6), where

the first five cycles were generally at consistent levels (100 ppm–

1000 ppm), but spikes to higher values were seen towards the

final cycles. Overall, only slight decreases in palladium content

were observed with the resulting palladium level too high to be

acceptable for pharmaceutical applications.

Conclusion

This study demonstrates that ionic liquids, particularly

CyPhos1101, can stabilise palladium catalysts against

deactivation. As a result, it enables the recycling and

re-use of the catalyst with the assistance of OSN technology.

Using low catalyst loading in the system enjoys the

advantage of higher catalyst turnover numbers, but this is

also accompanied by a more rapid rate of decline for the

product yield.

OSN technology was successfully applied to the purification

of the reaction products from a homogeneous post-reaction

solution, initially containing ionic liquid and catalyst. The

failure of two filtration stages to further reduce palladium

levels suggests part of the catalyst degrades into small

molecules, which the nanofiltration membrane is not able

to retain. In terms of product purity, the palladium per unit

mass of product in the permeate stream remains unacceptable

for pharmaceutical applications without further treatment to

reduce Pd levels.

Experimental

Suzuki reaction procedure

A typical procedure for Suzuki coupling using CyPhos1101 is

as follows. Ethyl acetate was degassed in a 250 ml volume

double necked round bottom flask using the Schlenk technique

(15 min under argon). CyPhos1101 (1 ml), 4-bromoaceto-

phenone (1 mmol, 1.0 equiv.) and phenylboronic acid

(1.1 mmol, 1.1 equiv.) were added to a carousel tube. An

atmosbag was inflated and evacuated three times using argon.

Inside, the triphenylphosphine (0.5 mmol, 0.5 equiv.) was

dissolved in degassed ethyl acetate (1 ml), tris(dibenzyl-

idenacetone)dipalladium (0) (0.05 mmol, 0.05 equiv.) was

weighed into the tube. Degassed ethyl acetate (1 ml) and 0.2 ml

of the ligand solution was added along with the potassium

phosphate (previously dried in an oven for an hour at 100 uC,

3.3 mmol 3.3 equiv.) and 0.4 ml of degassed, purified water.

The tube was then connected to the carousel, stirring started,

and left for 1 hour once the reaction mixture reached 70 uC.

All reactants were purchased from Sigma Aldrich, UK apart

from CyPhos1101, which was donated from Cytec Canada

Inc., Canada.

OSN

All filtrations were carried out in a dead-end Sepa ST pressure

cell (Osmonics, USA) at 30 bar pressure and 30 uC. The cell

was immersed in a temperature controlled water bath and

temperature was allowed to stabilise before any filtrations

were started. The solution was agitated using a magnetic

plate and a Teflon stirrer bar. STARMEM2 122 membranes

(polyimide, asymmetric type membrane, MWCO 220 g mol21),

supplied by Membrane Extraction Technology Ltd, UK, were

used throughout all experimental work. The membrane was

preconditioned using the following process: 220 ml ethyl

acetate was fed into the cell, the first 50 ml of permeate were

discarded, then after collecting 100 ml more, the pressure was

slowly released. The cell was then charged with the collected

permeate and filtration was run again, collecting 150 ml

permeate, which was returned to the cell for a third filtration.

The same membrane was used throughout all the cycles and

contamination between IL and purely organic systems

was minimised by using two cells, one for each solvent

strategy. 20–30 ml fresh ethyl acetate was permeated through

the membrane in order to wash the cell and the membrane to

reduce contamination.

Recycling process

After the reaction stage (see 2, Fig. 3) the recycling process

began with the dilution of the post reaction mixture with 20 ml

ethyl acetate. This was agitated for one hour with 20 ml of

purified water (see 2, Fig. 3). After allowing phase separation,

the lower aqueous phase was removed, and an aqueous sample

was taken for metal analysis. The organic phase was made up

to 40 ml with ethyl acetate and placed in a dead end SEPA ST

pressure cell fitted with a preconditioned membrane. A 1 ml

sample was taken from the nanofiltration feed for determina-

tion of feed Pd levels via ICP-OES. The filtration was

terminated (stage 5) when 33 ml of permeate was collected.

Analytical samples of the permeate were taken. The remaining

retentate was then poured into a new reaction tube containing

fresh base, bromoacetophenone and phenylboronic acid, but

no additional IL, catalyst or ligand. Finally the reaction

was restarted.

Analytical techniques

Gas chromatography was used to determine the concentration

of 4-acetyl-biphenyl and bromoacetophenone using the 6850

Series II from Agilent Technologies, fitted with a flame

ionisation detector and a HP-1 capillary column 30 m 6
0.32 mm nominal diameter, 0.25 mm film thickness 100%

dimethylpolysiloxane phase. A coefficient of variation for

this assay was estimated to be below 2.5%, based on 44

measurements of a standard solution of ABP and BrAP at

concentrations of 26 mM.

Inductively coupled plasma optical emission spectrometry

(ICP-OES) was used to determine metal concentrations (Pd,

K, B) in the nanofiltration feed, permeate and water wash. ICP

analysis was carried out using a Perkin Elmer 2000DV ICP-

OES. After initial sampling of the water washes the remaining

water was evaporated, then digested with aqua regia to

dissolve all the palladium black, to obtain data about levels

of precipitation via ICP-OES. Each sample was analysed three

times and the coefficient of variation for the values obtained

was estimated to be lower than 4%.
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The electrochemical intramolecular cyclisation of a-bromo propargyloxy (1 and 2) and allyloxy

(3) esters was carried out in ethanol and in ethanol–water mixtures as environmentally friendly

systems using Ni(II) complexes as the catalysts. The reduction of the substrates proceeds via

one-electron cleavage of the carbon–bromine bond to form a radical-type intermediate that

undergoes cyclisation to afford cyclic ethers in moderate to good yields.

1. Introduction

The formation of carbon–carbon bonds by radical cyclisations

has become a highly valuable synthetic tool in organic

chemistry, in particular for applications in the total synthesis

of complex natural products.1 While organotin reagents

used in stoichiometric and over-stoichiometric amounts have

dominated synthetic procedures involving radical chemistry

over the last decade,1b problems associated with the product

purification, price and toxicity have stimulated the interest in

the development of more user- and environmentally-friendly

reagents. In addition to other synthetic methods, electro-

chemical radical-type cyclisations catalysed by transition-metal

complexes have been developed.

Particular Ni(II) macrocyclic complexes have been reported

to generate single electron reduced Ni(I) species, which can

further catalyse the reductive radical cyclisation of organic

halides,2–4 bromoacetals possessing electron-deficient olefinic

moieties5 and 2-haloaryl ethers containing unsaturated side

chains.6 The furofuran moiety is an important subunit in a

wide range of biologically active natural products,7,8 therefore,

the nickel-mediated radical cyclisation has also been applied

to the synthesis of substituted tetrahydrofurans.9–11 In all

these reported electrochemical cyclisations the solvent used is

DMF. Preparative-scale reductive electrosynthesis needs a

polar and generally aprotic solvent; however, DMF presents

some toxicity as a solvent.12 In a perspective aimed at

cleaner and catalytic syntheses, we describe here the scope of

these electrosyntheses in ethanol and ethanol–water mixtures

as the solvents.

In the present work, we investigated the catalytic reductive

behaviour of ethyl 2-bromo-3-(39,49-dimethoxyphenyl)-3-pro-

pargyloxy-propanoate, 1, ethyl 2-bromo-3-(39,49-methyl-

enedioxophenyl)-3-propargyloxy-propanoate, 2, and ethyl

2-bromo-3-(39,49-dimethoxyphenyl)-3-allyloxy-propanoate, 3,

by Ni(II) complexes in these protic solvents. The use of EtOH

as an environmentally friendly solvent in reductive intra-

molecular reactions has not yet been reported.

2. Results and discussion

2.1. Cyclic voltammetric behavior of [Ni(tmc)]Br2 (4) in EtOH

solutions, in the absence and in the presence of bromo

propargyloxy (1 and 2) and allyloxy (3) esters

Cyclic voltammetry experiments showed that the [Ni(tmc)]2+/

[Ni(tmc)]+ redox couple (tmc = tetramethyl cyclam) gave a

reversible Ni(II)L/Ni(I)L peak in EtOH and in EtOH/H2O

solutions containing 0.10 M TEABr. The formal electrode

potential of [Ni(tmc)]Br2, 4, in EtOH occurred at 20.86 V vs.

Ag/AgCl, 3 M KCl (Fig. 1, curve a).

After addition of bromoester 1 (Fig. 1, curve b) or of

substrates 2 or 3 to the solution of [Ni(tmc)]Br2, the cathodic

peak current, due to the formation of [Ni(tmc)]+, increases

significantly and the anodic wave due to oxidation of

[Ni(tmc)]+ back to [Ni(tmc)]2+ vanishes because of the chemical

consumption of [Ni(tmc)]+. These results suggest that, on the

time scale of the cyclic voltammetry, the reaction between

bromoesters 1–3 and electrogenerated [Ni(tmc)]+ is fast, as well

as the regeneration of the original [Ni(tmc)]2+ species, since the

increase in the cathodic peak current of the catalyst in the

presence of bromesters (Ipc)c, is a measure of the rate at which

[Ni(tmc)]2+ is regenerated.

Hence, it can be established that the electron-transfer

between the electrogenerated Ni(I) complex and the bro-

moesters 1–3 occurs, followed by substrate cyclisation,

according to eqns (1)–(3). Similar conclusions were presented

by Gosden et al.13 and by our previous work3,10 in the

aLaboratoire Arômes, Synthèses, Interactions, Université de
Nice-Sophia Antipolis, Parc Valrose, 06108 Nice Cedex 2, France
bLaboratoire de Chimie Bioorganique, CNRS, UMR 6001, Université de
Nice-Sophia Antipolis, Parc Valrose, 06108 Nice Cedex 2, France
cCentro de Quı́mica, Universidade do Minho, Largo do Paço, 4704-553
Braga, Portugal
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investigations on the interaction of Ni(II) species with

unsaturated halides in DMF containing tetraalkyammonium

salts.

Cyclic voltammetric experiments were also carried out in

EtOH–H2O mixtures (9 : 1) and the results were similar. It is

worth pointing out that it was not possible to use an amount of

water higher than 10% in the EtOH–H2O mixture because the

bromoesters 1–3 were not soluble.

In the absence of [Ni(tmc)]2+, bromoesters 1–3 alone gave a

reduction peak at potentials below 21.50 V under the same

experimental conditions. For example, Fig. 1 reports the

voltammogram for the direct reduction of a 2 mM solution of

1 (curve c) at a glassy carbon electrode in EtOH containing

0.10 M TEABr and a first irreversible wave with a peak

potential of 21.56 V can be observed.

