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COMMUNICATION www.rsc.org/greenchem | Green Chemistry

Dissolution of cork biopolymers in biocompatible ionic liquids

Helga Garcia,†a Rui Ferreira,†a Marija Petkovic,a Jamie L. Ferguson,b Maria C. Leitão,a

H. Q. Nimal Gunaratne,b Kenneth R. Seddon,a,b Luı́s Paulo N. Rebeloa and Cristina Silva Pereira*a,c

Received 28th October 2009, Accepted 4th December 2009
First published as an Advance Article on the web 5th January 2010
DOI: 10.1039/b922553f

Classically, the best attempts to separate suberin from cork
biopolymers have resulted in low efficiency; here, we report
a class of biocompatible and biodegradable cholinium-
based ionic liquids, the cholinium alkanoates, which show
a highly efficient and specific dissolution of the suberin
domains from cork biopolymers.

Worldwide, the annual production of cork, which is the external
bark of Quercus suber L., is 300 000 tonnes, half of which
forms the basis of the Portuguese cork manufacturing industry.1

Cork is a remarkable biocomposite, showing a very specific
combination of properties, such as elasticity, compressibility,
low permeability of liquids and significant chemical/microbial
resistance;2 there is thus a significant interest in suberin (its
major component) as a valuable source of property-enhancing
additives.3 The conventional pre-treatment of cork4 removes
the soluble components (extractives), but leaves an essentially
insoluble matrix (extractive-free, or refined, cork) whose main
components are polysaccharides, “lignin-like” poly(phenolics)
and suberin (~20, ~30 and ~50 wt%, respectively).5 Suberin
is a complex cross-linked polymer composed of aromatic and
aliphatic domains.6 The former domain is relatively similar to
lignin, and possesses a very complex structure comprising units
of hydroxycinnamic acid and, to a minor extent, monolignols
(p-coumaryl, coniferyl and sinapyl alcohols); the latter domain
is composed mostly of units of C16–C26 hydroxyacids that are
primarily linked via ester bonds to glycerol.2,7 This means that,
structurally, cork has a strong relationship with lignocellulosic
materials.

Ionic liquids exhibit a set of unique and astonishing proper-
ties, such as negligible vapour pressure, bulk non-flammability,
and high thermal and chemical stability. Because their ther-
mophysical and chemical properties can be fine-tuned through
slight alterations to the cations, anions or both, they can address
very specific requirements.8 A major industrial interest in ionic
liquids is the dissolution and processing of cellulose, which has
been successfully achieved with some 1,3-dialkylimidazolium
ionic liquids.9,10 The basis of their outstanding solvation be-
haviour results from their Coulombic environment,8 and is

aInstituto de Tecnologia Quı́mica e Biológica, Universidade Nova de
Lisboa, Apartado 127, 2781-901, Oeiras, Portugal.
E-mail: spereira@itqb.unl.pt
bThe Queen’s University Ionic Liquid Laboratories (QUILL), The
Queen’s University of Belfast, Belfast, UK BT9 5AG
cInstituto de Biologia Experimental e Tecnológica, Apartado 12,
2781-901, Oeiras, Portugal
† Equally contributing authors.

thought to be due to an ionic liquid’s ability to disrupt
intermolecular hydrogen bonding networks and interact with the
hydroxyl groups of cellulose.9,11 However, the scope of possible
applications of 1,3-dialkylimidazolium ionic liquids is restricted
due to their cost, toxicity12 and/or environmental persistence
due to the non-biodegradability13 of the imidazolium ring.

Refined cork has been reported to be insoluble in many
common solvents,3 but its apparent similarities with other
lignocellulosic materials suggest that it might be soluble in tailor-
made ionic liquids. Here, we report the first example of refined
cork dissolution by ionic liquids. Moreover, the ionic liquids
selected are both biocompatible and biodegradable.

Learning from both previous experience of the dissolution
of lignocellulosic materials, and the extant toxicological and
biodegradation data of ionic liquid cations and anions, a
test group of ionic liquids was selected by combining three
different cations (1-ethyl-3-methylimidazolium [C2mim]+,
1-butyl-3-methylimidazolium [C4mim]+ and cholinium
[N111C2H4OH]+) and six different anions. The effect of the
anion was studied by focusing initially on chloride, ethanoate
and lactate anions, and, in the case of the cholinium ionic
liquids,14 on a further three alkanoates.

Cork samples were initially ground to a fine powder, and the
soluble cork extracts (extractives) were removed as previously
described by Gil et al.4 Prior to the dissolution tests (all
performed in triplicate), the ionic liquid and refined cork powder
were vacuum dried in order to remove water. The ionic liquid
(ca. 1.6 g) was added to the refined cork powder (ca. 0.025 g)
(ionic liquid : cork ª 2 : 1 v/v) and the mixture held at 100 ◦C
(which is below the degradation temperature of all the ionic
liquids) without any stirring for 4 h. The dissolution was then
stopped by adding an excess of de-ionised water (ca. 20 cm3),
and the insoluble residue was recovered by filtration and dried.
Under these conditions, in separate experiments, no significant
decomposition was detected for either the cork or the ionic
liquids.

Attenuated total reflectance Fourier transform infrared
(ATR-FTIR) spectroscopy has successfully been used for cork
characterisation, and consequently it has been selected here
for qualitative assessment of the dissolution process.2,5,6 These
studies determined quite precisely the infrared absorption
features of the primary components of refined cork:

Suberin: 2921, 2852, 1737, 1242, 1158 and 724 cm-1.
Lignin: 1511, 855 and 819 cm-1.
Polysaccharides: 1092 and 1034 cm-1.
The samples of refined cork powder prepared for this study,

both before and after heating, correspond exactly to these
literature data.

This journal is © The Royal Society of Chemistry 2010 Green Chem., 2010, 12, 367–369 | 367
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ATR-FTIR analyses of the cork residue after its extraction
by ionic liquids from the 1,3-dialkylimidazolium family are
presented in Fig. 1. Neither [C2mim]Cl nor [C4mim]Cl were
able to dissolve significant amounts of the refined cork, even
though they have been previously observed to enable significant
dissolution of polysaccharides in lignocellulosic composites.11,15

However, replacing the chloride with various carboxylate anions,
namely lactate ([lac]-) and ethanoate, caused the dissolution
efficiency to increase significantly. The latter was more efficient
and led to a greater dissolution of the aromatic suberin (Fig. 1,
shown by the decreasing intensity of the peaks at 1737, 1242
and 1158 cm-1). Both anions led to a small solubility of the
polysaccharides, as illustrated by the changes in the intensity of
the peaks at 1092 and 1034 cm-1.

Fig. 1 ATR-FTIR spectra of the insoluble cork fraction after treatment
with different 1,3-dialkylimidazolium ionic liquids. The vertical lines
represent the major cork components: suberin (S), lignin (L) and
polysaccharides (P).

The results for the cholinium, [Me3NCH2CH2OH]+

or [N111C2H4OH]+, salts are presented in Fig. 2 and
Table 1. The cholinium ethanoate showed, relative to the
1,3-dialkylimidazolium ionic liquids, a significant increase in
dissolution of the refined cork, especially of the aromatic
suberin component. The lack of efficiency of the lactate anion
relative to the ethanoate (cork weight losses of 20.7 and 39.7%,
respectively) is unsurprising as the lactate anion is less basic than
the ethanoate anion. Further support for this simple concept
is that the cholinium alkanoates of increasing alkyl chain
length (ethanoate, butanoate, hexanoate) showed augmented
dissolution efficiency since the basicity of the anion increases
with chain length (Table 1).

Table 1 Data on the dissolution efficiency of refined cork in a range of
cholinium alkanoates, [N111C2H4OH]Y. The pKa values of the conjugate
acid of the anion of each ionic liquid is also presented

Y- Esolv (%)a STDb pKa (HY)

[O2CMe]- 39.7 2.5 4.76
[O2CPr]- 44.1 10.8 4.84
[O2CCHMe2]- 55.1 5.8 4.83
[O2CC5H11]- 64.9 7.9 4.85
[lac]- 20.7 4.1 3.86

a Extraction efficiency, Esolv (%) = 100 ¥ (mcork, t = 0 - mcork, t = 4 h)/mcork, t = 0.
b STD = standard deviation.

Fig. 2 (a) ATR-FTIR spectra of the cork residue after treatment with
different cholinium ionic liquids. (b) An expansion of the ATR-FTIR
spectra of the cork residue after treatment with cholinium hexanoate.
The vertical lines represent the major cork components: suberin (S),
lignin (L) and polysaccharides (P).

The efficiency of the anions can be ranked as follows (Table 2).
The dissolution efficiency tracks the pKa values of the

conjugate acid of the anion, chloride being the least efficient.

Table 2 The extraction efficiency of four cholinium ionic liquids

Anion [O2CMe]- < [O2CPr]- < [O2CCHMe2]- < [O2CC5H11]-

Cork weight loss 40% < 44% < 55% < 65%

368 | Green Chem., 2010, 12, 367–369 This journal is © The Royal Society of Chemistry 2010
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This contrasts with the dissolution of cellulose in ionic liquids,
which shows no such correlation and appears to be more
associated with the ability of the anion to disrupt the hydrogen-
bonded matrix. The lack of any of obvious steric effect here may
be a reflection of the porosity of the cork.

The dissolution of cork by [N111C2H4OH][O2CMe],
[N111C2H4OH][O2CPr], [N111C2H4OH][O2CCHMe2] and
[N111C2H4OH][O2CC5H11] resulted, progressively, in a remark-
able reduction (Fig. 2) of the intensity of the bands due to the
aromatic (1242, 1158 and 1737 cm-1) and aliphatic (2921, 2852
and 724 cm-1) suberin component in the insoluble cork residue.
The peak at 1737 cm-1 (associated with the carbonyl stretch of
the ester groups) was virtually absent in the case of hexanoate,
with concomitant formation of a small shoulder at 1712 cm-1.
This effect has been reported to be possibly associated with the
formation of acidic cork decomposition products.5

To eliminate the possibility that dissolution was due to
hydrolysis of the ionic liquid, control tests were performed using
the conjugate acids of the ionic liquids’ anions. Butanoic and
hexanoic acids (pure and dried with molecular sieves) were
tested, resulting in a weight loss of 10.3 and 17.2% respectively,
and no evident alterations were observed in the ATR-FTIR
spectra.