2.2. Constant-current reduction of [Ni(tmc)]Br2 (4) in the

presence of bromo propargyloxy (1 and 2) and allyloxy (3) esters

The electroreduction of bromo propargyloxy (1 and 2) and

allyloxy (3) esters by Ni(II) complexes was performed in a

single-compartment cell fitted with a consumable sacrificial

anode at constant current in EtOH at room temperature,

under an inert gas. The cationic tetraamine nickel complex 4,

used in 10–20 mol% showed an efficient catalytic activity for

the electrochemical cleavage of the carbon–bromine bond of

substrates 1–3.

The preparative-scale electrolysis of substrates 1–3

generally consumed 2–4 F mol21 of starting material and the

reactions were followed by GC until conversions of 90–100%.

Compounds 5–9 (see eqns (1)–(3)) were obtained in the

different cyclisation reactions and by-products were formed

in very low amounts (,5%) and were not isolated.

The results are summarised in Table 1. For the reactions in

ethanol and ethanol–water mixtures, experimental parameters

such as the ratio of bromoesters to catalyst and the influence of

the nature of the electrodes were examined to evaluate their

effect on the product distribution.

The study was initiated by carrying out the electrolysis of 1

in EtOH containing 0.1 M Et4NBr with a Mg anode and a

carbon fiber cathode in the presence of 4 (20 mol%). In this

electrochemical system, the Mg anode is oxidised into Mg2+

ions and the Ni(II) complex is reduced at the cathode with

further electron transfer to the substrate and is recycled. No

Fig. 1 Cyclic voltammograms recorded with a glassy carbon elec-

trode (area = 0.077 cm2) at 100 mV s21 in EtOH containing 0.10 M

TEABr: (a) 1 mM [Ni(tmc)]Br2; (b) 1 mM [Ni(tmc)]Br2 and 10 mM 1;

(c) 2 mM 1.

(1)

(2)

(3)
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reaction occurred in the absence of electricity. The electro-

reduction of 1 led to 71% of cyclisation. Two cyclised

furan derivatives were obtained: 2-(39,49-dimethoxy)phenyl-

3-ethoxycarbonyl-4-methylene-tetrahydrofuran, 5, and its

endocyclic isomer 2-(39,49-dimethoxy)phenyl-3-ethoxycarbo-

nyl-4-methyl-2,5-dihydrofuran, 6, in a 5 : 6 ratio of 21 : 79

(Table 1, entry 1). Derivative 5 was obtained as a single trans

stereoisomer, according to NMR and by comparison with

an authentic sample. The efficient electrolysis carried out in

EtOH indicated that the Ni-catalysed intramolecular cyclisa-

tion reactions were compatible with protic, catalytic and very

mild reaction conditions, at room temperature. Moreover, it is

to emphasise that the electrochemical set-up is extremely

simple: the electrolysis is carried out with no separator, in a

one-compartment cell and with a stabilised constant current

supply as instrumentation.

The main reaction product, the cyclic ether 6, was issued

from a double bond isomerisation from 5, 5 being the expected

primary cyclisation compound. During the electrolysis in a

protic solvent such as EtOH, some solvent reduction should

generate ethoxide,14 able to effect the base-catalysed olefin

isomerisation. It was independently tested that the formation

of 6 could be induced by an efficient electrogenerated base.10

The results of the cyclisation of 1 in EtOH are in agreement

with related results reported by Medeiros et al.9,10 in DMF,

where the intramolecular cyclisation of analogous bromo pro-

pargyloxy esters led to the corresponding same cyclic ethers.

When the reaction of 1 was performed using n-Bu4NBF4

instead of Et4NBr as the supporting electrolyte, it afforded

cyclised ethers 5 and 6 in 87% overall yield, and a 5 : 6 ratio of

40 : 60 (entry 2). This result seems to indicate that the nature of

the supporting electrolyte has an influence on the isomerisa-

tion process from 5 to 6, possibly due to the influence of the

nature of the organic salt on the acidity of the medium.

The influence of the nature of the anode on the electro-

reduction of 1 was examined with zinc instead of magnesium.

The cyclisation occurred in 83% yield with a 5 : 6 ratio of 82 : 18

(entry 3) indicating that the nature of the anodic material

played an important role on the reaction selectivity. With Zn

as the anode (entry 3), the 5 : 6 ratio was reversed as compared

to that of entry 1. This may be indicative of a less efficient

double bond isomerisation from the methylene derivative 5

to conjugated 6, when changing from Mg2+ to Zn2+ ions in

solution. Mg2+ being a stronger Lewis acid than Zn2+, a better

complexation of Mg2+ to the ester group of 5 is to be expected,

complexation that should facilitate the olefin isomerisation.

Other protic solvents were tested for the electrolysis of 1.

Thus, the use of n-BuOH instead of EtOH had also an

important effect on the product distribution, leading to 5 as

the major product, in 55% yield, together with 33% of 6, in an

overall cyclisation yield of 88% (entry 4).

The influence of the added water on the reaction selectivity

was also examined in EtOH–H2O (9 : 1) as the solvent. The

electroreduction of 1 was very efficient affording 97% yield of

cyclisation, with a 5 : 6 ratio 88 : 12 (entry 5). It is noteworthy

that the presence of water afforded an almost quantitative

yield of cyclisation, without any by-product, and it did not

interfere with the overall cyclisation process. However, the

presence of water influenced the selectivity of the reaction,

inhibiting the base-catalysed isomerisation of 5 to 6. It is also

worth noting that in the friendly EtOH–water medium, the

electrochemical cyclisation of 1 can be run quantitatively and

catalytically, with a yield of 5 of 87%.

The catalyst to substrate ratio was changed from 20 to

10 mol% in the electroreduction using 1 with a Mg/C couple of

electrodes in EtOH–H2O (9 : 1). The reaction was more

efficient with a higher catalyst ratio, but no significant change

was observed (compare entries 5 and 6). This result indicates

that the ratio [RBr]/[Ni(II)] does not interfere on the reaction

mechanism.

The electroreduction in protic media was extended to

substrates 2 and 3. The reaction of 2 (eqn (2)) catalysed by 4

using a Mg/C couple of electrodes in EtOH afforded 70%

overall cyclisation with a mixture of 2-(39,49-methylene-

dioxophenyl)-3-ethoxycarbonyl-4-methylenetetrahydrofuran,

7, and 2-(39,49-methylenedioxophenyl)-3-ethoxycarbonyl-4-

methyl-2,5-dihydrofuran, 8, in a 7 : 8 ratio of 61 : 39 (entry 7).

The change of magnesium by zinc anode in the electrolysis

of 2 led to similar results. The influence of the added water

was studied using Mg/C electrodes in EtOH–H2O (9 : 1). The

electrolysis of 2 was here also more efficient leading to 81%

cyclisation with the formation of 7 in 61% yield along with

20% yield of 8 (entry 9). In the presence of 10 mol% of catalyst

the cyclisation occurred in 86% yield with a 7 : 8 ratio of

73 : 27 (entry 10). This result is in agreement with that

presented above (entry 6) and supports that the ratio [RBr]/

[Ni(II)] does not interfere on the reaction mechanism.

The electroreduction of olefin 3 was performed in EtOH

under the standard conditions. The electrolysis led to two

stereoisomers of 2-(39,49-dimethoxyphenyl-3-ethoxycarbonyl-

4-methyltetrahydrofuran, 9, in 61% yield and a 93 : 7 ratio

(entry 11). According to NMR data, both stereoisomers

present a trans ester to aryl configuration and differ by the

cis-trans position of the methyl group. The main stereoisomer

of 9 presents the methyl group of the tetrahydrofuran ring in a

cis position with respect to the ester, according to 2D NMR

experiments.11

Table 1 Electrochemical intramolecular cyclisation of 1–3 (10 mM)
catalysed by 4 (20 mol%) at a carbon fiber cathode containing Et4NBr
(6 mM)a with j = 0.15 A dm22

Entry Substrate Solvent Anode

Products
(ratio of
isomers)

% yield of
cyclised
products

1 1 EtOH Mg 5, 6 (21 : 79) 71
2b 1 EtOH Mg 5, 6 (40 : 60) 87
3 1 EtOH Zn 5, 6 (82 : 18) 83
4 1 n-BuOH Mg 5, 6 (63 : 37) 88
5 1 EtOH–H2O (9 : 1) Mg 5, 6 (88 : 12) 97
6c 1 EtOH–H2O (9 : 1) Mg 5, 6 (79 : 21) 84
7 2 EtOH Mg 7, 8 (61 : 39) 70
8 2 EtOH Zn 7, 8 (61 : 39) 69
9 2 EtOH–H2O (9 : 1) Mg 7, 8 (75 : 25) 81
10c 2 EtOH–H2O (9 : 1) Mg 7, 8 (73 : 27) 86
11 3 EtOH Mg 9 (93 : 7) 61
12 3 EtOH Zn 9 (93 : 7) 65
13 3 EtOH–H2O (9 : 1) Mg 9 (93 : 7) 75
a Generally, 2–4 F mol21 of starting material were necessary to
achieve a complete conversion in an undivided cell. b Carried out with
n-Bu4NBF4 (6 mM) as supporting electrolyte. c [RBr]/[Ni(II)] = 10.
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The use of a zinc anode led to the formation of 9 in 65%

yield and the same stereoisomeric ratio (entry 12). When the

electrolysis of 3 was carried out using EtOH–H2O (9 : 1) as the

solvent, the yield was increased to 75%, with identical cis-trans

ratio of isomers (entry 13).

For the Ni(II)-catalysed cyclisation of compounds 1–3 we

propose the catalytic cycle presented in Fig. 2. A first Ni(II)

reduction to Ni(I) occurs at 20.86 V vs. Ag/AgCl with its

further oxidative addition into the carbon–halogen bond of

the substrate to form an intermediate of type A. The organic

moiety in intermediate A has a radical-type character, as

shown by its ability to add to the double or triple bond and

form a cyclised intermediate of type B. The further reduction

of B with proton abstraction from the electrolytic medium

affords the reaction product (ex. 5 from 1) and enables the

recycling of the Ni(II) complex.

Intermediate A can be considered as an organometallic

intermediate (as in Fig. 2) or as a Ni(II)L with the free organic

radical centered on the carbon a to the ester group. However,

in both cases the reductive radical cyclisation leads to the same

cyclic compounds.

It is interesting to briefly compare the reduction of 1–3

catalysed by 4 in protic media (EtOH, n-BuOH, EtOH–H2O)

with previously reported electrochemical studies in DMF.

Unexpectedly, the yields and selectivities obtained in protic

solvents are generally better than those obtained in DMF. For

example, the cyclisation of 3 in DMF afforded 9 in 38% yield,

whereas in EtOH–H2O (9 : 1) the yield raises up to 75%.

The beneficial effect of using EtOH or EtOH–H2O as the

solvents as compared to DMF could be due to the fact that the

key cyclisation step A A B involves the presence of radical-

type species. DMF being a good H-atom donor, it can react

with radical species of type A (Fig. 2) to form the correspond-

ing reduced species before cyclisation occurs. In contrast,

EtOH and/or water are not H-atom donors, but good

H-proton donors. As such, they can accelerate the last step

of reductive protonation of B A 5, without interfering in the

previous radical-type cyclisation step.