The cholinium family of ionic liquids present a very low
toxicity,16 especially to some eukaryotic organisms (e.g., ref.
17), due to the benign nature of the cation and its high
biodegradation potential.18 The toxicity (i.e., growth inhibition
effect17) of [N111C2H4OH][O2CPr], [N111C2H4OH][O2CCHMe2]
and [N111C2H4OH][O2CC5H11] towards P. corylophilum, which
has been previously demonstrated to show a moderate sus-
ceptibility to several ionic liquids,17 were evaluated here. They
exhibited very low inhibitory capacities, with MIC values of 150,
250 and 62.5 mM, respectively. The biodegradation of the most
efficient system was then evaluated under aerobic conditions.
After four weeks of incubation, the residual concentration
of [O2CC5H11]- in P. corylophilum cultures was <12%, as
determined by liquid chromatography. The biodegradation of
the anion was confirmed by 1H NMR spectroscopy and shown
by the disappearance of the anion peaks in the spectrum relative
to the cation.

The biocompatible and biodegradable cholinium hexanoate
ionic liquid appears to be the most promising solvent for refined
cork dissolution, particularly with respect to the separation of
large quantities of suberin. Taking advantage of their synthetic
tunability,8 there is clearly a huge potential for developing and
exploring even more efficient systems. Nevertheless, the results
reported here are almost an order of magnitude more efficient
than any system reported so far, whether it be molecular or
ionic.
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5-(Hydroxymethyl)furfural, levulinic acid, ethyl levulinate
and butyl levulinate are produced by the solvolysis of 5-
(chloromethyl)furfural (CMF). Since CMF can be derived
in high yield from sugars, cellulose, or lignocellulosic
feedstocks, the process described here presents an efficient
entry into the value-added manifold of biomass-derived
products of relevance to the organic materials and fuel
industries.

As and when the global petroleum economy draws to a close,
the portfolio of derived products from biomass will need to
diversify in order to satisfy feedstock requirements across a
range of markets. Bioethanol and biobutanol, for example,
have primarily uses as fuel oxygenates, and can be used in the
production of biodiesel from vegetable oil, but they can also
be dehydrated to give the major industrial feedstocks ethylene
and 1-butene. Similarly, biogenic methane can be catalytically
converted into methanol which, like ethanol and butanol, can be
used to prepare biodiesel, but can also be submitted to oxidative
coupling processes to give ethylene and higher olefins.1-3 Yet
as versatile as these mainstream biomass derivatives are, they

Department of Chemistry and Bioenergy Research Group, University of
California, Davis, 1 Shields Avenue, Davis, CA, 95616, USA

Scheme 1

cannot cover the breadth of chemical feedstock classes available
from petroleum.

Recently, we described the digestion of sugars, cellulose,
or cellulosic biomass with hydrochloric acid in a biphasic
reactor which resulted in the isolation of a mixture of 5-
(chloromethyl)furfural 1 (CMF) and levulinic acid 2 in up to
95% combined yield (Scheme 1).4 The major product of the
reaction is by far CMF 1, which accounts for between 70 and
90% of the organic material isolated, depending on the feedstock
loading, while levulinic acid comprises less than 10% of the
product mixture.

While our earlier work focused on CMF 1 as a precur-
sor to the new generation biofuels 5-(ethoxymethyl)furfural
3 and 5-methylfurfural 4 by reaction of 1 with ethanol and
hydrogen, respectively,5 in this report we describe the effi-
cient conversion of CMF 1 into the value-added products 5-
(hydroxymethyl)furfural 5 (HMF), levulinic acid 2 (LA), ethyl
levulinate 6a (EL) and n-butyl levulinate 6b (BL) by reaction
with water or alcohols at elevated temperatures.

HMF 5 is a versatile platform chemical for the synthe-
sis of a wide range of industrially important materials, in-
cluding biofuels.6 For example, 5 is a starting material in
Dumesic’s approach to the production of biomass-derived
hydrocarbons.7 It can also be reduced to 2,5-dimethylfuran
7 or 2,5-dimethyltetrahydrofuran 8, both high energy liquids
which have been proposed as fuel additives.8 HMF 5 is also

370 | Green Chem., 2010, 12, 370–373 This journal is © The Royal Society of Chemistry 2010
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Scheme 2

a precursor to the polyester monomer furan-2,5-dicarboxylic
acid 9, a molecule that has the distinction of appearing on the
list of Top Value-Added Chemicals From Biomass published
by the US Department of Energy’s National Renewable Energy
Laboratory (NREL). This list of twelve, mainly sugar-derived
products was assembled in order to identify major opportunities
for “the production of value-added chemicals from biomass
that would economically and technically support the production
of fuels and power in an integrated biorefinery, and identify
the common challenges and barriers of associated production
technologies.”9 Finally, the core structure of 5 also appears in
the blockbuster antiulcer drug Ranitidine (Zantac R©) 10.

Although HMF 5 can be prepared from fructose in good
yield,10 fructose itself is sourced from the food chain, and it
would be far too expensive to produce 5 on an industrial
scale in this manner. Interestingly, a report as far back as
1912 describes the hydrolysis of 1 to 5 in unspecified yield.11

This paper was cited by Haworth and Jones in 1944 in their
repetition of the procedure,12 which again lacked experimental
detail. We thus undertook a careful study of this conversion
with the benefit of modern analytical techniques. The results
are quantified as shown in Scheme 2. Thus, under optimized
conditions (hydrolysis in boiling water for 30 s), HMF 5 is
produced in 86% yield from 1 alongside 10% LA 2. Formation
of the latter product 2, observed across a range of conditions,
appears to be unavoidable in this reaction. In the case, however,
where LA 2 is actually the desired product, it can be produced
with high efficiency (see below).

LA 2, like furan-2,5-carboxylic acid 9, also appears on the
NREL Top 12 Value-Added Chemical list.9 In its candidate
summary biography, LA 2 is referred to as “one of the more
recognized building blocks available from carbohydrates,” the
derivatives of which “address a number of large volume chemical
markets.” These derivatives include levulinate esters and 2-
methyltetrahydrofuran (fuel additives), d-aminolevulinic acid
(herbicide), and b-acetylacrylic acid, diphenolic acid and 1,4-
pentanediol (polymer building blocks).9 The technical barrier
to development of an LA-based chemical intermediate trade is
indicated to be the moderate selectivity of the process used to
derive LA 2 from biomass.

When CMF 1 is heated for longer periods in water, the amount
of LA 2 grows at the expense of HMF 5, but even after 15 h
reflux the reaction is not complete, and increasing amounts of
decomposition products (dark solids) are seen to accumulate.
The addition of acid to the reaction mixture increases the initial

rate of the conversion, such that after only 30 s heating in
dilute HCl the ratio of LA to HMF approaches 1 : 1. However,
sampling the reaction mixture at subsequent intervals shows
little in the way of further progress over the course of the
next hour. Heating CMF in water at temperatures >100 ◦C
in a closed vessel was also shown to accelerate the reaction, and
it was by a combination of higher temperature and acid catalysis
that a high yielding route to 2 was first developed. Thus, heating
1 in dilute HCl at 150 ◦C for 5 h gave a 94% isolated yield
of LA. In an attempt to further shorten the reaction time, the
temperature was raised to 190 ◦C, which resulted in the complete
conversion of 1 into 2 within 20 minutes without the need for
additional acid (Scheme 3).

Scheme 3

When CMF 1 is stirred with ethanol at room temperature,
5-(ethoxymethyl)furfural 3 is produced in high yield.5 As was
the case with the CMF 1 to HMF 5 conversion, more severe
conditions shift the product distribution from the substituted
furan toward the levulinate. Thus, heating CMF 1 in ethanol at
160 ◦C for 30 min gave EL 6a in 85% isolated yield (Scheme 4).

Scheme 4

The analogous reaction of 1 with n-butanol at 110 ◦C for
2 h likewise gave BL 6b (Scheme 5). In the conversion of C6

furfurals to levulinates, there is a loss of a one-carbon fragment
at the formate oxidation state, i.e. formic acid in the hydrolysis of
CMF 1 or the corresponding formate ester in the alcoholysis. In
the reactions in Schemes 3 and 4, no attempt was made to recover
the formic acid or ethyl formate by-products. In the reaction
with n-butanol, however, n-butyl formate 11 (BF) was isolated
in approximately equal amounts to that of butyl levulinate 6b,
although it could not be completely separated from the excess
butanol by distillation.13

Scheme 5

This journal is © The Royal Society of Chemistry 2010 Green Chem., 2010, 12, 370–373 | 371

D
ow

nl
oa

de
d 

by
 L

om
on

os
ov

 M
os

co
w

 S
ta

te
 U

ni
ve

rs
ity

 o
n 

30
 O

ct
ob

er
 2

01
0

Pu
bl

is
he

d 
on

 1
5 

D
ec

em
be

r 
20

09
 o

n 
ht

tp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/B
91

89
22

J
View Online

http://dx.doi.org/10.1039/B918922J


Table 1 Yields of value-added products from carbohydrate and
biomass feedstocks determined as the following expression: (yield of
CMF 1 and LA 2 from either glucose, sucrose, cellulose, or corn
stover)4 ¥ (yield of HMF 5, LA 2, EL 6a, BL 6b, or BF 11 from CMF 1)

feedstock

derivative glucose sucrose cellulose corn stover

HMF 5 (LA 2)a 70.0 (12.6) 77.3 (14.2) 72.0 (13.6) 69.1 (15.8)
LA 2a 78.7 87.1 81.5 81.0
EL 6ab 72.7 80.5 75.2 74.6
BL 6b c(BF 11) 72.4 (70.4) 80.2 (77.8) 74.9 (72.4) 74.4 (69.5)

a The LA 2 yield is a combination of that produced by both reactions.
b Assumes conversion of both CMF 1 and LA 2 into EL 6a in the same
percent yield. c Assumes conversion of both CMF 1 and LA 2 into BL
6b in the same percent yield.

If the results in Scheme 2–5 are superimposed upon the high
yields of CMF 1 and LA 2 from glucose, sucrose, cellulose,
and corn stover recently described by our group,4 the overall
yield of value-added products from these substrates can be
reckoned as shown in Table 1. To our knowledge, these levels of
conversion from carbohydrate feedstocks are largely unrivalled
in the literature.