3. Conclusion

In conclusion, we report here the use of environmentally

friendly solvents such as EtOH, n-BuOH or EtOH/H2O as

an alternative for the catalytic electrochemical radical-type

cyclisation of bromoesters 1–3 to the corresponding sub-

stituted tetrahydrofurans in high yields. The compatibility

of these protic solvents with the catalytic system and the

electroreductive conditions is remarkable.

This investigation provides an example of the feasibility of

preparative-scale organic electrosynthesis in ‘‘green’’ solvents

such as ethanol or ethanol–water mixtures in catalytic and

environmentally friendly procedures. Moreover, the simplicity

and ease of application of the electrochemical method—

working at constant current electrolysis, in a one-compartment

cell, with no sophisticated instrumentation and no expensive

separator needed—should also be emphasised and makes it an

interesting and valuable synthetic tool.

4. Experimental

4.1. Reagents

Each of the following chemicals was used as received: nickel(II)

bromide (Aldrich, 98%), 1,4,8,11-tetramethyl-1,4,8,11-tetra-

azacyclotetradecane (tetramethylcyclam, tmc, Fluka, 97%).

Ethanol (EtOH), from Riedel-de-Häen, Analytical Reagent,

was used as received. We purchased tetraethylammonium

bromide (TEABr) with a purity of 98% from Fluka, and tetra-

n-butylammonium tetrafluoroborate (TBABF4) with a purity

of 99% from Aldrich; these electrolytes were stored in a vacuum

oven at 80 uC to remove traces of water. Deaeration pro-

cedures were carried out with zero-grade argon (Air Products).

Published procedures were employed for the preparation of

[Ni(tmc)]Br2
15 and of ethyl 2-bromo-3-(39,49-dimethoxyphe-

nyl)-3-propargyloxy-propanoate (1), ethyl 2-bromo-3-(39,49-

methylene-dioxophenyl)-3-(propargyloxy)propanoate (2)

and ethyl 2-bromo-3-(39,49-dimethoxyphenyl)-3-(allyloxy)pro-

panoate (3).16

Synthesis of 2-(39,49-dimethoxyphenyl-3-ethoxycarbonyl-

4-methylene-tetrahydrofuran (5), 2-(39,49-dimethoxyphenyl-

3-ethoxycarbonyl-4-methyl-2,5-dihydrofuran (6), 2-(39,49-

methylenedioxophenyl)-3-ethoxycarbonyl-4-methylenetetrahy-

drofuran (7), 2-(39,49-methylenedioxophenyl)-3-ethoxycarbo-

nyl-4-methyl-2,5-dihydrofuran (8) and 2-(39,49-dimethoxy-

phenyl)-3-ethoxycarbonyl-4-methyltetrahydrofuran (9) was

based on the method published by McCague et al.17

4.2. Electrodes

Electrodes for cyclic voltammetry were fabricated from 3 mm-

diameter glassy carbon rods (Tokai Electrode Manufacturing

Company, Tokyo, Japan, Grade GC-20) press-fitted into

Teflon shrouds to provide planar, circular working electrodes

with areas of 0.077 cm2. Before use, the electrodes were cleaned

with an aqueous suspension of 0.05 mm alumina (Buehler) on a

Master-Tex (Buehler) polishing pad.

All potentials are quoted with respect to a Ag/AgCl/ 3 M

KCl in water reference electrode.

4.3. Cells and instrumentation

Cells for cyclic voltammetry have been described in earlier

publications.3 Cyclic voltammograms were obtained with the

aid of an AUTOLAB model PGSTAT12 potentiostat-galva-

nostat. The data from the above experiments were acquired

Fig. 2 Proposed catalytic cycle of the cyclisation of 1 catalysed

by 4. 4 = [NiIIL]2+ = [Ni(tmc)]Br2.
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and stored by locally written software, which controlled a data

acquisition board installed in a personal computer.

The constant current electrolyses were carried out in a

single-compartment cell (capacity 50 mL), such as described in

ref. 18, with a Zn or Mg rod as the sacrificial anode (diameter

1 cm) and a carbon felt cathode (apparent surface, 20 cm2) was

formed into a cylinder around the counter electrode. EtOH

(50 mL), Et4NBr (6 6 1023 M), NiIIL (2.0 6 1023 M) and

bromoester (1.0 6 1022 M) were introduced in the cell under

an argon flow. The solution was stirred and electrolysed at

room temperature, at a constant current of 30 mA (current

density of 1.5 mA cm22 and 2–5 V between the rod anode and

the carbon felt cathode) until disappearance of the bromoester

(checked by GC analysis of aliquots). Generally, 2–4 F mol21

of starting material were necessary to achieve a complete

conversion. The excess of electricity was mainly observed in

the presence of a Zn anode, and can account for some partial

reduction of the Zn2+ ions formed. It is not excluded that the

freshly deposited cathodic Zn (as well as the metallic rod

anodes) could have some parallel reactivity in terms of a direct

chemical reduction of the C–Br bond of 1–3, as in the

Reformatsky reaction. Controlled-current electrolyses were

carried out with the aid of a stabilized constant current supply

(Sodilec, EDL 36.07).
1H NMR data were recorded on a Varian Unity Plus 300

Spectrometer in CDCl3; d ppm were measured versus residual

peak of the solvent. Identities of the electrolysis products

were confirmed by means of a Hewlett-Packard 5890 Series II

gas chromatograph coupled to a Hewlett-Packard 5971 mass-

selective detector.

4.4. Identification and quantification of products

The EtOH solvent was evaporated under vacuum, the reaction

mixture was hydrolysed with 0.1 M HCl saturated with NaCl,

up to pH 1–2, extracted with CH2Cl2 and washed with H2O.

The dried (MgSO4) organic layer was evaporated and the

residue analysed by GC, GC-MS and 1H-NMR. The crude

residue was submitted to flash chromatography over silica gel

(230–400 mesh) using ethyl acetate–light petroleum mixtures

as the eluents. Cyclised compounds 5–9 were identified by

NMR and mass spectrometry and compared to authentic

samples, prepared independently according to ref. 17.

The compounds were identified by means of 1H NMR

spectrometry (CDCl3): (a) for 5, d 1.28 (3H, t, J = 7.0 Hz,

OCH2CH3), 3.49 (1H, apparent ddd, J = 8.7, 2.4 and 2.4 Hz,

3-H), 3.88 (3H, s, OCH3), 3.90 (3H, s, OCH3), 4.22 (2H, qABq,

J = 7.0 and 18.0 Hz, OCH2CH3), 4.50 (1H, apparent dq, J =

13.2 and 2.4 Hz, 5-H), 4.65 (1H, broad apparent d, J = 13.2 Hz,

5-H), 5.11 (1H, apparent q, J = 2.4 Hz, CLCHH), 5.19 (1H, d,

J = 8.7 Hz, 2-H), 5.20 (1H, apparent q, J = 2.4 Hz, CLCHH),

6.84 (1H, d, J = 8.7 Hz, 59-H), 6.90 (1H, d, J = 1.8 Hz, 29-H),

6.91 (1H, dd, J = 8.7 and 1.8 Hz, 69-H); (b) for 6, d 1.15 (3H, t,

J = 7.0 Hz, OCH2CH3), 2.19 (3H, d, J = 1.2 Hz, 4-CH3), 3.87

(3H, s, OCH3), 3.88 (3H, s, OCH3), 4.08 (2H, qABq, J = 7.0

and 11.0 Hz, OCH2CH3), 4.72 (1H, apparent ddd, J = 1.2, 3.6

and 15.0 Hz, 5-H), 4.89 (1H, apparent ddd, J = 0.9, 5.7,

15.0 Hz, 5-H), 5.88–5.92 (1H, m, 2-H), 6.83 (1H, d, J = 8.1 Hz,

59-H), 6.84 (1H, broad s, 29-H), 6.88 (1H, dd, J = 8.1, 1.8 Hz,

69-H); (c) for 7, d 1.28 (3H, t, J = 7.2 Hz, OCH2CH3), 3.42–

3.47 (1H, m, 3-H), 4.21 (2H, qABq, J = 7.2 and 11.0 Hz,

OCH2CH3), 4.49 (1H, apparent dq, J = 13.0, 2.4 Hz, 5-H),

4.63 (1H, br apparent d, J = 13.0 Hz, 5-H), 5.10 (1H, apparent

q, J = 2.4 Hz, LCH), 5.15 (1H, d, J = 8.7 Hz, 2-H), 5.18 (1H,

apparent q, J = 2.4 Hz, LCH), 5.96 (2H, s, OCH2O), 6.77 (1H,

d, J = 8.0 Hz, 59-H), 6.88 (1H, dd, J = 8.0, 1.8 Hz, 69-H), 6.90

(1H, d, J = 1.8 Hz, 29-H); (d) for 8, d 1.16 (3H, t, J = 7.2 Hz,

OCH2CH3), 2.18 (3H, apparent d, J = 1.2 Hz, 4-CH3), 4.09

(2H, qABq, J = 7.2 and 10.8 Hz, OCH2CH3), 4.71 (1H,

apparent ddd, J = 15.0, 3.5, 1.0 Hz, 5-H), 4.87 (1H, apparent

ddd, J = 15.0, 5.0, 1.0 Hz, 5-H), 5.83–5.87 (1H, m, 2-H), 5.94

(2H, s, OCH2O), 6.76 (1H, d, J = 8.0 Hz, 59-H), 6.77 (1H, d,

J = 1.8 Hz, 29-H), 6.82 (1H, dd, J = 8.0, 1.8 Hz, 69-H); and (e)

for 9, d 1.07 (2.55H, d, J = 6.9 Hz, 4-CH3), 1.18 (0.45H, d, J =

6.6 Hz, 4-CH3), 1.25 (0.45H, t, J = 7.0 Hz, OCH2CH3), 1.28

(2.55H, t, J = 7.2 Hz, OCH2CH3), 2.55 (0.15H, apparent t, J =

9.0, 8.7 Hz, 3-H), 2.70–2.85 (1H, m, 4-H), 3.00 (0.85H,

apparent dd, J = 9.0, 7.8 Hz, 3-H), 3.66 (1H, apparent dd, J =

8.7, 6.6 Hz, 5-Ha), 3.87 (3H, s, OCH3), 3.89 (3 H, s, OCH3),

4.12–4.24 (2H, m, OCH2CH3), 4.28 (1H, dd, J = 8.4 and

6.6 Hz, 5-Hb), 5.05 (0.15H, d, J = 9.0 Hz, 2-H), 5.19 (0.85H, d,

J = 7.8 Hz, 2-H), 6.83 (1H, d, J = 9.0 Hz, 59-H), 6.88–6.92

(2 H, m, 29-H and 69-H). These compounds were utilized as

standards for the determination of gas chromatographic

response factors.

Identities of the electrolysis products were confirmed by gas

chromatograph/mass-selective detector: (a) for 5, m/z (70 eV)

292, M+ (23); 277, [M–CH3]+ (0.6); 218, [M–CO2C2H5–H]+ (6);

165, [(CH3O)2C6H3CO]+ (19); 126, [H5C2O2CC4H5]+ (51); 98,

[C5H6O2]+ (100); (b) for 6, m/z (70 eV) 292, M+ (100); 277,

[M–CH3]+ (16); 263, [M–C2H5]+ (25); 215, [M–C2H5O–

CH3OH]+ (49); 165, [(CH3O)2C6H3CO]+ (66); 77, [C6H5]+

(20); 29, [COH]+ (44); (c) for 7, m/z (70 eV) 276, M+ (35);

247, [M–C2H5]+ (3); 202, [M–CO2C2H5–H]+ (18); 149,

[CH2O2C6H3CO]+ (45); 126, [H5C2O2CC4H5]+ (59); 98,

[C5H6O2]+ (100); (d) for 8, m/z (70 eV) 276, M+ (100); 261,

[M–CH3]+ (17); 247, [M–C2H5]+ (34); 202, [M–CO2C2H5–H]+

(82); 149, [CH2O2C6H3CO]+ (64); 77, [C6H5]+ (7); 29, [COH]+

(22); and (e) for 9, m/z (70 eV) 294, M+ (84); 279, [M–CH3]+

(26); 265, [M–C2H5]+ (69); 220, [M–CO2C2H5–H]+ (10); 205,

[M–CO2C2H5–CH3–H]+ (35); 165, [(CH3O)2C6H3CO]+ (100);

29, [COH]+ (16).
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Micrometre-sized porous polymer particles were fabricated by amination of chlorinated aliphatic

polymer beads (chlorinated polypropylene (CPP), chlorinated polyethylene (CPE), and polyvinyl

chloride co-vinyl acetate (PVCVAc)) in aqueous amine (polyethylenimine (PEI) and triethylamine

(TEA)) solution. The polymer particles obtained were characterized by SEM, elemental analysis,

titration, N2 adsorption, FT-IR, solid-state NMR and thermogravimetry (TG). CPP–PEI,

CPE–PEI, and PVCVAc–PEI had honeycomb-like pores whereas rugged textures with pores were

developed in CPP–TEA, and skeleton-like pores were formed in PVCVAc–TEA. Aminated

samples exhibit a BET surface area of 4–12 m2 g21 and an anion exchange capacity of 1.10 to

4.27 mmol g21. The membranes fabricated with CPP–PEI and PVCVAc–PEI exhibited ionic

conductivities as high as 4.5 6 1022 and 0.48 6 1022 S cm21, respectively. As a result, the

hydrothermal amination could be an effective way to aminate chlorinated polymers without using

organic solvents.

Introduction

Macroporous organic polymers have been of great interest in

the past few years because of their uses in tissue engineering,1

catalysis,2 chemical sensing,3 biomineralization,4 and as

templates for preparing other porous materials,5 etc. A

number of approaches involving supercritical carbon dioxide

as the porogenic solvent,6 colloidal particles, and well-defined

star microgels as templates,7,8 controlled solvent evaporation,9

and lithography10 have been developed to create macroporous

polymers. The functionalization of such porous structures

could provide a great opportunity to broaden their applica-

tions.11 Amination is considered as one of the most important

ways to functionalize polymers, in which polymers are usually

dissolved in organic solvents to enhance the effectiveness of the

amination reaction. Generally, aminated polymers become

more hydrophilic, biocompatible, adhesive and selective; and

they are widely used as ion-exchangers,12,13 biomaterials,1

coatings,14 and membranes in electrochemical devices.15–17

Here we report a novel method for fabricating functional

macroporous organic polymer particles by aminating chlori-

nated aliphatic polymers in aqueous amine solution. To

aminate bulk polymers effectively, the amination reaction is

carried out at elevated temperatures in a closed system, which

is known as hydrothermal conditions in the field of inorganic

synthesis.18 Chlorinated aliphatic polymers that are commer-

cially mass-produced and of low cost possess a large quantity

of chloride sites for amine substitution that can lead to high

anion exchange capacity. Aqueous amine solutions are used

to avoid expensive and environmentally unfriendly organic

solvents in the conventional amination reaction. The process

used in this paper is referred to as hydrothermal amination. The

detailed fabrication and characterization of aminated macro-

porous polymer particles will be described below.

Experimental

Hydrothermal amination

Three chlorinated aliphatic polymers, i.e., chlorinated poly-

propylene (CPP, Mn ca. 150 000, beads with 6–8 mm in size,

Shanghai Chemicals, China), chlorinated polyethylene (CPE,

Mn ca. 25 000, beads with 2–3 mm in size, kindly provided

by the Chemical Institute of Wuhu Sanjiang, China) and

polyvinyl chloride co-vinyl acetate (PVCVAc, Mn ca. 27 000,

1–2 mm in size, Shanghai Chemicals, China) were hydro-

thermally aminated by polyethylenimine (PEI, Mn 423, Sigma-

Aldrich) and triethylamine (TEA, 99.9%, Sigma-Aldrich).

Typically, 4 g of polymer beads was suspended in an aqueous

amine solution (4–6 g of amine in 20 g of deionized water). The

amination reaction was carried out in a 45 mL Teflon-lined

autoclave (Parr bomb) at 140 uC for 48 h, except that the

CPP was aminated with PEI at 120, 140 and 180 uC to study

the temperature effect. The as-aminated polymers were

collected by filtering and thoroughly washing with deionized

water, followed by drying at 60 uC for 2 days. Aminated

polymers were denoted based on the names of the polymers

and amines, e.g., CPP aminated with PEI was referred to

as CPP–PEI.

Characterization

SEM images were taken with a scanning electron microscope

(SEM, Philips Cambridge S360). A low voltage (5 kV) was

aDepartment of Chemistry, The University of Hong Kong, Hong Kong
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bDepartment of Chemical Engineering, Monash University, Clayton,
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operated to lower the electron beam energy and avoid

damaging the samples.

Sample preparation for elemental analysis: the aminated

samples were ion exchanged with OH2 using 1 M NaOH

solution, followed by washing with double deionized water and

drying in a vacuum oven at 60 uC for 2 days. All analyses were

carried out by the Lab for Elemental Analysis of the Institute

of Chemistry, Chinese Academy of Sciences (Beijing, China).

Nitrogen content (ion exchange capacity, IEC) was also

determined by a titration method:13,17 0.5 g of the aminated

polymer powders were treated in 1 M HCl at room tem-

perature for 4 hours to ensure complete protonation and full

conversion into the chloride salt. After filtering and washing,

the samples were dispersed in 0.5 M NaOH solution, followed

by titrating 10 mL of the supernate with 0.1 M HNO3 and then

with 0.05 M AgNO3.

FT-IR spectra were recorded by a BIO-RAD FTS165

FTIR spectrometer (32 scans at 2 cm21 s21). The samples were

prepared by a KBr wafer technique. Nitrogen adsorption

measurements were carried out with a Micromeritics ASAP

2020MC. The samples were degassed at 60 uC for at least 24 h.
13C solid-state NMR spectroscopy was carried out on a Bruker

DRX-400 spectrometer.

Membrane fabrication and ionic conductivity measurement:

CPP–PEI and PVCVAc–PEI were fabricated into membranes

with a thickness of 60 mm and 10% PVA as binder. CPP–PEI

(or PVCVAc–PEI) powders were mixed with 8% poly(vinyl

alcohol) solution and a couple of drops of glutaraldehyde

solution (GA, 25 wt% in water, Sigma-Aldrich) in a mortar

with a pestle. The CPP–PEI–PVA (or PVCVAc–PEI–PVA)

mixture obtained was cast on a silicon wafer at room

temperature, followed by drying at 50 uC. The CPP–PEI (or

PVCVAc–PEI) films were peeled off from the silicon wafer

surface for the impedance measurement. 0.1 M NaCl was

used as the electrolyte, and the impedance spectra were

recorded with an AUTOLAB FRA2 impedance analyzer in

the frequency range from 10 kHz to 100 Hz at ac signal

amplitude of 10 mV and at room temperature. The ionic

conductivity was calculated by the expression19,20

s~
l

Rcell{R0cell

� �
S

where s is the ionic conductivity of the membrane (S cm21), S is

the area of the membrane (cm2), l the thickness of the membrane

(cm), and Rcell and R9cell the cell alternating current impedance (V)

at 1 kHz with and without membrane, respectively.

Results and discussion

SEM images shown in Fig. 1 reveal that CPP–PEI, CPE–PEI

and PVCVAc–PEI are composed of fine particles with a size

range of a few microns to a couple of tens of microns (Fig. 1 a,

c, e), and these particles exhibit similar honeycomb structures

whose pores are submicron-sized (Fig. 1 b, d, f). When

the chlorinated polymers were aminated with a monoamine

(triethylamine, TEA), different pore morphologies were

observed. Rugged textures with pores developed in CPP–

TEA, and skeleton-like pores formed in PVCVAc–TEA

(Fig. 2). As a comparison, CPP was also hydrothermally

treated in deionized water and 1 M KOH aqueous solution

under the same hydrothermal conditions, only a few shallow

surface pores were formed (Fig. 3). This clearly indicates that

the amines play a vital role in the pore formation.

N2 adsorption experiments were conducted on hydro-

thermally aminated samples and hydrothermally treated

samples in the absence of amine, and the results showed that

the samples treated in H2O and KOH solution have a very low

BET surface area (0.1–0.5 m2 g21) similar to that of the

starting polymers, and the samples aminated with PEI and

TEA possess BET surface areas of 4–12 m2 g21. The

Fig. 1 SEM images of CPP, CPE and PVCVAc aminated with PEI

aqueous solution at 140 uC for 48 h. (a, b) CPP–PEI, (c, d) CPE–PEI,

and (e, f) PVCVAc–PEI. (a, c, e) at low magnification, (b, d, f) at high

magnification.

Fig. 2 SEM images of CPP and PVCVAc aminated with triethyl-

amine solution at 140 uC for 48 h. (a) CPP–TEA, (b) PVCVAc–TEA.

Fig. 3 SEM images of CPP treated in (a) water and (b) 1 M KOH

solution at 140 uC for 48 h.
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significant increase in the BET surface area obviously arises

from the porous structures of aminated samples, which is

consistent with the SEM observations.