While a comprehensive review of developments in the area
of biomass conversion cannot be given here, the results given in
Table 1 can be shown to compare favorably to approaches to LA
2 and HMF 5 at the forefront of the field. Thus, a recent report
by Yong and co-workers described the conversion of glucose
into HMF 5 in up to 81% yield (by GC and NMR analysis)
using a chromium(II) catalyst and N-heterocyclic carbene ligand
system.14 However, the method requires the use of expensive
1-butyl-3-methylimidazolium chloride ([BMIM]Cl) ionic liquid
as the solvent. Practical questions remain about this process,
not least of which being the activity of the catalytic system
after multiple cycles. Along the same lines, Dumesic and co-
workers have published a study in which HMF 5 is derived
from glucose with 53% selectivity at high conversion in 60%
aqueous DMSO in a biphasic reactor.15 While promising, the
separation of DMSO from the HMF product remains an issue.
Most recently, Binder and Raines have shown that corn stover
can be processed directly into HMF 5 in 48% yield (by HPLC
analysis) in a medium loaded with 10 mol% CrCl3, 10 mol%
HCl, and 60 wt% [EMIM]Cl in N,N-dimethylacetamide-LiCl
solution.16

As concerns LA 2, although a multitude of routes have been
described over the years, the highest yields to date from biomass
are claimed for the “Biofine Process,” a two-stage protocol
involving high pressures and temperatures, for which yields
of between 70–80% of 2 are reported.17 The technology we
have developed, however, operates under substantially milder
conditions and is more versatile with respect to product output,
i.e. includes furfurals such as 3, 4, and 5 and their derivatives.

In conclusion, we have described a simple, efficient processes
for the conversion of biomass-derived 5-(chloromethyl)furfural
1 into the mainstream value-added products 5-(hydroxymethyl)
furfural 5, levulinic acid 2, ethyl levulinate 6a and butyl levulinate
6b, which may be applied to a variety of purposes in the materials
and fuel industries that would otherwise involve the expenditure
of petroleum. We foresee a time when CMF 1 may emerge as

a central organic platform chemical, and biphasic acid/solvent
carbohydrate digesters as the method of choice for exploiting
cellulosic biomass.

Experimental

Hydrolysis of CMF 1 to HMF 5

CMF 1 (0.9490 g, 6.565 mmol) was added in a single portion
to boiling water (900 mL) in a 2 L round-bottomed flask
with fast stirring. After 30 s the reaction was quickly cooled
to room temperature in an ice/water bath. The mixture was
extracted with ethyl acetate (5 ¥ 100 mL), the aqueous layer
was saturated with sodium chloride, and extraction with ethyl
acetate was continued (5 ¥ 100 mL). The combined organic
extracts were dried (MgSO4) and the solvent was evaporated.
Column chromatography (silica, 1 : 1 Et2O–CH2Cl2) gave HMF
5 (0.7137 g, 86.2%) and LA 2 (0.0751 g, 9.9%).

Hydrolysis of CMF 1 to LA 2

A 150 mL sealed glass vessel was charged with CMF (0.9889 g,
6.84 mmol) and water (30 mL) and the mixture was heated in
an oil bath at 190 ◦C with stirring for 20 min. The reaction was
allowed to cool to room temperature and filtered. The filtrate was
extracted with ethyl acetate (5¥100 mL), the aqueous layer was
saturated with sodium chloride, and extraction with ethyl acetate
was continued (5¥100 mL). The combined organic extracts were
dried (MgSO4) and the solvent was evaporated to give LA 2
(0.7248 g, 91.2 %).

Ethanolysis of CMF 1 to EL 6a

A 150 mL sealed glass vessel was charged with CMF (3.1662 g,
21.90 mmol) and absolute EtOH (80 mL) and the mixture was
heated in an oil bath at 160 ◦C with stirring for 30 min. The
reaction was allowed to cool to room temperature and the excess
ethanol was evaporated. Chromatography (silica, 1 : 1 hexane–
ethyl acetate) gave EL 6a (2.6746 g, 84.7%).

Butanolysis of CMF 1 to BL 6b and BF 11

A solution of CMF (9.2211 g, 63.79 mmol) in n-BuOH (50 mL)
was heated at 110 ◦C with stirring for 2 h. Distillation gave a
mixture of BF 11 (5.65 g, 86.7%) and n-BuOH (16.40 g) (by
NMR integration) between 104–110 ◦C and BL 6b (9.2770 g,
84.4%) between 90–91 ◦C at 2 Torr.
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Azide–alkyne [3+2] cycloaddition “click reaction” was
found to be a simple yet improved approach for the efficient
immobilization of oxo–vanadium(IV) tridentate Schiff base
complexes to mesoporous silica via covalent attachment as
it occurred under mild reaction conditions and provided
high catalyst loading compared to the direct immobilization
of oxo–vanadium(IV) tridentate Schiff base complex to 3-
chloropropylsilyl functionalized silica support.

Immobilization of metal complexes onto the surfaces of solid
supports is highly desirable in the development of reusable
catalysts.1 Most importantly, the immobilization strategy used
for linking metal complexes to supports must be mild, give quan-
titative conversion, preserve the chemical integrity/functional
activity of the metal complex and prevent the leaching of the
complex from the support during the reaction. Immobilization
methods that are often used for the attachment of metal
complexes to a surface either involve non-covalent interactions
based on physical adsorption2 or direct covalent immobilization
to chemically functionalized activated supports.3 However, these
methods suffer from certain drawbacks such as lower catalyst
loading on the support, use of excess metal complex and harsh
reaction conditions. Recently, the Cu(I)-catalyzed azide–alkyne
reaction4 ‘click chemistry’ has, owing to its simplicity, mild
reaction conditions, quantitative conversions and high tolerance
of functional groups, proved to be one of the most powerful tools
for covalent attachment between appropriately functionalized
molecules or their ligation to solid supports via a 1,2,3-triazole
linkage.5 Although, this approach has extensively been used
for the functionalization of surfaces with biomolecules,6 few
reports are known for the immobilization of metal complexes
using the click reaction.7 The present paper describes the
synthesis of a silica-immobilized oxo–vanadium(IV) tridentate
Schiff base complex via covalent attachment using the click

aProcess Engineering Applied Chemistry and Biotechnology Division,
Indian Institute of Petroleum, Dehradun, India 248005. E-mail: suman@
iip.res.in
bCatalytic Conversion and Process Division, Indian Institute of
Petroleum, Dehradun, India 248005. E-mail: asinha@iip.res.in
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of Science, Jadavpur, Kolkata, India 700032
† Electronic supplementary information (ESI) available: IR spectra
of the materials 3, 4, 6; low angle XRD of 4 and 6; nitrogen-
sorption isotherm and pore-size distribution of 4 and 6. See DOI:
10.1039/b917382j

reaction (Fig. 1, A), a mild ligation strategy providing high
catalyst loading compared to the direct immobilization of oxo–
vanadium(IV) tridentate Schiff base to chloro-functionalized
silica support (Fig. 1, B).

Fig. 1 Covalent immobilization of oxo–vanadium(IV) tridentate Schiff
base complex to silica support via click method A and direct immobi-
lization B.

For this purpose, we prepared a large (>5 nm) pore-size
(3-azidopropyl) functionalized mesoporous SBA-15 support 3
(0.62 mmol N3 per g) (ESI, Fig. S1†).6a The TEM of the (3-
azidopropyl) functionalized mesoporous SBA-15 support 3 is
shown in Fig. 2. The required oxo–vanadium(IV) tridentate

Fig. 2 TEM of azidopropyl-functionalized mesoporous SBA-15
support 3.
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Schiff base 1 was prepared from 2,4-dihydroxybenzaldehyde,
2-aminoethanol and vanadyl acetylacetonate following the lit-
erature procedure.8 Attachment of the oxo–vanadium complex
1 to azido-functionalized silica 3 could be achieved in an easy
two step sequence: propargylation of 1 gave rise to 2, which, on
subsequent copper(I) iodide (5 mol%) catalyzed [3+2] azide–
alkyne cycloaddition with azido-functionalized mesoporous
silica 3 resulted in covalently attached silica-immobilized oxo–
vanadium Schiff base 4 with high catalyst loading (Scheme 1,
upper path) as evidenced by the reduced intensity of the
typical IR absorbance band of the azide in the functionalized
mesoporous silica (2106 cm-1) (ESI, Fig. S2†). The obtained
dark brown colored solid 4 was separated by filtration, washed
thoroughly with acetonitrile, dichloromethane, dried and then
soxhlet extracted in acetonitrile for 8 h. The prepared meso-
porous silica immobilized oxo–vanadium Schiff base complex 4
was characterized by IR, elemental analysis, XRD, nitrogen-
sorption and thermogravimetric analysis (TGA). Low-angle
XRD analysis showed a clear prominent peak at 2q = 0.86◦

with d (100) spacing of 10.0 nm, confirming the hexagonal
mesoporous structure of the silica support material (ESI,
Fig. S3†). The nitrogen-sorption analysis showed a narrow
pore-size distribution with mean pore-size of 7.0 nm (ESI,
Fig. S4†). The material had 440 m2 g-1 surface area and
0.53 cc/g pore volume (cc/g = cubic centimetres per gram),
which is considerably lower in comparison to that observed
for pristine mesoporous silica support (1.1 cc/g pore volume
and 910 m2 g-1 surface area), indicating considerable loading
of the complex inside the mesopores. The covalent attachment
of oxo–vanadium complex 2 to the mesoporous silica supports
3 was judged by IR spectroscopy as it exhibits a sharp band
at 961 cm-1 characteristic to the V=O and a lower shift from
1669 to 1661 cm-1 of the band corresponds to the C=N of the
Schiff base. In addition, the disappearance of a band at 3300 cm-1

characteristics to the acetylenic C–H further reveals the covalent
attachment of complex 2 to the silica support. The observed
percentage (2.8%) of nitrogen in elemental analysis suggests the
loading of Schiff base per gram of silica to be 0.33 mmol g-1.9

Scheme 1 Immobilization of oxo–vanadium(IV) tridentate Schiff base
1 complex to the mesoporous silica support.