The elemental analysis (EA) and titration results are

summarized in Table 1. Elemental analysis shows that the

chlorine content is 9.67, 19.60 and 13.77 mmol g21 for CPP,

CPE and PVCVAc, respectively. As can be seen, significant

amounts of nitrogen were introduced into all CPP, CPE and

PVCVAc through hydrothermal amination. CPP–PEI, CPP–

TEA and PVCVAc–PEI have nitrogen contents ranging from

1.10 to 4.27 mmol g21, which are comparable to those for

anion exchange membranes.16,17 In addition to the amination

reaction (substitution reaction) that gives rise to the anion

exchange capacity of porous polymer particles, the elimination

reaction between Cl and its adjacent H13,15 causes additional

Cl loss, which can be seen by comparing the change of Cl

content before and after hydrothermal amination and N

content of aminated samples. Owing to such elimination

reactions, the polymer chains were cross-linked during the

hydrothermal amination, as evidenced by the fact that porous

polymer particles are insoluble in various solvents. Moreover,

the reaction temperature has a significant influence on the

degree of substitution and elimination. For instance, in the

CPP–PEI system, the elimination reaction is very favorable

at a higher temperature (180 uC) suppressing the amination

reaction, whereas both amination and elimination reactions

become slow at a lower temperature (120 uC). Consequently,

the ion exchange capacity of the CPP–PEI prepared at 120

and 180 uC is much lower as compared to the CPP–PEI

prepared at 140 uC. By comparing the nitrogen contents

obtained with elemental analysis and titration, it can be seen

that the majority of functional groups (amino- or quaternary

ammonium) are accessible. It can be concluded that chlori-

nated aliphatic polymers were successfully functionalized, and

hydrothermally aminated polymer particles exhibited remark-

able anion exchange capacity.

The chemical structure of original polymer and porous

polymer particles was analyzed by FT-IR spectroscopy. The

spectra of CPP and CPP–TEA are shown in Fig. 4. The

characteristic absorption bands at 694 cm21 and 733 cm21

arise from stretching vibrations of C–Cl bonds. The absorp-

tion bands at 2969–2845 cm21 are assigned to the C–H

stretching vibrations. 1460 and 1380 cm21 are attributed to

bending of C–H and stretching of C–C bonds. The band at

975 cm21 is ascribed to CH2 vibration. After amination, the

intensities of the bands at 694 and 733 cm21 significantly drop,

and the bands at 2800–2400 cm21 arising from the quaternary

ammonium groups in CPP–TEA appear.20 This clearly

confirms the structural changes caused by hydrothermal

amination. The CPP–TEA is further characterized by solid

state NMR spectroscopy. The 13C NMR spectrum of CPP–

TEA is shown in Fig. 5. The peaks at d 39.1–40.6 and d

13.0 ppm are assigned to CH2, whereas those at d 56.4–

70.4 ppm and d 127.9 ppm are assigned to CH2–N and CLCH2

carbons, respectively.21,22

The thermogravimetry (TG) analysis shows that the

aminated CPP–TEA experiences more mass loss at low tem-

peratures (,300 uC ) due to decomposition of the functional

groups, and it exhibits better thermal stability at high tem-

peratures due to crosslinked polymer structures as compared

with its original polymer CPP (Fig. 6).

Under hydrothermal conditions, the amine molecules

attack the active chloride sites, and then covalently bond to

the polymer chains. As the amination proceeds, more amine

molecules penetrate into the chlorinated polymers forming

hydrophilic clusters inside the polymers. Then the hydrophilic

clusters will form the pathways for further amine penetration;

Table 1 Elemental analysis and titration results of chlorinated aliphatic polymers and corresponding aminated polymers by hydrothermal
amination at 140 uC (unless indicated otherwise) for 48 h

Sample C% H% O% Cl% mmol g21 N% mmol g21 Ntitration mmol/g

CPP 56.43 8.15 1.08 34.34 9.67 ,0.30 — —
CPP–PEI 68.23 10.17 6.12 9.42 2.65 6.05 4.32 4.27
CPP–PEI (120 uC) 54.44 8.46 0.91 31.50 9.01 2.69 1.92 1.80
CPP–PEI (180 uC) 78.30 10.84 5.14 2.49 0.70 3.23 2.31 2.06
CPP–TEA 67.35 10.05 3.66 17.44 4.91 1.50 1.11 1.10
CPE 27.30 2.575 0.51 69.62 19.60 ,0.30 — —
CPE–PEI 56. 13 5.34 16.1 15.28 4.30 7.18 5.13 3.88
PVCVAc 40.86 5.17 5.10 48.87 13.77 ,0.30 — —
PVCVAc–PEI 67.22 7.80 16.80 3.84 1.08 4.34 3.10 2.62

Fig. 4 FT-IR spectra of CPP and CPP–TEA.

Fig. 5 13C solid-state NMR spectrum of CPP–TEA.
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meanwhile, the HCl gas evolved through the dehydrochlorina-

tion reaction may accelerate the process and expand the paths.

The final pore walls are fixed in position by crosslinking of

polymer chains.13,15 The chlorinated polymer beads that are

thermoplastic partially melt, and thus they are broken down

into micron-sized particles.

In order to explore the applicability of such aminated

polymers in electrochemical devices, CPP–PEI and PVCVAc–

PEI were fabricated into membranes with a thickness of 60 mm

with 10% PVA binder. Impedance measurements showed that

CPP–PEI and PVCVAc–PEI membranes had an ionic con-

ductivity of as high as 4.5 6 1022 and 0.48 6 1022 S cm21,

respectively, corresponding to their high anion exchange

capacity. Obviously, the porous structures of the aminated

particles maximize the accessibility of functional groups, and

facilitate ion transport through the membranes. These porous

polymer particles with high anion exchange capacity should

find a wide range of applications relating to ion exchange

process and ion conduction.16,17,19

Conclusion

In summary, we have shown that porous polymer particles

with remarkable anion exchange capacity and ion conductivity

can be fabricated by the amination of chlorinated aliphatic

polymers in aqueous amine solution under hydrothermal

conditions. These particles with different pore morphologies

(e.g., honeycomb, skeleton) were formed by taking advantage

of heterogeneous amination, elimination and crosslinking

reactions at elevated temperatures. The structures and physical

properties such as anion exchange capacity and ion conduc-

tivity could be manipulated by using different amines. The

approach demonstrated here would be unique, effective, and

environmentally friendly for production of anion exchange

materials from chlorinated polymers.
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Fig. 6 TG curves of CPP and CPP–TEA.
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Surface tension measurements of highly conducting ionic liquids

W. Martino,a J. Fernandez de la Mora,a Y. Yoshida,b G. Saitob and J. Wilkesc

Received 31st October 2005, Accepted 19th December 2005

First published as an Advance Article on the web 25th January 2006

DOI: 10.1039/b515404a

The capillary rise method is used to measure the room temperature surface tension of several ionic

liquids, selected mainly for their high electrical conductivity. They include salts based on the

cations 1-ethyl-3-methylimidazolium (EMI+), 1-butyl-3-methylimidazolium (BMI+), and 1,3-

dimethylimidazolium (DMI+), paired with anions such as GaCl4
2, FeCl4

2, C(CN)3
2, N(CN)2

2,

SCN2, EtSO4
2, BF4

2, CF3SO3
2, (CF3SO3)2N2 (Tf2N2) and Au(CN)2

2. The method consumes

relatively little sample (,0.1 cm3) with measurement errors of 5%. Vacuum-dried samples are

placed in the measurement cell under ambient (humid) air, but the meniscus is kept dry by a small

flow of dry gas. Failure to dry the active interface leads to rapid contamination in the case of

hydrophilic liquids, and to anomalously high surface tension. The highest surface tension

measured (61 dyn cm21) corresponds to DMI–N(CN)2.

1. Introduction

The surface tension of ionic liquids (ILs) has been the subject

of a relatively small number of studies,1–10 with corresponding

selected values condensed in Table 1 for imidazolium-based ILs.

The table contains data on other physical quantities derived

from additional sources.11–17 These studies have revealed modest

surface tensions c, comparable to those of organic liquids, and

generally substantially smaller than typical values for molten

inorganic salts (Table 2),10 or even water (72.7 dyn cm21 at

20 uC). On the basis of these data it appears that the surface

tension c of 1-alkyl-3-methylimidazolium salts increases with

decreasing length of the alkyl chain in the imidazolium cation. It

also increases by selection of small fluorinated anions such

as PF6 and BF4 (c = 48.8 dyn cm21 at 25 uC for 1-butyl-3-

methylimidazolium-PF6
1 (BMI–PF6), and 54.4 dyn cm21 at

25 uC for EMI–BF4
8). EMI and BMI salts formed with metal

(Fe and In) tetrachloride6,7 or trihalide anions9 exhibit room

temperature c values near or above 50 dyn cm21.

Our own interests on the surface tension of ionic liquids is

related to the use of their Taylor cones18 in vacuo as sources of

ions offering a remarkable range of molecular weights and

chemical compositions. Taylor cones form when the interface

between a conducting liquid and an insulating medium is

charged electrically above a critical level, where electrostatic

stresses overcome capillary forces. The liquid meniscus then

turns from round to conical, with a micro-jet issuing from the

apex and subsequently breaking up into charged drops. For

increasingly conducting electrolytes, the apex region develops

surface electric fields high enough (1 V nm21 at electrical

conductivities K y 1 S m21) for solution ions to evaporate

into the surrounding medium.19 When this medium is a

vacuum, the ion beam formed can be used without the inter-

ference of gas discharges. In the extreme case of liquid metals,

conditions exist when drop emission ceases entirely, and the

Taylor cone operates in the purely ionic regime, yielding mA

level currents of the metal ion.20 Liquid metal ion sources

(LMIS) are of high quality because they originate essentially

from a point source and have a narrow energy range.20

The purely ionic regime has not yet been reported for any

electrolyte of neutral solvents, perhaps due to their substantial

volatility, which either precludes exposing them to a vacuum,

or limits the concentration of electrolyte tolerable without salt

precipitation. However, this interesting regime arises in Taylor

cones of certain ILs such as EMI–BF4,21 whose very low

volatility enables long time exposure to a vacuum, and whose

high ion concentration often leads to the required high

conductivities. High ion beam qualities have also been

observed from Taylor cone sources of ILs.21b,22 Their interest

over liquid metal ion sources resides in the possibility to also

form negative ions, as well as their ability to operate at or

near room temperature. Of particular interest are the facts that

many more ILs exist than metals; that their range of possible

chemical compositions and molecular masses is vastly larger

than that of metals; that ILs are generally far better and less

corrosive solvents than metals, etc. As a result, there is

considerable current interest in the use of ionic liquids as pure

ion sources, particularly for electrical propulsion applications.

Because, only a few ILs have been found so far able to operate

in the purely ionic regime, we are embarked in a systematic

effort to identify more, and to establish what are the key liquid

properties favoring this sought purely ionic regime.

The role of a high electrical conductivity in sharpening the

cone tip, and hence intensifying the local electric field is well

known.19a One can also argue that a high surface tension c also

intensifies the electric field, which scales as c1/2 both in Taylor’s

static theory for the cone,18a as well as in its dynamical

extensions accounting for the structure of the tip region.19a

Consequently, because ion evaporation is activated primarily

by the electric field on the meniscus surface, there are good

reasons to expect that both high electrical conductivity and

high surface tension will favor the production of ions rather

than drops from Taylor cones. Accordingly, as part of our

aMechanical Engineering Department, Yale University, New Haven, CT,
USA
bDivision of Chemistry, Graduate School of Science, Kyoto University,
Kyoto 606-8502, Japan
cUSAF Academy, Colorado Springs, CO, USA
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search for suitable ionic liquids for ion beam generation,

we have measured the surface tension of a diversity of

ionic liquids for which prior work had shown either high K

(y1 S m21 at room temperature) or low viscosity m. Due to

its unusually high reported c (48.78 dyn cm21 at 25 uC,

according to ref. 2), we have also reexamined EMI–EtSO4,

even though its considerable room temperature viscosity

coefficient (m/r = n = 102 mm2 s21) makes a high electrical

conductivity improbable.