The percentage of vanadium in the prepared catalyst was
estimated by thermogravimetric analysis (TGA) under an oxy-
gen atmosphere. The catalyst 4 started losing weight at ca. 75–
150 ◦C, probably due to the loss of coordinated DMF molecules
(and other adsorbed species) followed by maximum weight loss
between 200–450 ◦C probably due to the decomposition of
ligand moiety. However, the stability of final residue at ca. 900–
950 ◦C revealed the formation of V2O5 at the end and by its

weight we estimated the approximate percentage of vanadium
ions to be 1.7%.10

In order to establish the superiority of the click reaction,
we prepared silica-immobilized vanadium Schiff base 6 by the
direct reaction of 3-chloropropylsilyl functionalized silica 5
(0.52 mmol g-1) with oxo–vanadium Schiff base 1 (Scheme 1,
lower path). Again, the covalent attachment of complex 1 with
silica support 5 was confirmed by the presence of sharp IR bands
at 961 characteristic of the V=O; 1657 cm-1 corresponds to the
C=N band and the disappearance of bands at 961 characteristic
of the V=O, 1657 cm-1 corresponds to the C=N band and the
disappearance of phenolic band at 3219 cm-1 (ESI, Fig. S5†).
The material did not show a well-defined XRD peak in the
low angle region indicating poorly formed mesopores (ESI,
Fig. S6†), and nitrogen sorption analysis showed a very broad
pore-size distribution and low surface area of 390 m2 g-1 (pore
volume: 0.79 cc/g) (ESI, Fig. S7†). The TGA analysis revealed
the approximate percentage of vanadium to be 0.08%, indicating
the lower catalyst loading in comparison to catalyst 4, prepared
via a click reaction. Further, direct immobilization of complex
1 to the silica support 5 required a four-fold excess of expensive
metal complex and occurred under stringent reaction conditions.
However, the click method required a nearly equivalent amount
of metal complex, proceeded under mild reaction conditions
and afforded better catalyst loading. These facts establish the
superiority of the click method over existing methods known
for the immobilization of metal complexes to the solid supports.

The catalytic potential of the prepared catalyst 4 was tested for
oxidation of sulfides 7 using aq. TBHP as oxidant (Scheme 2).
A variety of sulfides were oxidized using aq. TBHP (2.5 mmol)
as oxidant in presence of a catalytic amount of silica supported
oxo–vanadium Schiff base 4 (1 mol%) in acetonitrile at 60 ◦C
under N2 atmosphere. At the end of the reaction (monitored by
TLC) the catalyst was separated from the reaction mixture by
simple filtration, washed thoroughly with acetonitrile and reused
for subsequent experiments. The obtained filtrate was subjected
to the usual workup to afford the corresponding oxidized prod-
uct. All the substrates were efficiently and smoothly converted
to the corresponding sulfones 8 in near quantitative yields. The
results of these experiments are summarized in Table 1. We also
compared the catalytic activity of the immobilized catalyst 4 with
6 and its corresponding homogeneous oxo–vanadium Schiff
base 1 by carrying out the oxidation of diphenyl sulfide under de-
scribed reaction conditions (Table 1, entry 1). Although catalytic
efficiency of immobilized Schiff bases 4 and 6 were found to be
comparable with homogeneous catalyst 1, the facile recovery
as well as recycling ability of immobilized complexes makes
them superior catalysts. The oxidation of diphenylsulfide in the
presence of unfunctionalized silica (before loading vanadium
Schiff base) using aq. TBHP as oxidant under described reaction
conditions did not occur even after prolonged reaction time (6 h)
and unreacted substrate could only be recovered at the end of the

Scheme 2 Oxidation of sulfides using catalyst 4.
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Table 1 Oxidation of sulfides using catalyst 4a

Entry Sulfide 7 Catalyst Sulfone 8 Reaction time/h Yield (%)b

1 4 3.0 98
6 3.5 96
1 2.5 98

2 4 3.5 97

3 4 2.5 98

4 4 2.75 98

5 4 3.5 98

6 4 4.5 98

7 4 4.5 97

8 4 6.5 95

9 4 5.0 62

a Reaction conditions: sulfide (1 mmol), aq. TBHP (2.5 mmol), catalyst (1 mol%), acetonitrile (3 ml) at 60 ◦C under N2 atm. b Isolated yields.

reaction. Similarly, the addition of the catalytic amount of the
CuI and azido functionalized silica 3 to the reaction mixture
containing diphenylsulfide and aq. TBHP did not give any
oxidized product under similar reaction conditions. Reaction of
propargyl bromide with 3-azidopropyltrimethoxysilane in the
presence of the catalytic amount of CuI (5 mol%) gave free
triazole moieties of the similar structure, which are known to
bind copper. Addition of diphenylsulfide and aq. TBHP in
the above mixture did not give any oxidation product under
similar reaction conditions. Similarly, the combination of the
catalytic amounts of unfunctionalized silica, CuI, free 1,2,3-
triazole and homogeneous oxo–vanadium Schiff base 1, when
added to the reaction mixture containing diphenylsulfide and
aq. TBHP and continued the reaction under similar reaction
conditions, was found to proceed, albeit affording a lower yield
of the corresponding sulfone (80%).

Next, the recyclability and reusability of immobilized catalyst
4 was checked by using the diphenyl sulfide as a model substrate.
At the end of the reaction the catalyst was recovered by simple
filtration, washed thoroughly with acetonitrile, dried and reused
for subsequent experiments (six runs) by adding fresh substrate
and oxidant under similar reaction conditions. In all cases
reaction times and yield (98%, 98%, 97%, 97%, 97%, 96%)
of the desired product remained almost same, establishing the
recyclability and reusability of the immobilized oxo–vanadium
Schiff base 4. In a controlled blank experiment, no oxidation
of diphenyl sulfide occurred in the absence of catalyst under

otherwise similar experimental conditions. Similarly the reaction
was found to be very slow at room temperature, yielded the
mixture of sulfoxide and sulfone however at 60 ◦C sulfones were
obtained exclusively in near quantitative yields.

To check the leaching, the immobilized catalyst 4 in acetoni-
trile was stirred at 60 ◦C for 3 h. The supported catalyst was then
removed by the filtration of the hot solution and the filtrate thus
obtained was charged with diphenyl sulfide and aq. TBHP. No
oxidation occurred under similar reaction conditions even after
prolonged reaction time (5 h). Also the selected filtrate samples
during the recycling experiments were analyzed by inductive
coupled plasma atomic emission spectroscopy (ICP-AES) and
no solvated vanadium could be detected (0.1 ppm detection
limit), which established that there was no leaching and the
reaction is truly heterogeneous in nature.

In summary, we demonstrated that click chemistry is a simple
yet improved approach to immobilization of oxo–vanadium(IV)
tridentate Schiff base to azido-functionalized mesoporous silica
in high yields. We believe that the key advantages of click
chemistry such as simplicity in use and high efficiency in terms of
better catalyst loading without using excess of reagents or metal
under mild reaction conditions will definitely open a wide scope
in developing reusable catalysts for organic transformations.

We are thankful to Director, IIP, for his kind permission to
publish these results. DST is acknowledged for funding. BS is
thankful to CSIR for his research fellowship. BSR acknowledge
IIP for his fellowship.
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Notes and references
‡ The melting points were determined in open-capillaries on a Buchi
apparatus and are uncorrected. The 1H and 13C NMR spectra were
recorded on a Bruker Avance 300 Spectrometer in CDCl3 with CHCl3

(7.27 ppm for 1H, 77 ppm for 13C) as a standard and the chemical
shifts are expressed in d parts per million relative to tetramethylsilane
(TMS) as the internal standard. The IR spectra were recorded on
a Perkin-Elmer FT-IR X 1760 instrument. Elemental analyses were
done by using ASTM D-3828 (Kjeldhal method). Analyses of metal
content (for leaching experiments) were carried out by using inductively
coupled plasma atomic emission spectrometer (ICP-AES, PS-3000UV)
by Leeman Labs.
Preparation of propargylated oxo–vanadium(IV) tridentate Schiff base 2:
Oxo–vanadium(IV) tridentate Schiff base 1 (2.3 g, 5.0 mmol) was added
in the stirred mixture of Na2CO3 (40 mmol, 4.02 g) in DMF (30 mL).
Propargyl bromide (80 wt% in toluene, 12 mL, 10 mmol) was added
dropwise slowly and the resulting mixture was heated at 80 ◦C for 8 h.
The solvent was removed under reduced pressure and the residue was
dissolved in dichloromethane (30 ml). The organic layer was washed with
brine solution (20 mL ¥ 3) and water. The organic layer was dried over
anhydrous MgSO4 and concentrated under reduced pressure. The dark
brown solid thus obtained was dried under vacuum for 5 h. IR (cm-1):
3283, 2953, 1659, 1590, 1544, 1232, 984. ESMS (M + CH3COO-): 488.
Preparation of organo-functionalized mesoporous silica supports 3 and 5:
Mesoporous silica materials with a large pore size of 10 nm were synthe-
sized to accommodate the bulky Schiff base complexes using a triblock-
copolymer template EO20PO70EO20 (MWn ca. 5800), tetraethylorthosili-
cate as silica source, and a hydrothermal synthesis method. Mesoporous
SBA-15 material functionalized with 3-azidopropylsilyl groups, 3,
was prepared by adding (3-azidopropyl)trimethoxysilane (4 mol%)
during the synthesis of mesoporous silica materials (0.62 mmol g-1).
Mesoporous silica functionalized with 3-chloropropylsilyl groups, 5, was
prepared by adding (3-chloropropyl)trimethoxysilane (4 mol%) during
the synthesis of mesoporous silica materials. The percentage of chloro-
functionalization in the prepared material 5 was determined by elemental
analysis which was found to be 0.52 mmol g-1. During the synthesis of
mesoporous SBA-15 materials templates have been removed by soxhlet
extraction in ethanol for 24 h.
Immobilization of propargylated oxo–vanadium(IV) Schiff base 2 to
mesoporous silica 3 via click chemistry: To the solution of propargylated
oxo–vanadium(IV) Schiff base (0.53 g, 1.25 mmol) in dry DMF (25 ml)
was added azido-functionalized mesoporous silica (0.62 mmol g-1, 2.0 g,
1.24 mmol), CuI (5 mol%), Et3N (1.0 ml). The resulting suspension
was vigorously stirred at 50 ◦C for 24 h under nitrogen. The progress
was checked by IR as it showed the reduction of N3 band (2106 cm-1).
After completion, the silica-supported catalyst 4 was filtered off and
washed thoroughly with acetonitrile, dried and then removed by soxhlet
extraction in acetonitrile for 8 h and dried under vacuum for 5 h,
yield 2.20 g (84%). IR (cm-1): 2994, 1661, 1441, 1391, 1083, 961,
802. TG weight loss to final oxide: found 1.7% (calculated 2.1%).
Nitrogen percentage (N2%) determined by elemental analysis: found
2.8% (calculated 3.5%).
Immobilization of oxo–vanadium(IV) Schiff base 1 to mesoporous silica
5 via direct method: To the stirred suspension of mesoporous silica 5
(0.52 mmol g-1, 2.0 g, 1.04 mmol) and NaH (0.12 g, 5 mmol) in dry
DMF (15 ml) was added dropwise a solution of oxo–vanadium Schiff
base 1 (1.21 g, 2.48 mmol) in dry DMF (10 ml) over the period of 15 min.
The resulting mixture was refluxed for 30 h under nitrogen atmosphere.
The resulting silica supported catalyst was separated via filtration and
washed thoroughly with acetonitrile, methanol, dried and then subjected
to soxhlet extraction in acetonitrile for 8 h and dried under vacuum for
5 h, yield 1.5 g (57%). IR (cm): 2962, 1657, 1498, 1439, 1419, 1088, 961,
798.
General experimental procedure for oxidation of sulfides: To the stirred
mixture of sulfide (1 mmol) and aq. 70% TBHP (2.5 mmol) in acetonitrile