2. Experimental

Surface tension measurement

The fact that only a few out of the hundreds of reported ionic

liquids have known surface tensions is in part due to the

circumstance that conventional measurement methods use

relatively large samples (i.e., 20 cm3 in ref. 9). Yet, most of the

materials to be examined in this work were available only in

relatively small quantities. For this reason, we have selected

the capillary rise method to measure surface tension, as it is

compatible with the use of very little sample. The method is

not new, and has even been used for IL characterization.3

However, our present use of the technique offers certain new

features in terms of precision measurement and sample

consumption, and will be described in some detail. It is based

on measuring the rise h of a liquid held inside a cylindrical

capillary tube of inner radius R above the level of the liquid

reservoir. If c is the surface tension, r the density of the liquid,

g the acceleration of gravity and h the contact angle at the

point where the liquid, the inner capillary surface and the sur-

rounding gas meet (Fig. 1), then a simple force balance yields

2pRccosh = rpR2hg (1a)

where one assumes that the meniscus height d is much smaller

than the capillary rise h. This assumption is generally accurate,

and holds to a precision better than 1% in all our measure-

ments. The main problem involved in the use of eqn (1a) to

determine c/r according to eqn (1b) is the need to establish

accurately the wetting angle h

c/r = ghR/(2cosh). (1b)

h is generally unknown for a particular glass–IL combination,

as it is strongly dependent on the nature of the glass surface.

h is also difficult to infer directly by looking at the meniscus

due to refraction from the curved glass. However, the height d

Fig. 1 Sketch of the capillary.

Table 1 Representative published surface tensions of imidazolium-based ionic liquids with measurement temperature (in uC) in parenthesis

Liquid c/dyn cm21 r/g cm23 a m/cP K/S m21

BMI–I 54.7 (25)1 1.08(25)1 1110(25)1 y0.1(25)11

EMI–EtSO4 48.79(25)2 1.2296(25)2 126Merck(20)
EMI–Tf2N 41(20),3 39(25),4 34.7(28)10 1.52(25)4,12,13 25(25),4 32(25),12 34(20)13 0.90(25),12 0.88(20)13

C3MI–Tf2N 38(25)4 1.475(25)4 35(25)4

BMI–Tf2N 37(25),4 31.5(30)10 1.44(25),4,12 1.43(19)13 44(25),4 50(25),12 52(20)13 0.39(25),12 0.39(20)13

C5MI–Tf2N 36(25)4 1.403(25)4 49(25)4

C6MI–Tf2N 35(25),4 30.6(31)10 1.37(25)4,12 59(25),4 68(25)12 0.22(25)12

C6MI–Tf2N 29.1(33)10

BMI–PF6 48.8(25),1 47(25),4 42.9(63),5 44.7(40)10 1.368(25),4 1.37(30)14 y270(25),4 312(30)14 0.146(25)14

C8MI–PF6 32.8(63),5 34.3(40)10 1.22(25)1 585(25)1

C10MI–PF6 30.7(28)10

C12MI–PF6 23.6(63)5

EMI–BF4 54.4(25)8 1.2853 (25)8 38 (25)8 1.36(25)8

BMI–BF4 46.6(25),1 38.4(63),5 y41(20),5 39.7(40)10 1.17(30),14 1.21(25)15 152(20)Merck, 180(25)15 0.173(25),14 0.35(25)15

C8MI–BF4 29.8(63),5 30.6(40)10 1.11(20)Merck 468(20)Merck

C12MI–BF4 25.2(63)5

C8MI–Br 32(63)5

C8MI–Cl 30.5(63)5 1(25)1 337(25)1

EMI–InCl4 52.78(20)6 1.6413(20)6

BMI–FeCl4 46.51(20)7 1.369(20),7 1.38(20)16 34(25),16 y32(25)17 0.89(25),16 y0.90(25)17

BMI–ICl2 54.6(RT)9 1.708(RT)9 50(RT)9 0.57(RT)9

BMI–Br3 51.5(RT)9 1.702(RT)9 93(RT)9 0.89(RT)9

BMI–IBr2 57.3(RT)9 1.547(RT)9 57(RT)9 0.61(RT)9

a Densities are given with fewer decimals than in the original references. Tf2N = bis(trifluoromethylsulfonyl)imide; EMI = 1-ethyl-3-
methylimidazolium; C3MI = 1-propyl-3-methylimidazolium, etc; BMI = C4MI. RT = room temperature. Merck refers to the Merck home page
on ionic liquid properties (http://ildb.merck.de/ionicliquids/en/startpage.htm). Superscripts denote bibliographic references. b

Table 2 Typical surface tensions for inorganic molten salts, from
ref. 10

Liquid AgNO3 CdBr2 GaCl3 K2SO4 LiBr LiCl LiF ZnBr2

T/K 560 951 387 1383 923 979 1235 823
c/dyn cm21 145 63.5 23 139.4 104 121. 224.5 48.6

This journal is � The Royal Society of Chemistry 2006 Green Chem., 2006, 8, 390–397 | 391
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of the meniscus from its rounded bottom to the contact point

(Fig. 1) is not affected by refraction, and can be measured

accurately with a cathetometer.

When the capillary radius R is much smaller than the

capillary length l

l = (c/rg)1/2, (2)

gravitational effects are negligible and the meniscus is almost

spherical. The ratio d/R is then simply related to the wetting

angle via

cosh~2
d=Rð Þ

1z d=Rð Þ2
: (3)

Note that the error in cosh is much smaller than the

measurement error in d/R when d is close to R and cosh

approaches unity. This is the limit of perfect wetting, which is

well met in all of our measurements (Table 3). Because eqn (1)

may be rewritten hR = 2l2cosh, when R % l and cos h is of

order one, it also follows from eqn (1) that

R % l % h. (4)

This limit applies to all our experiments, based on R =

0.273 mm (ACE glass microcapillary), where d is typically 100

times smaller than h. This narrow section also leads to a

negligible quantity of sample pulled up by the capillary. The

weakest point about operating in the spherical meniscus

limit eqn (4) is that d takes small values, and its accurate

determination is difficult. In our case, the availability of a

cathetometer able (when used with high skill{) to resolve 2 mm,

and the near perfect wetting of our capillaries by all our ILs

enabled use of eqn (3). Under less ideal circumstances it is

preferable to use wider capillaries and to drop eqn (3) in favor

of the method discussed in the Appendix. This method is based

on the numerical solution of the equations governing the shape

of the meniscus, combined with the experimental determina-

tion of R, d and h. The interpretation of our own measure-

ments includes gravitational corrections, which were negligible

in all cases (the correction parameter l defined in the Appendix

was always smaller than 1%).

The experimental determination of the meniscus height h

involves locating the meniscus bottom at the top of the

capillary, and the reservoir level at a point of relatively small

curvature. The first position can be determined with negligible

relative error. Accurate determination of the second requires

ideally a large liquid reservoir, but this was precluded by the

small samples available. The reservoir was made of glass, and

had the form of a cup with an inner diameter of 5.7 mm at its

top and a rapidly tapering shape towards its bottom. It was

made by cutting the wide end of a pipette, and closing its

narrow end near the neck with a propane torch. To avoid

contamination, a new reservoir was made for each liquid

studied. The sample liquid inside the cup wets both the outer

surface of the capillary and the inner surface of the cup, rising

slightly at both points. The level of liquid in the reservoir was

measured at the minimum level between these two contact

points. However, the interface at this lowest position has

nonzero curvature and fails to provide an exact reference for

the origin of heights. The associated error is a fraction of l,

certainly smaller than the capillary rise seen on the side of the

cup or the outside of the capillary. This indeterminacy leads to

the largest error in our measurement. It can be estimated first

by ignoring the presence of the capillary inside the cup, and

determining the capillary rise within the cup itself. We use for

this estimation the known formulae for a two-dimensional

problem.23 For the typical case c/r = 40 cm3 cm22 (l y 2 mm)

and h = 0, the height at the center of the cup (5.7 mm id)

is about 0.3l, or 0.6 mm. Compared with a typical value

of h y 2 cm, this represents a 3% error. The presence of

the capillary in the center of the system would worsen the

situation, so an error in the range of 5% is more realistic. Note

that the actual h is always larger than the measured value, so

the reported surface tensions are lower bounds for the actual

Table 3 Room temperature (22–25 uC) surface tensions measured in the present study, together with other physical properties from the literature

Ionic liquid cosh h/mm c/dyn cm21 r/g cm23 g/cP K/S m21

EMI–BF4 0.995 26.92 44.3 52(24)a 1.29(25)8 38(25)8 1.36(25)8

EMI–TfO = EMI–CF3SO3 0.995 26.92 39.2 36(22)a 1.39(22)13 45(20)13 0.86(20)13

EMI–Tf2Nc 0.950 16.50 35.2, 34.9a 1.52(22)13 34(20)13 0.88(20)13

DMI–N(CN)2 0.996 29.23 61.6 1.14(20)26 15(25)26 3.6(25)26

EMI–N(CN)2 0.997 29.43 42.6 1.08(20)25 16(25)25 2.8(25)25

EMI–C(CN)3 0.999 32.11 47.9 1.11(20)25 18(22)25 2.2(25)25

EMI–SCN 0.963 31.96 49 1.11(20)Merck 23(20)Merck, 21(RT)30 y0.4(25)30

EMI–GaCl4 0.85–0.99 50 1.53(20)29 16(25)29 2.2(25)29

EMI–FeCl4 0.99 47.7 1.42(20)29 18(25)29 2.0(25)29

BMI–GaCl4 0.98 41.5 1.43(20)b 31(25)b 0.95(25)b

BMI–FeCl4 0.86–0.99 44.9 1.38(20)16 34(25)16, y32(25)17 0.89(25)16, y0.90(25)17

BMI–Au(CN)2 0.98 46.6 1.87(20)27 279(25)27 0.12(25)27

EMI–EtSO4 42.5 1.23(25)2 126(20)Merck

a Earlier measurements by I. Romero (Yale) without drying the meniscus. b Unpublished data from Yoshida and Saito. c Tf2N =
bis(trifluoromethylsulfonyl)imide.