(3 ml) was added catalyst (1 mol%) under N2 atmosphere. The resulting
mixture was kept at 60 ◦C for the times reported in Table 1. Progress of
the reaction was monitored by TLC. After completion, the catalyst was
separated by filtration and washed with acetonitrile, dichloromethane
and dried under vacuum for further use. The filtrate was concentrated
under reduced pressure and the residue dissolved in dichloromethane
(10 ml). The organic layer was washed with water (2 ¥ 15 ml), dried over
anhydrous MgSO4 and concentrated to yield the corresponding sulfone.
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A reactor capable of improving the utilization of biomass-
derived carbon during thermochemical conversion to syn-
thesis gas is demonstrated experimentally. By co-processing
hydrogen-deficient biomass (H/C~2) with hydrogen-rich
feedstocks (H/C≥4) through catalytic partial oxidation,
100% of the fuel carbon atoms fed to the reactor can be
converted to CO.

Liquid hydrocarbons are appealing for their high energy density
and ease of storage. Collectively, these characteristics are unique
to carbon-rich liquid fuels produced almost entirely from
petroleum. Biomass, the only source of renewable carbon,
represents the only sustainable feedstock for the production
of carbon-rich fuels.1 It will, therefore, become important to
develop processes that effectively utilize all of the biomass-
derived carbon. No commercial process capable of converting
biomass into useful fuels and chemicals, without significant
carbon losses to char or CO2, exists presently because of process
or thermodynamic constraints.2,3

Thermochemical conversion of biomass to synthesis gas, a
mixture of H2 and CO, is a route for the production of synthetic,
carbon-rich liquid fuels. The gasification of biomass by partial
oxidation, used commercially to make synthesis gas, produces
some combustion products in an overall exothermic, char-free
reaction.

(CH2O)n + mO2 → wH2 + xCO + yH2O + zCO2 (1)

With existing technology, only ~50% of biomass carbon is
converted to CO, and the remainder is emitted as CO2.4 Ideally,
gasification would convert 100% of the carbon in biomass to
CO, eliminating the generation of CO2.

CO yields can be improved by co-feeding CO2 with biomass
and O2. The addition of CO2 favors a reverse water-gas shift
(RWGS), increasing CO production at the expense of molecular
hydrogen.

H2 + CO2 � H2O + CO (2)
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MN, 55455, USA. E-mail: schmi001@umn.edu; Fax: +1 612-626-7246;
Tel: +1 612-625-9391
bDepartment of Chemical Engineering, University of Massachusetts
Amherst, 686 North Pleasant Street, Amherst, MA, 01003, USA.
E-mail: dauenhauer@ecs.umass.edu
† Electronic supplementary information (ESI) available: Experimental
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However, CO2 addition under typical biomass gasification
conditions does not provide the thermodynamic driving force
necessary to convert all of the biomass-derived carbon to CO.
To overcome this thermodynamic limitation, H2 must be co-
fed into the reaction, supplying the energy needed to drive the
RWGS reaction, as discussed in greater detail by Xiaoding et al.5

The addition of molecular hydrogen to traditional biomass
processes has been considered for improving product quality and
yield by improving carbon utilization and increasing product
H2/CO ratios.6-8 It has also been considered as a method
for mitigating CO2 emissions by chemical reduction, rather
than sequestration.5,9 With advancing technologies, H2 may
ultimately be obtained from alternative sources such as elec-
trochemical or photochemical conversion of water.1,10 However,
until more efficient technologies are developed for producing
H2, inexpensive hydrocarbons rich in hydrogen, such as natural
gas or biogas, may be exploited as a cheap hydrogen source.

We hypothesize that biomass partial oxidation with CO2

addition can be exploited to recover all fuel carbon atoms as
CO by generating molecular hydrogen in situ from hydrogen-
rich sources (Fig. 1). Previously, we have shown that through
a process called reactive flash volatilization, cellulose can be
rapidly converted to synthesis gas by catalytic partial oxida-
tion (CPO) over Rh-based catalysts without the formation
of char.11,12 The results presented here suggest that biomass
reforming, CH4 reforming and water-gas shift reactions (WGS)
can be integrated into one catalytic reactor stage. Our results
show that a mixture of cellulose (a biomass surrogate), CO2, and
CH4 can be converted to synthesis gas with no char formation
and >100% yield of CO, defined here to be the ratio of the moles
of CO produced to the moles of carbon in the fuel feed.

Fig. 1 A possible schematic of the proposed process. An optimum
process design would require, among other things, a coupled economic
and process analysis, and detailed product specifications. Furthermore,
depending on the CO2 source, recycling may not be preferred.

The relevant feed ratios for experimental consideration were
predicted by calculating the adiabatic equilibrium of all possible
feed combinations of carbohydrates (cellulose), CH4, air and

378 | Green Chem., 2010, 12, 378–380 This journal is © The Royal Society of Chemistry 2010
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CO2 (the calculation algorithm is presented in Section 2 of the
ESI†). Under the considered carbon fuel feed ratios of 0.25 <

C(C6H10O5)n /CCH4
< 1.00, there exists a distinct division (Fig. S1 of

the ESI†) between the operating conditions that generate CO2

and a region for which there is no net generation of CO2 from
the fuel.

This complex chemistry can only occur rapidly with hetero-
geneous catalysts, at high temperatures, near adiabatic reactor
conditions, where there is no steady build-up of surface coke.
There also exists a distinct set of reactor feed ratios for which no
solid graphitic or amorphous carbon is predicted at equilibrium
(Fig. S2 of the ESI†).

Under feed conditions where the fuel carbon is not converted
to CO2 or solid carbon, the carbon is converted to CO. Therefore,
the overlap of these two regions on the ternary diagram in
Fig. 2 depicts a narrow region of feed conditions that will
permit CO yields >100% through catalytic biomass and CH4

co-processing. These inlet concentrations minimize complete
fuel combustion and result in temperatures higher than those
at which methanation and carbon formation occurs (~500 ◦C).
Details of the calculations that were used to construct Fig. 2 can
be found in the ESI.†

Fig. 2 An operating diagram derived from adiabatic equilibrium
calculations for the CPO of cellulose and CH4 at four constant feed ratios
in air with no pre-heat, and varying air/fuel and air/CO2 ratios over all
possible concentrations. The results (re-normalized without N2) describe
a regime of operation where solid carbon is not a thermodynamic
product and there is zero net generation of CO2, corresponding to CO
yields of >100%. Details of the calculations and the assembly of this
figure can be found in the ESI.†

The results predicted by these equilibrium calculations were
tested in experiments conducted with 300 mm cellulose particles
with CH4, O2, CO2 and N2 in a 20 mm ID quartz reactor
tube over a Rh–Ce/g-Al2O3 catalyst supported on a 6 cm bed
of 1.3 mm diameter a-Al2O3 spheres (inset, Fig. 3; described
in detail elsewhere13†). The Rh–Ce/g-Al2O3 catalyst was se-
lected for its high WGS and reforming activity, and stability.14

Temperatures measured at 20 and 40 mm below the front of

the catalyst surface ranged from 850–1125 ◦C, depending on
the operating conditions and the position in the catalyst bed.
Complete conversion to synthesis gas and combustion products
with no observable char or tar formation was observed at a
<30 ms gas residence time under continuous operation for all of
the experiments reported.

The selectivity to CO in the reactor effluent showed that
increasing the concentration of CO2 in the absence of CH4

co-feed had a weak effect on CO yield, consistent with the
thermodynamic calculations represented by the dashed lines
in Fig. 3. Alternatively, increasing the concentration of CH4

in the absence of CO2 co-feed significantly improved the CO
yield, increasing the selectivity to CO from 19 to 62% for
C(C6H10O5)n /CCH4

feed ratios of • and 1, respectively. Furthermore,
increasing the concentration of CO2 with high concentrations of
CH4 increased the CO yield by as much as 34% at the ratio
C(C6H10O5)n /CCH4

= 1. At CO2/O2 = 3.76 and CH4/O2 = 0.6, the
system approached a CO yield of 100%, indicating a zero net
generation of CO2 in the reactor.

Fig. 3 Fuel carbon selectivity to CO rapidly approaches equilibrium-
predicted concentrations (dashed lines) in the reforming of cellulose at
a constant flow rate of 50 g h-1 and a fuel carbon to oxygen from O2

ratio (C/O) of 0.6, while varying the ratio of the two fuels (cellulose and
CH4), N2/O2 and CO2/O2. At CO2/O2 = 3.76 and CH4/O2 = 0.6, the
system approached CO yields of 100%.

Selected experimental (experiments 1–5) and theoretical (cal-
culations 6–10) results are presented in Table 1. The results from
experiment 5 show a condition with >100% CO yield in the
laboratory reactor, indicating complete conversion of carbon in
cellulose and CH4, and partial conversion of CO2 carbon to CO.

The theoretical data presented in calculation 9 of Table 1
shows a condition with ~100% CO yield and a H2/CO ratio of
1.46, compared to a H2/CO ratio of 1 for traditional biomass
gasification. The theoretical data presented in calculation 10
shows >130% CO yield, compared to ~50% for traditional
biomass gasification, which can be achieved at a cost to the
product H2/CO ratio.

This process works by co-reforming carbohydrate pyrolysis
vapors with CH4 and CO2 in one heat-integrated catalyst bed.