{ High contrast can be obtained when the light source is perpendicular
to the capillary and there is an angle of no more than 90u between the
light source and the light aperture of the microscope. A mirror or
reflective surface should also be placed in the back of the capillary to
reflect the light from the source, thus illuminating it. Multiple vertical
lines (reflected rays from the source) then become obvious, along with
the meniscus itself contrasting against the reflective surface. The
benefit of these lines is that some go for the length of the capillary
while others begin where the meniscus ends. Therefore, by measuring
the height at which these rays start, one can consistently and accurately
measure the height of the top of the meniscus. Simply align the
crosshairs with these lines to measure the top of the meniscus.
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surface tension. This reservoir error is not inherent to the

capillary rise method, but is a consequence of our minimiza-

tion of sample consumption by use of a cup of small diameter

(5.7 mm).

An accurate determination of the meniscus height d requires

very careful optimization of the lighting to give high contrast

and defining unambiguously the contact point. With good skill

and practice one can determine d within better than 2 mm, as

established by repeated measurement. The associated error in

d/R is better than 1%. The corresponding error in cos h is

considerably smaller when d is close to R (cosh A 1), as is the

case in all our measurements. This happy circumstance permits

relatively small errors in d/R, even with ordinary skill in the use

of the cathetometer. We note that some of the glass capillaries

showed a markedly different wetting angle than most. This was

clearly seen in some experiments where up to four capillaries

were immersed simultaneously in the same cup, showing

substantial differences in both the capillary rise and the

wetting angle. For instance, BMI–FeCl4 gave values of 0.994,

0.9985, 0.919 and 0.856 for cosh, though the ratio h/cosh

remained relatively fixed (¡1.5% change). A similar variation

was observed with EMI–GaCl4. The observed occasional

variation in wetting angle merely shows the strong sensitivity

of this parameter to the peculiarities of the glass surface. The

resulting variation in c (yh/cosh) is due to the greater

inaccuracy in the measurement of cosh associated with poorer

wetting conditions, a problem that can be overcome by using

only the data associated with the better wetting capillaries.

Careful avoidance of hydration of the interface by contact

with ambient air is extremely important. This is evident from

the fact that the surface tension is a characteristic of the

surface rather than the bulk, and the interface is highly

accessible by diffusion of water vapor in the atmosphere. The

effect is readily observed with hydrophilic ILs. Once the

capillary is loaded with a dry liquid sample, the meniscus

height is not steady but keeps increasing with a characteristic

time of many minutes. This unsteadiness is not associated with

the well-known slow advance of the contact point when

moving against a dry surface. This problem was avoided by

pulling initially the liquid up inside the capillary beyond its

equilibrium height with a syringe, and releasing it, so that the

meniscus moves on a wet capillary surface. The surface

remains wet for a very long time due to the essentially null

volatility of ILs. The observed unsteadiness is due to water

uptake from the atmosphere at the interface, as evident from

the fact that it disappears as soon as the interface is bathed in a

slow flow of a dry gas. This was done by supplying the gas

through a tube with an exit diameter of 2 cm, with the exit of

the capillary being completely immersed inside the tube. The

gas flow exiting this tube was made uniform by means of a

laminarization screen. The flow rate of gas was monitored with

a flowmeter (y0.5 l min21) in order to make it small enough to

avoid modifying the pressure above the meniscus, though with

the assurance that it was nonzero.

As an example, a dry meniscus of EMI–BF4 reached its

equilibrium height in a few minutes (cdry = 44.3 dyn cm21). On

turning off the flow of dry gas sheathing the meniscus from the

atmosphere, a noticeable height increase is seen in as little as

ten minutes (depending on the ambient humidity levels), and

eventually increases by a much as 20%. For EMI–EtSO4

at ambient humidity we have found chumid = 52.4 dyn cm21

(cdry = 42.5 dyn cm21). No unsteadiness was seen in the case of

the hydrophobic liquid EMI–Tf2N when the meniscus was left

in contact with the laboratory environment. In none of our

experiments did we surround the cup with a dry medium.

Hence, in the case of hydrophilic liquids, there is a slow uptake

of water at the liquid–gas interface on the cup. However, this

contamination from below takes a very long time to diffuse to

the top of the capillary. Another potential source of error is the

variability of the capillary radius R. All the measurements

were made with capillaries from the same batch of 100, using

a new capillary for each measurement in order to avoid

contamination. The capillary diameters were measured for

several of them by cutting them at several axial positions. The

variation in tube diameter from one capillary to another or

from different cuts on a given capillary never exceeded 2 mm. R

is therefore known within better than 1%.

All new capillaries were cleaned first with acetonitrile and

then acetone, followed by a few high pressure bursts from

clean pressurized gas. The solvents were introduced into the

capillary with a clean 27 gauge needle.

Ionic liquids

EMI–EtSO4 and EMI–SCN were purchased from Sigma-

Aldrich (both Basf quality, with reported purity >95%.

Warning: these two materials are unstable and emit poisonous

vapors). These as well as all other samples were used without

further purification, other than drying under vacuum at room

temperature. The water content remaining after this treatment

was not measured. EMI–BF4 was a special order from Solvent

Innovations Inc., with the rather modest undefined purity

required for its use as an ion source in vacuo. The presence of

impurities was evident from its yellowish color. EMI–Tf2N

was from Covalent Associates (electronic grade). This liquid is

hydrophobic and showed no increase in capillary height after

relatively long exposure of the meniscus to the laboratory

environment. EMI–TfO was from Fluka (purity >98%). All

other liquids were prepared by Dr Yoshida at Professor Saito’s

laboratory, according to established protocols, and their purity

was confirmed by elemental analysis (C, H, N, halogen) and
1H NMR. EMI–N(CN)2 was first prepared by MacFarlane

et al. by metathesis of EMI–I and Ag–N(CN)2 in water.24

Judging from the elemental analysis data, however, the

product is not pure, possibly due to the use of the starting

material NaN(CN)2 as received. EMI–N(CN)2 and EMI–

C(CN)3 were prepared using the procedure of Yoshida et al.,25

where the commercial NaN(CN)2 (starting purity 96%) was

recrystallized. The synthesis and properties of DMI–N(CN)2

will be described elsewhere,26 as will those of BMI–Au(CN)2.27

EMI–FeCl4 was first prepared by Katayama et al.,28 who also

reported its density and electrochemical properties at 130 uC.

Its viscosity and ionic conductivity have been given by

Yoshida et al.,29 who also report the synthesis and physical

properties of EMI–GaCl4. The viscosity and ionic conductivity

of BMI–FeCl4 were first measured by Angell’s group,17 and

have been confirmed by new data.16 The still unpublished data

on BMI–GaCl4 are from Yoshida and Saito. All these salts are

This journal is � The Royal Society of Chemistry 2006 Green Chem., 2006, 8, 390–397 | 393
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liquid at room temperature, except for DMI–N(CN)2.

The surface tension of this salt was also studied at room

temperature, since, after melting, it remains as a supercooled

liquid for long periods.

A much larger sample of EMI–N(CN)2 (y5 cm3) was

prepared at Prof. John Wilkes’ laboratory by metathesis

of EMI–Cl and Ag–N(CN)2. The small precipitate of white

AgCl crystals that formed after a few days was removed by

decanting. The corresponding surface tension was indistin-

guishable from that of the Japanese sample.

3. Results and discussion

Table 3 shows our surface tension measurements, including

the cosine of the wetting angle cosh on the glass capillary

[computed from eqn (3)], and the capillary rise h (Fig. 1). As

noted earlier, cosh is fairly close to unity in most measure-

ments, a useful circumstance to reduce the error in c/r

resulting from errors in the measurement of d. c/r includes

the gravitational correction of the Appendix, which was in all

cases negligible. The tabulated c is based on c/r given by the

capillary measurement, and the density r taken from the

literature, and reported in the table.

Previous measurements are available for four of the

materials studied here: EMI–Tf2N, EMI–BF4, BMI–FeCl4
and EMI–EtSO4.

EMI–Tf2N. Our datum (35.2 dyn cm21) is in approximate

agreement with ref. 10 {34.7(27)}, and is substantially lower

than reported in ref. 3 and 4 {41(20);3 39(25)4}. We believe

these two high values are incorrect. We see almost no ambient

humidity effect on the surface tension of EMI–Tf2N.

EMI–BF4. Our datum for EMI–BF4 (44.3 dyn cm21) is

substantially lower than reported in ref. 8 {54.4 (25)8}. The

prior high value is consistent with our own measurements

in a humid atmosphere (52 dyn cm21 in Table 3), and is also

probably attributable to insufficient drying precautions.

EMI–EtSO4. Our datum for EMI–EtSO4 (42.5 dyn cm21) is

substantially lower than reported in ref. 2 {48.79(25)2}. The

prior high value is more consistent with our own measure-

ments under ambient (humid) conditions (52.4 dyn cm21), and

appears to be similarly attributable to insufficient drying

precautions.

BMI–FeCl4. Our datum for BMI–FeCl4 (44.9 dyn cm21)

agrees within experimental error with that in ref. 7

{46.51 (20)7}.

Several earlier studies on the effect of water addition on the

physical properties of ionic liquids are worth discussing. Sung

et al.31 have measured the surface tension of mixtures of water

and the hydrophilic ionic liquid BMI–BF4. They report an

almost fixed c y 43 dyn cm21 from the neat IL up to sub-

stantial water content, with a shallow peak (c y 44 dyn cm21)

between 90% and 95% molar fraction of water. At increasing

water content there is a sharp drop to a minimum (c y
40 dyn cm21) at 98.3% molar fraction of water, and then a

rapid rise to the surface tension of pure water (y72 dyn cm21).

The absence of an increase in the surface tension upon

slight hydration of the pure salt is noteworthy. In contrast,

Fitchett et al.32 have seen large variations on the electrical

conductivity and viscosity in 1-alkyl-3-methylimidazolium

bis(perfluoroalkylsulfonyl) imide salts, following from the

modest levels of hydration possible in these hydrophobic

liquids. For instance, water-equilibrated C6MI–Tf2N contains

1.2% (w) water (22% molar fraction), but shows 70% of the

viscosity and 112% of the electrical conductivity of the dry IL.

These authors rationalize those effects on viscosity by the ideal

mixing rule m = j1m1+ j2m2, where the ji are component molar

fractions. Noteworthy is the fact that, due to the large

disparity in the molecular weight of water and the ionic

liquids studied, the water-equilibrated ILs contain very little

mass but a substantial molar concentration of water. Finally,

Table 7 in ref. 1 includes c data on water-equilibrated salts.

Almost no effect of hydration is seen in BMI–PF6 and BMI–

Tf2N, while C6MI–PF6 and C8MI–PF6 exhibit a retrograde

effect, which is substantial in the case of C6MI–PF6 (chumid =

36.8 dyn cm21; cdry = 43.4 dyn cm21).

We have studied neither BMI–BF4, nor PF6 salts, but there

is an evident conflict between our finding of a strong effect of

slight hydration on c for all hydrophilic liquids investigated,

and the opposite conclusion for BMI–PF6 in ref. 31. Possible

explanations for this discrepancy are that (i) either BMI–BF4 is

far less hydrophilic than EMI–BF4, or (ii) that the surface of

the ‘‘dry’’ BMI–BF4 was contaminated by atmospheric water

vapor at a concentration almost independent of the water

content of the bulk liquid. This surface concentration is

probably fixed by slow diffusion of the surface water into the

bulk. This would explain qualitatively the surprising slight

effect of water concentration on surface tension, because

diffusion of water through the gas into the surface is surely

more effective than diffusion away from the surface into the

(drier) bulk liquid. There is no mention in ref. 31 of any drying

precautions taken during the surface tension measurement.

The study was based on a DuNuoy Tensiometer (Surface

Tensionmat, Fisher) with a platinum ring with a mean

circumference of 6 cm, and this apparatus is not readily

handled inside a glove box. Furthermore, the c value reported

of 43 dyn cm21 is almost as high as what we find for dry EMI–

BF4, while the larger cation in BMI would lead one to expect

smaller c values. Prior literature gives both high and low values

for the surface tension of BMI–BF4, as shown in Table 1. The

lower value obtained by Law and Watson5 (c y 41 dyn cm21

at 20 uC) was also based on a surface tensiometer, but they

introduced it into a metal cell, and noted that ‘‘The cell …

insulated the sample from variations in the laboratory

environment.’’ Their low measured value therefore supports

the hypothesis (ii) that the dry sample of ref. 31 was not

completely dried, but also indicates only a minor variation

from a fully dried sample (c y 41 dyn cm21 at 20 uC in ref. 5)

to a less perfectly dried sample (c y 43 dyn cm21 at 20 uC in

ref. 31) for the case of BMI–BF4.

Prior work of Bueno and Fernandez de la Mora33 has shown

that Taylor cones of ionic liquids with electrical conductivities

K near or above 1 S m21 act as sources of pure ions in a

vacuum provided their room temperature surface tension

reaches a threshold value of about 40 dyn cm21 (the value for

EMI–TfO). Liquids such as EMI–Tf2N with comparable K but

lower c tend to emit a mixture of drops and ions, with a mass

flux dominated by the drops and a comparable current for

drops and ions. As shown in Fig. 2, all the liquids investigated
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here except for EMI–Tf2N fall above this critical surface

tension, and are therefore expected to be pure ionic emitters.

The number of potential candidates to exhibit this interesting

behavior has therefore increased from just two (EMI–BF4 and

EMI–TfO) up to 11 (though the Taylor cones of EMI–EtSO4

and BMI–Au(CN)2 may need to be operated above room

temperature in view of their limited ambient electrical

conductivity34).

Fig. 2 collects all of our surface tension data as a function of

molar volume v. The selection of this horizontal variable is

relatively arbitrary, but not entirely so. Corresponding state

principle considerations35 indicate that cvc
2/3/kT = F(T/Tc),

where vc and Tc are the critical values for the molar volume

and the temperature, respectively. F is a function of the single

variable T/Tc for which several expressions have been

proposed.10,35 Given empirical information on the temperature

dependence of c for the various substances examined together

with information on their critical volumes, one could attempt a

much better correlation than attained in Fig. 2. However, the

effort of assembling such information is particularly challeng-

ing in the case of ionic liquids, whose negligible volatility

makes it rather difficult to determine vapor liquid equilibria.10

As long as v/vc and T/Tc take equal or similar values at room

temperature for all the substances studied, it would make sense

to expect a collapse of all our data into a single curve in Fig. 2.

We cannot hope this equality to hold, so, it is not surprising to

see several groups of points instead of a single curve. Most

noticeable is the series of all salts containing the cyanide group

and having molar volumes below 180 cm3. They all lie in a

single curve, which includes also approximately the three

substances studied having the lowest surface tensions: EMI–

TfO, EMI–EtSO4 and EMI–Tf2N (far to the right). The two

salts containing cyanide groups whose volumes exceed 180 cm3

[EMI–C(CN)3 and BMI–Au(CN)2] exhibit anomalously

high surface tensions for their large molar volume. They fall

approximately in line with the group of salts with metal

tetrachloride cations, all of which also exhibit both large molar

volumes and large surface tensions.

4. Conclusions

The room temperature surface tension of several highly con-

ducting ILs has been characterized with relatively little sample

consumption by the capillary rise method. It is important to

keep the interface dry, as y20% increases in c may result from

atmospheric water uptake in the case of hydrophilic ILs. We

have not quantified bulk water content following our vacuum

drying procedure at room temperature. The bulk ILs may

accordingly retain some traces of water, which are known to

have significant electrochemical and other bulk effects. In spite

of this uncertainty about the bulk, we have argued that the

surface is dry because the gas surrounding it is completely dry,

while diffusion rates of water from the surface into the gas are

much faster than from the liquid (perhaps imperfectly dried)

into the surface. Our surface tension measurements correspond

therefore to a perfectly dry surface.

A number of materials have been identified enjoying surface

tensions in excess of that of EMI–BF4 (c = 44.3 dyn cm21),

with a record high corresponding to DMI–N(CN)2 (c =

61.6 dyn cm21).

Many of the materials studied enjoy both high electrical

conductivity and high surface tension, and appear as first-rate

candidates for ion generation from Taylor cones in vacuo.

Appendix: Gravitational corrections in the capillary

rise method

We consider the case of wide enough capillaries where the

meniscus is not necessarily spherical and eqn (3) does not hold.

One can then compute the meniscus shape, and from it derive

more general expressions relating s/r to measurable quantities

(s is the surface tension in the notation of this Appendix).

Let po be the pressure at the gas, and p that in the liquid.

p = po 2 rgz, where the level z = 0 is chosen at the liquid

level in the large container. The reason for this choice is that,

at this free surface, there is almost no curvature, and hence

no pressure jump between liquid and gas. Using now the

expression relating the pressure jump across the meniscus and

the curvature:

1

r

d

dr

rz0

1zz02ð Þ1=2
~

rgz

s
, (g1)

where z is understood as a function of r, z(r), giving the

meniscus shape, and z9 = dz/dr. Note that z and r are

cylindrical coordinates (vertical coordinate and radial distance

to the axis). For the purpose of minimizing the number of

independent variables, we introduce dimensionless variables

j~
r

L
(g2)

y~
z{h

L
(g3)

L~
s

rgh
(g4)

l~
s

rgh2
(g5)

where the characteristic length L is chosen such as to make the

value of the right hand side of eqn (g1) equal to unity in

eqn (g6), eqn (g3) chooses the origin of the variable y to be

right at the minimum of the meniscus (z = h), and y9 = dy/dj:

1

j

d

dj

jy0

1zy02ð Þ1=2
~1zly (g6a)

Fig. 2 Surface tension versus molar volume for the ILs investigated.
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This equation needs to be solved numerically with initial

conditions

y9 = y = 0 at j = 0. (g7)

Generally the meniscus height d is of the order of the

characteristic length (s/rg)1/2, while h is much larger. Hence, l

will typically be small (unless one uses wide capillaries). In the

limit when l = 0, eqn (g6) can be integrated once into:

jy0

1zy02ð Þ1=2
~j2=2, (g6b)

and once more (after expressing y9 as a function of j) to yield

the known spherical shape

y/2 = 1 2 (1 2 j2/4)1/2 (l = 0). (g8)

In general, eqn (g6b) can be integrated numerically to yield a

function

y = y(j, l) (g9)

One could compare this function with experimental values,

and the simplest approach is to use just the value of the

function at the edge of the capillary r = R, where y = d/L and

j = R/L. Then, the experimental quantity d/R is given

theoretically as

d/R = y(j, l)/j (g10)

It is hence convenient to make a graph of the function

y(j, l)/j vs. j for several l values y(j, l)/j = F(j, l).

Similarly we know experimentally the quantity h, and one

can easily see that

R/h = lj (g11)

Now, from the experimentally known quantities d/R and R/h

we can determine the two parameters j, l, and from them the

surface tension as

s~
rgRh

j
(g12)

This must be done iteratively. First one assumes l = 0, and

reads j from the graph d/R = F(j, l). With this value and

eqn (g11) one finds l and enters again into the graph d/R =

F(j, l) to read a new value of j. Two such iterations will

generally suffice, fixing j and therefore allowing the deter-

mination of the surface tension from eqn (g12). It is clear that

the first iteration (l = 0) gives exactly the same thing we would

have obtained by ignoring gravitational effects, so that the

ratio of the final j value to this initial value is the gravitational

correction.
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Surface tension measurements of highly conducting ionic liquids

W. Martino, J. Fernandez de la Mora, Y. Yoshida, G. Saito and J. Wilkes

Green Chem., 2006, 8, 390–397 (DOI: 10.1039/b515404a)

The following transcription errors have been identified in Table 3 of the abovementioned article: c for EMI–BF4 is 46.7 dyn cm21.

The first three numbers in the row for EMI–TfO are incorrect, the correct values being cosh 5 0.973; h 5 20.74 mm; c 5

39.6 dyn cm21. Finally, in the row for EMI–N(CN)2 the correct value for h is 40.2 mm. We are grateful to Mr Carlos Larriba for

noticing slight inconsistencies between the table and eqn (1).

Mr Larriba has also reexamined some of the prior measurements and discovered that the surface tension of vacuum dried DMI–

N(CN)2 decreases through the measurement process over a time scale of 15 min, to reach a final value of 53.3 dyn cm21 at 23 uC.

The apparent reason for this behavior is that the liquid is not properly dried under vacuum at room temperature (possibly due to

the fact that it melts above room temperature, though it seems to remain liquid). However, because the meniscus region is

surrounded by a dry gas during the experimental procedure, it slowly dries during the measurement. The new lower surface tension

therefore is the correct one for a dried sample. The conclusion that DMI–N(CN)2 has the highest surface tension of the group

studied remains true, but the singularly high value reported of 61.6 dyn cm21 must be discarded.

The Royal Society of Chemistry apologises for these errors and any consequent inconvenience to authors and readers.

Additions and corrections can be viewed online by accessing the original article to which they apply.

ADDITIONS & CORRECTIONS www.rsc.org/greenchem | Green Chemistry

398 | Green Chem., 2006, 8, 398 This journal is � The Royal Society of Chemistry 2006

D
ow

nl
oa

de
d 

on
 0

7 
N

ov
em

be
r 

20
10

Pu
bl

is
he

d 
on

 3
0 

M
ar

ch
 2

00
6 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/B
60

38
38

G
View Online

http://dx.doi.org/10.1039/B603838G


D
ow

nl
oa

de
d 

on
 0

7 
N

ov
em

be
r 

20
10

Pu
bl

is
he

d 
on

 3
0 

M
ar

ch
 2

00
6 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/B
60

38
39

P
View Online

http://dx.doi.org/10.1039/B603839P


D
ow

nl
oa

de
d 

on
 0

7 
N

ov
em

be
r 

20
10

Pu
bl

is
he

d 
on

 3
0 

M
ar

ch
 2

00
6 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/B
60

38
39

P
View Online

http://dx.doi.org/10.1039/B603839P