This journal is © The Royal Society of Chemistry 2010 Green Chem., 2010, 12, 378–380 | 379
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Table 1 Selected experimental and theoretical (italics) data for the millisecond CPO of cellulose and CH4 with CO2 additiona

Experiment/calculation 1 2 3 4 5 6 7 8 9 10

Parameters
Catalyst bed length/mm 60 60 60 60 60 — — — — —
C/O ratio 0.6 0.6 0.6 0.6 0.6 0.82 0.79 1.00 0.91 0.70
C(C6 H10 O5 )n /CCH4

• 5 2 1 0.5 0.50 0.25 0.75 0.25 0.5
CH4/O2 ratio 0 0.2 0.4 0.6 0.8 1.09 1.27 1.14 1.45 0.93
CO2/O2 ratio 0 0.91 1.86 2.81 3.76 1.81 1.59 0.57 0.31 2.6
N2/O2 ratio 3.76 2.86 1.91 0.95 0 3.76 3.76 0 0 0
Cellulose flow/g h-1 50 50 50 50 50 — — — — —
Results
T/◦C
20 mm 1061 1108 1040 1056 1139 — — — — —
40 mm 1018 965 897 916 985 — — — — —
Adiabatic — — — — — 652 643 895 892 953
H selectivity (%)
H2 14.9 27.4 26.3 23.7 29.6 63.9 66.4 74.9 83.6 36.6
H2O 85.1 72.6 72.9 74.1 68.8 33.7 29.3 25.0 16.2 63.3
C selectivity (%)
CO yieldb 19.5 43.0 71.3 94.5 107.6 100.9 101.6 101.6 101.4 131.4
CO2 80.5 57.0 28.2 3.9 -8.7 -2.8 -5.4 -1.7 -1.5 -31.4
CH4 0 0 0.5 1.6 1.1 1.8 3.7 0.0 0.1 0.0

Residence time/ms 28.1 23.4 19.1 13.7 9.3 — — — — —
Mass velocity/h-1 43.0 51.6 64.5 86.1 129.1 — — — — —
H2/CO ratio 0.74 0.55 0.46 0.40 0.41 1.02 1.15 1.11 1.46 0.45
Synthesis gas yield (%) 6.5 16.1 27.5 40.0 51.1 41.6 42.8 85.1 89.6 65.1

a Details of the calculations and assumptions that went into the assembly of this table can be found in the ESI. b The results for CO selectivity are
identical to CO yield because there is always 100% conversion of the cellulose to C1 products in the reactor.

The high temperatures generated in the oxidation zone allow
rapid heat conduction through the catalyst support, powering
endothermic pyrolysis at the front of the catalyst and reforming
within the catalyst bed, eliminating char generation.13,15 The
CPO of CH4 in similar reactors has been shown to readily form
CO and H2, a crucial step that provides the H2 necessary to drive
the RWGS reaction (eqn 1).16

Experiments show a rapid approach to equilibrium with min-
imal heat loss, validating the use of adiabatic equilibrium calcu-
lations to model reactor operation, as noted by the experiments
and calculations presented in Fig. 3. The calculations indicate
at least 20% lower CO selectivities are achieved for certain feeds
with independent carbohydrate and CH4 reforming, showing the
importance of co-reforming CH4 and biomass in one integrated
reaction system (Table S2 of the ESI†). Similar results could
be achieved with three reactors individually undergoing CH4

CPO, carbohydrate reforming and product gas equilibration by
water-gas shift. However, this arrangement is considerably more
complex and increases the overall process cost.

Our research demonstrates for the first time that equilibrated,
adiabatic, char-free biomass processing by co-feeding CH4 at
specific concentrations produces 100% carbon recovery as CO.
Future research will focus on the mechanisms of the RWGS
reaction in the presence of biomass-derived oxygenate CPO,
as well as hydrogen-coupling by CH4 decomposition, both of
which are currently unknown. Utilizing the benefit of this reactor
scheme requires considerable process design in conjunction
with full biomass life-cycle and economic analysis. Finally,
although lignocellulosic biomass has been experimentally shown
to yield similar results to a pure cellulose feedstock,11 in-depth
experiments assessing the long-term effect of ash on catalyst site
deactivation must be performed.

Acknowledgements

This research was partially supported by the Initiative for
Renewable Energy and the Environment (IREE) at the Uni-
versity of Minnesota, the US Department of Energy (DOE), the
National Renewable Energy Laboratory (NREL) and the 3M
Corporation.

Notes and references
1 G. W. Huber, S. Iborra and A. Corma, Chem. Rev., 2006, 106, 4044–

4098.
2 C. Schubert, Nat. Biotechnol., 2006, 24, 777–784.
3 A. V. Bridgwater, Chem. Eng. J., 2003, 91, 87–102.
4 R. D. Perlack, L. L. Wright, A. F. Turhollow, R. L. Graham,

B. J. Stokes, D. C. Erbach, Biomass as Feedstock for a Bioenergy
and Bioproducts Industry: The Technical Feasibility of a Billion-Ton
Annual Supply, Oak Ridge National Laboratory, Oak Ridge, TN,
USA, DOE/GO-102005-2135, 2005.

5 X. Xu and J. A. Moulijn, Energy Fuels, 1996, 10, 305–325.
6 R. Shinnar and F. Citro, Science, 2006, 313, 1243–1244.
7 R. Agrawal, N. R. Singh, F. H. Ribeiro and W. N. Delgass, Proc.

Natl. Acad. Sci. U. S. A., 2007, 104, 4828–4833.
8 D. Hildebrandt, D. Glasser, B. Hausberger, B. Patel and B. J. Glasser,

Science, 2009, 323, 1680–1681.
9 B. C. Gates, G. W. Huber, C. L. Marshall, P. N. Ross, J. Siirola and

Y. Wang, MRS Bull., 2008, 33, 429–435.
10 R. Agrawal and N. R. Singh, AIChE J., 2009, 55, 1898–1905.
11 P. J. Dauenhauer, B. J. Dreyer, N. J. Degenstein and L. D. Schmidt,

Angew. Chem., Int. Ed., 2007, 46, 5864–5867.
12 J. R. Salge, B. J. Dreyer, P. J. Dauenhauer and L. D. Schmidt, Science,

2006, 314, 801–804.
13 J. L. Colby, P. J. Dauenhauer and L. D. Schmidt, Green Chem., 2008,

10, 773–783.
14 A. Donazzi, B. C. Michael and L. D. Schmidt, J. Catal., 2008, 260,

270–275.
15 P. J. Dauenhauer, J. L. Colby, C. M. Balonek and L. D. Schmidt,

Green Chem., 2009, 11, 1555–1561.
16 D. A. Hickman and L. D. Schmidt, Science, 1993, 259, 343–346.

380 | Green Chem., 2010, 12, 378–380 This journal is © The Royal Society of Chemistry 2010

D
ow

nl
oa

de
d 

by
 L

om
on

os
ov

 M
os

co
w

 S
ta

te
 U

ni
ve

rs
ity

 o
n 

30
 O

ct
ob

er
 2

01
0

Pu
bl

is
he

d 
on

 0
8 

Ja
nu

ar
y 

20
10

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/B

92
03

87
G

View Online

http://dx.doi.org/10.1039/B920387G


COMMUNICATION www.rsc.org/greenchem | Green Chemistry

Palladium-catalysed Grignard cross-coupling using highly concentrated
Grignards in methyl-tetrahydrofuran†

Edward J. Milton and Matthew L. Clarke*

Received 13th October 2009, Accepted 25th November 2009
First published as an Advance Article on the web 12th January 2010
DOI: 10.1039/b921026a

The cross-coupling of Grignard reagents at 5 molar concen-
tration in methyl-tetrahydrofuran with no added reaction
solvents can be achieved with the appropriate matching
of catalyst to substrate, significantly reducing solvent use
when compared to a typical protocol in tetrahydrofuran.
Me-THF was also used in an improved microwave acceler-
ated synthesis of the [Pd(L)Cl2] pre-catalysts from sodium
tetrachloropalladate in very high yield.

Palladium-catalysed cross-couplings are now very widely used
in both academic and industrial synthesis. There are many
studies where important breakthroughs in the cross-coupling
of low-reactivity electrophilic partners such as aryl chlorides
have become possible after optimisation of ligand structure.1

On the other hand, our interest has been the investigation of
problematic nucleophiles in cross-coupling catalysis,2 and as part
of this effort, we turned our attention to the Grignard cross-
coupling (Kumada coupling).3 There are certainly examples
where the use of Grignard reagents, one of the most economical
nucleophiles, creates difficulties. An obvious potential problem
is reduced functional group tolerance, but there are also reports
that suggest problems with low yields and increased homo-
coupling for these nucleophiles on a given substrate relative to
organo-zinc or organoborane nucleophiles.

Grignard cross-couplings typically use solutions of Grignard
reagents in the increasingly environmentally unacceptable sol-
vent, tetrahydrofuran (THF) at concentrations of between 1
and 2.5 molar, often with an added reaction solvent. Most
Grignard reagents are not soluble at higher concentrations.
At the end of a typical cross-coupling procedure, additional
organic solvents (generally diethyl ether) have to be added prior
to quenching with water, since THF is miscible with water.
The products are then isolated from the Mg salts by washing
with organic solvent, and then generally further purified. There
has been increasing interest in the THF surrogate, methyl-
tetrahydrofuran (Me-THF) as it can be produced from waste
biomass, and has some desirable features relative to THF.4 Me-
THF has been reported to be more stable to acids, and to be a
better solvent for Grignard reagents allowing more concentrated
solutions to be used. In addition, Me-THF is not miscible with
water which suggests less solvent can be used in the work-up

School of Chemistry, University of St Andrews, EaStCHEM, St
Andrews, Fife, UK. E-mail: mc28@st-andrews.ac.uk; Fax: (44) 1334
463808; Tel: (44) 1334 463850
† Electronic supplementary information (ESI) available: Experimental
procedures. See DOI: 10.1039/b921026a

stage and energy-intensive clean-up of aqueous waste streams
can be reduced. Me-THF is more expensive than THF, in part
due to not being produced in such large quantities, but we felt
that if solvent usage during cross-coupling could be reduced
significantly then the protocols would have very significant
environmental and economic advantages relative to traditional
procedures. Grignard synthesis or cross-coupling reactions in
Me-THF are not a new invention4 since this solvent has been
slowly gaining popularity in industrial research, but to the best
of our knowledge, no report has evaluated a range of commonly
employed Pd catalysts in Grignard cross-coupling under the
rather challenging conditions that enable reduced solvent usage.
In this communication, we report that Grignard cross-coupling
is possible at 5 molar concentration with no added reaction
solvents and using reasonably low catalyst loadings.

We predominantly focussed on ferrocene-type ligands, since
dppf has a strong track record in Kumada and Negishi cross-
coupling.5 More recently, 1,1¢-ditert-butylphosphinoferrocene
(dtbpf) has been found to be a very good ligand in difficult
Pd-catalysed Suzuki reactions,5b giving superior activity relative
to dppf and 1,1¢-bis-diisopropylphosphino-ferrocene (dippf).
Johnson Matthey have developed this chemistry to a synthet-
ically useful level and sell [PdCl2(L)] complexes of the above lig-
ands. 1-Ditert-butyl-1¢diphenylphosphino-ferrocene (dtbdppf)
has barely been studied in cross-coupling or organometallic
chemistry, something that we also wished to rectify. An improved
synthesis of [Pd(L)Cl2] complexes was first devised (Scheme 1)
that benefits from simplicity and reduced solvent usage, elim-
inates the need to convert simple Pd salts to [PdCl2(PhCN)2]
using excess PhCN, and the subsequent ligand displacement
encountered in the most common method for synthesising
[PdCl2(P∧P)] complexes. Equimolar amounts of Na2[PdCl4] and
diphosphine are simply treated with Me-THF–MeCN solvent
(Me-THF–MeCN = 30 : 1) and heated using microwave heating
at 140 ◦C for 10 min. The desired complexes precipitate on
cooling and are filtered and then washed with water. Yield and
purity are very high.

Scheme 1 Microwave accelerated synthesis of [PdCl2(L)] pre-catalysts
direct from Na2PdCl4 in Me-THF.

This journal is © The Royal Society of Chemistry 2010 Green Chem., 2010, 12, 381–383 | 381
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Table 1 Grignard cross-coupling at high concentration: ligand effectsa

Entry Aryl halide Grignard reagent L in [PdCl2/Ln] T/◦C Time/h Starting material (%) Product (%)

1 2-bromo-4-fluoro-anisole PhMgBr dppf 50 2 19 76
2 2-bromo-4-fluoro-anisole PhMgBr dippf 50 2 60 20
3 2-bromo-4-fluoro-anisole PhMgBr dtbpf 50 2 61 30
4 2-bromo-4-fluoro-anisole PhMgBr dtbdppf 50 2 28 56
5 2-bromo-4-fluoro-anisole PhMgBr dppe 50 2 21 71
6 2-bromo-4-fluoro-anisole PhMgBr dppb 50 2 19 75
7 2-bromo-4-fluoro-anisole PhMgBr dppp 50 2 1 96
8 4-bromo-anisole PhMgBr dppp 50 2 78 22
9 4-bromo-anisole PhMgBr dippf 50 2 33 67
10 4-bromo-anisole PhMgBr dtbpf 50 2 76 24
11 4-bromo-anisole PhMgBr dppf 50 2 54 46
12 4-bromo-anisole PhMgBr dtbppf 50 2 40 60
13 4-(Me2N)C6H4Br PhMgBr dppp 55 6 39 61
14 4-(Me2N)C6H4Br PhMgBr dippf 55 6 51 49
15 4-(Me2N)C6H4Br PhMgBr dtbpf 55 6 59 41
16 4-(Me2N)C6H4Br PhMgBr dppf 55 6 37 63
17 4-(Me2N)C6H4Br PhMgBr dtbppf 55 6 77 23
18 4-(CF3)C6H4Cl PhMgBr dippf 75 6 15 82
19 4-(CF3)C6H4Cl PhMgBr dtbpf 75 6 74 13
20 4-(CF3)C6H4Cl PhMgBr dppf 75 6 25 93
21 4-(CF3)C6H4Cl PhMgBr dtbppf 75 6 7 75
22 2-bromo-4-fluoro-anisole 4-(CF3)C6H4MgBr 2 ¥ PPh3 50 2 79 21
23 2-bromo-4-fluoro-anisole 4-(CF3)C6H4MgBr dppe 50 2 75 25
24 2-bromo-4-fluoro-anisole 4-(CF3)C6H4MgBr dppp 50 2 44 56
25 2-bromo-4-fluoro-anisole 4-(CF3)C6H4MgBr dppb 50 2 79 21
26 2-bromo-4-fluoro-anisole 4-(CF3)C6H4MgBr dippf 50 2 96 4
27 2-bromo-4-fluoro-anisole 4-(CF3)C6H4MgBr dtbpf 50 2 98 2
28 2-bromo-4-fluoro-anisole 4-(CF3)C6H4MgBr dppf 50 2 34 66
29 2-bromo-4-fluoro-anisole 4-(CF3)C6H4MgBr dtbppf 50 2 33 67

a Reactions conducted at 1 mmol scale using 1.2 mmol of 5M Grignard reagent in 0.24 mL Me-THF for time given. Conversions were determined
by 19F NMR spectroscopy, and checked using H NMR spectroscopy against an internal standard with product identity and side products further
examined by GCMS (entries 8–17 by H NMR using methyl naphthalene as internal standard and GCMS only). In the majority of the reactions,
GCMS indicates that homo-coupled aryl halide is only present in trace amounts, but exceptions are entry 2 (20% homocoupled), entry 3 (14%
homocoupled), entry 4 (16% h) and entries 5 and 6 (6%H).

With these and several other common pre-catalysts in hand,
we turned our attention to the synthesis of the Grignards and
evaluating the catalysts in cross-coupling.‡ Most of our studies
were carried out with PhMgBr. This can be made as a rather
viscous solution at concentrations as high as 5 M. (SAFETY
NOTE: We have not experienced any difficulties making small
scale solutions (~30 mmol) of highly concentrated Grignard
reagents at the temperatures described, but it is essential that
great care is taken in synthesising new Grignard reagents at
this concentration, in particular monitoring reaction exotherms.
While this is the case for any Grignard reagent, it can be
envisaged that extra caution is needed at higher concentration.
Scale up of these reactions, in common with all Grignard
reactions, should first be evaluated using calorimetry.) In order
to facilitate transfer of the Grignard reagents, they are heated
to 50–75 ◦C to give less viscous solutions and transferred to the
reaction vessel. Alternatively, a very concentrated solution of
catalyst and substrate can be added to ArMgBr.

The catalyst screening studies have been carried out using no
extra reaction solvents other than the minimal solvent solvating
the Grignard reagent (around 800 mg (~4 mmol) of aryl halide
per mL solvent), at low catalyst loadings (0.2 mol%) and at
moderate temperatures (50–75 ◦C) since we envisaged these sorts
of conditions would be needed in a real application. Table 1
and Scheme 2 show these results. In the case of 2-bromo-4-
fluoro-anisole, palladium catalysts derived from dppp stand out

Scheme 2 Protocol for Grignard cross-coupling reactions in Me-THF.

as being able to operate well under this challenging regime. It is
interesting to note that dtbpf, that has been shown to give superb
Pd catalysts for the Suzuki coupling of boronic acids with both
aryl bromides and deactivated chlorides under conditions where
dppf fails, is a poor catalyst in these reactions with significant
amounts of starting material and homo-coupling product. Given
that the Suzuki results in reference 5b infer high activity in
oxidative addition, and that this ligand has been shown to
promote reductive elimination over a hundred times faster than
dppf complexes,6 this suggests inefficient transmetalation, a
reaction known to be incredibly sensitive to steric effects.7 We
have not optimised these reactions, but the dppp/Pd catalysed
reaction gives essentially quantitative yields of a crude material
(~95% purity) after work up in which only a further 0.6 ml
MeTHF added to assist work-up. While this material that will
be contaminated with traces of Pd might be sufficiently pure
for further application and downstream purification, it can be
further purified by column chromatography (86% isolated yield)
in a standard purification procedure. A procedure that is greener

382 | Green Chem., 2010, 12, 381–383 This journal is © The Royal Society of Chemistry 2010
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still would use a recyclable catalyst that could be separated prior
to the work up; we are optimistic that such a catalyst could be
developed given the considerable advances that have been made
in catalyst recycling. In any case, this procedure used < 1 ml
of Me-THF per mmol of Grignard reagent for the Grignard
synthesis, catalytic reaction and aqueous extraction of magne-
sium salts. Hardly any reports in the literature give amounts of
solvent used, but one of best Pd-catalysed procedures reported
that does give full details uses over 30 mL of THF and Et2O
per mmol reaction.3b Although this amount could probably be
reduced, we would argue that this shows that the saving in solvent
could be considerable and make this approach practical. A few
other aryl halides were investigated, and one aspect of this study
worth highlighting is that the ligand must be matched to the
aryl halide, and in this case, this is not easily predicted based
on the rather limited range of reactions we have examined thus
far; dppf and the previously unstudied ligand dtbdppf appear
to be the best catalysts in general. Significant optimisation of
Grignard synthesis and cross-coupling would need to be carried
out as this type of protocol is transferred to other Grignard
reagents or scaled up, but to check that this type of approach
would work on another Grignard reagent, p-CF3C6H5MgBr was
synthesised and coupled with 2-bromo-4-fluoro-anisole at 5M
concentration. This Grignard did not store well, needing to be
prepared the same day as the coupling reaction in order to obtain
reproducible results, but none-the-less good conversions can be
obtained in just 2 h.

In summary, we have used a convenient microwave-assisted
synthesis of some typical Pd catalysts used for cross-coupling,
and investigated the forgotten ferrocene ligand, 1-ditert-butyl-
1¢diphenylphosphino-ferrocene, and studied how ligand struc-
ture alters reactivity in the Grignard cross-coupling under chal-
lenging conditions in Me-THF, a new solvent that is beginning to
attract attention as a greener replacement to THF if the process
economics can overcome its higher cost.4c These studies show
a significant saving in solvent use in both Grignard synthesis
(expected from the literature), but also the Grignard cross-
coupling and the work-up; good conversions were obtained
in short times at S/C of 500 in the few examples we have
examined thus far. The reaction is strongly dependent on ligand
structure, but 1-ditert-butyl-1¢diphenylphosphino-ferrocene and
1,1¢-bis-diphenylphosphino-ferrocene seem to be the preferred
ligands at present. A more thorough investigation into the full
scope of this reaction will be carried out and reported in full in
due course. It is hoped that this study suggests that Grignard
cross-coupling in Me-THF might be ecologically and econom-
ically attractive and worth developing further in industrial
synthesis.

We acknowledge the EPSRC for funding, Johnson-Matthey
for the loan of some of the Pd salts, and IMCD for a donation
of Me-THF.

Notes and references
‡ Example experimental procedure: Bromobenzene (5 g, 3.36 mL,
32 mmol) in Me-THF (6.4 mL) was added DROPWISE to magnesium

turnings (0.789 g, 1.02 eq., 32.5 mmol) via an addition funnel. NO
INITIATOR NEEDED. CAUTION, EXOTHERM! (Heat generated
sufficient to maintain gentle reflux.) After addition, the reaction mixture
was warmed to 90 ◦C for 4 h (until the Mg was consumed) to give a bright
orange solution. To a solution of the Grignard (PhMgBr) in Me-THF
(0.24 mL, 1.2 eq., 1.2 mmol), 2-bromo-4-fluoroanisole (0.205 g, 0.13 mL,
1 mmol) was added followed by the catalyst [Pd(DPPP)Cl2] (0.2 mol%,
1.2 mg) and the reaction mixture heated to 50 ◦C for 2 h. 1H NMR
spectroscopy and GCMS showed the desired product. Excess Grignard
reagent was quenched with solid NH4Cl, organics filtered through a
plug of MgSO4 (washed with 0.6 mL meTHF) and concentrated in
vacuo to give a yellow oil in essentially quantitative yield. GCMS:
Retention time, MS (EI) m/z (%): 18.706 mins (96%), [M+] = 202.1;
C14H10F4O requires 202.08. Although this material is of high purity,
column chromatography (petroleum ether 40–60) yielded the product as
a colourless liquid (0.173 g, 0.86 mmol, 86%). This compound has been
reported previously.5b 1H NMR (400 MHz, CDCl3) d = 3.82 (3H, s,
OCH3), 6.81 (1H, dd, J = 4.62, 8.8 Hz, ArCH), 6.87–6.94 (1H, m,
ArCH), 6.96 (1H, dd, J = 3.2, 9.2 Hz, ArCH), 7.25 (1H, tt, J = 7.54,
1.4 Hz, ArCH), 7.34 (2H, t, J = 6.96 Hz, ArCH), 7.4–7.45 (2H, m,
ArCH); 19F{1H} NMR (376.5 MHz, CDCl3) d = -124.51; 13C NMR
(100 MHz, CDCl3) d = 56.2, 112.3, 112.4, 114.2, 114.4, 117.3, 117.6,
127.4, 128.2, 129.4, 132.0, 132.1, 137.5, 152.7, 156.7 (d, J = 236.4 Hz);
MS (EI) m/z (%): 202.1 (100.0) [M+]. Similar protocols were used for the
other screening experiments, with product identities, and conversions
determined by 1H NMR spectroscopy against an internal standard
and GCMS analysis. The data obtained matched literature values and
samples previously prepared in our laboratory by other methods.
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A self-condensation of aldehydes has been conveniently
accomplished by the catalytic action of lysine in water or
a solvent-free system under specific emulsion conditions to
give a-branched a,b-unsaturated aldehydes in good yields.

Introduction

The quest for environment friendly or green methods for chemi-
cal synthesis is attracting more and more attention.1 To achieve
such a green process, especially for industrial applications it
is desirable (1) either to adopt a solvent-free system or to use
water as solvent, (2) to use biogenic catalysts but not petroleum
products, (3) to avoid heating, and (4) to follow a simple work-
up procedure and waste treatment. Aldol condensation is an
important synthetic method widely used in organic synthesis.2

A typical process involves the self-condensation of aldehydes
catalyzed by alkalis or acids.3 Several alternative methods for
aldol condensation have been reported.4 However, in an era
when green methods are warranted, many of these methods
are not satisfactory with respect to reaction temperature,
reaction time, solvent, yield, and simplicity of the catalyst. Aldol
condensation is an industrially important process. For example,
the condensation product of butanal is the important synthetic
intermediate in the preparation of 2-ethylhexanol which is widely
used for making plasticizers, surfactants, etc. The industrial
process for the self-aldol condensation of aldehydes is usually
carried out in an aqueous alkaline solution. While condensation
of medium carbon-chain aldehydes such as octanal and nonanal
can be conducted by heating under alkaline conditions,5 water-
insoluble higher aldehydes are not suitable for the alkaline
process. A unified procedure for aldol condensation that can
be applied to all kinds of aldehydes is lacking. We herein report
a very general and an environmentally benign method for aldol
condensation of all range of aldehydes (medium to high carbon
aldehydes). The use of biogenic lysine (Lys) as the catalyst
and the solvent-free/aqueous conditions make this method very
attractive.

Results and discussion

In addition to the common self-aldol condensation of aldehydes
using an alkali, the majority of the reported procedures employ
secondary amines and their derivatives as catalysts. As excep-

Department of Materials Science and Biotechnology, Graduate School of
Science and Engineering, Ehime University, Matsuyama, 790-8577,
Japan. E-mail: wyutaka@dpc.ehime-u.ac.jp; Fax: +81-89-927-9921
† Electronic supplementary information (ESI) available: 1H- and 13C-
NMR spectra and data. See DOI: 10.1039/b918349c

tional cases, simple aldehydes such as butanal and acetaldehyde
were shown to be converted to the condensation products by
the catalysis of a-amino acids in the mechanistic studies.6 We
have now found that Lys and ornithine (Orn) catalyze the self-
condensation of aldehydes in water. Thus, the treatment of
10 mol% of Lys in water with 3-phenylpropanal (1 M) for 2 h at
room temperature, resulted in the formation of the condensation
product in 65% yield (Table 1). Orn also yielded the same product
in a comparable yield (59%). However, arginine, despite being
a comparably basic amino acid, was not as effective as Lys and
Orn (only 24% yield). From this, it is very clear that the presence
of an amino group in the side chain is essential for smooth
reaction.

In order to investigate the effect of concentration of the
aldehyde in the feasibility of reaction, the condensation reaction
was carried out at different molar concentrations of the aldehyde.
It was found that as the concentration of the aldehyde increases,
the yield also increased. For example, 0.25 M, 0.5 M, 1 M and
2 M nonanal in water gave 13%, 21%, 62% and 64% yield of the
condensation product, respectively. After various experimental
studies, 1–2 M solution of aldehydes with more than seven
carbons underwent condensation smoothly in the presence of
10 mol% of Lys at room temperature (Table 1). Even water-
insoluble solid octadecanal (entry 9) was found to furnish the
coupling product in 61% although a larger amount of Lys and
longer reaction time were required.

In order to understand the role of water, we next carried out
the reaction without water. Thus, treatment of higher aldehydes
(more than C6) with 10 mol% of Lys with stirring at room
temperature for 2 h gave the condensation products in good
yields, which are comparable with those in the reactions in
aqueous medium (Table 2). The solvent-free condensation of
hexanal (C6) gave a yield identical to that obtained in the water
solvent system, in which concentration of the aldehyde was
exceptionally higher (8 M), as shown in Table 2. It is noteworthy
that the short chain aldehydes such as pentanal (C5) and butanal
(C4) provided the condensation product in moderate yields under
solvent-free conditions, but when the reaction was done in water
(1 M), the yields dropped by half.

The Lys-catalyzed self-condensation of aldehydes in water
or without a solvent, as described, would be a synthetically
useful alternative; it can be applied to various aldehydes with
low to high carbon numbers, in contrast to the common alkaline
condensation that requires heating in the case of moderate chain
aldehydes (C7–C9) and is not suitable for higher chain ones.
The reaction is especially emphasized to be a green procedure
judging from the following: (1) the solvent-free or aqueous
condition, (2) the catalyst used, Lys, is of bio-origin, (3) no
heating is required, (4) short reaction time and simple work-up

384 | Green Chem., 2010, 12, 384–386 This journal is © The Royal Society of Chemistry 2010

D
ow

nl
oa

de
d 

by
 L

om
on

os
ov

 M
os

co
w

 S
ta

te
 U

ni
ve

rs
ity

 o
n 

30
 O

ct
ob

er
 2

01
0

Pu
bl

is
he

d 
on

 1
3 

Ja
nu

ar
y 

20
10

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/B

91
83

49
C

View Online

http://dx.doi.org/10.1039/B918349C


Table 1 Lys-catalyzed self-condensation of various aldehydes in water

Entry Aldehyde Conc./M Lys (mol%) Time/h Yield (%) E/Z

1 CH3(CH2)7CH=CH(CH2)7CHO 1.0 10 2 70 94/6
2 n-C9H19CHO 1.0 10 2 75 99/1
3 n-C8H17CHO 2.0 10 2 64 98/2
4 n-C7H15CHO 2.0 10 2 68 98/2
5 n-C6H13CHO 2.0 10 2 69 98/2
6 n-C5H11CHO 8.0 10 2 63 95/5
7 Ph(CH2)2CHO 1.0 10 2 65 98/2
8 n-C12H25SCH(CH3)CH2CHO 1.0 10 2 78 25/75
9 n-C17H35CHO 1.0 30 10 61 99/1

Table 2 The self-condensation of aldehydes in no solventa

Yield (%)

Entry Aldehyde No solvent H2O (conc.)

1 n-C9H19CHO 74
2 n-C8H17CHO 66
3 n-C7H15CHO 62
4 n-C6H13CHO 64
5 n-C5H11CHO 62 63 (8 M)
6 n-C4H9CHO 52 23 (1 M)
7 n-C3H7CHO 46 23 (1 M)

a A mixture of an aldehyde and 10 mol% Lys was stirred for 2 h (3 h in
the case of entries 6 and 7) at r.t.

procedure, and (5) the waste, containing the basic amino acid,
is non-toxic. Furthermore, since by-products were highly polar
in all cases carried out this time, chromatographic isolation was
accomplished without using a large amount of elution solvents
and silica gel. Although the solvent-free process is greener than
the reaction in water, when the starting aldehyde is a solid, the
water media is essential to promote the condensation.

The reaction mixture in water formed an emulsion. This
observation suggests that a micelle or micelle-like colloidal
aggregate is formed by assembly of an amphiphilic imine 1
derived from Lys or Orn and aldehyde (Scheme 1). Indeed,
the formation of spherical droplets in water was observed by
an optical microscope (Fig. 1). The yield of the condensation
products depended remarkably upon the concentration of an
aldehyde and carbon number of its chain. Thus, 1.0 and 2.0 M
of octanal gave the dimer in 53 and 68% yields, respectively,
while in the case of the concentration of 0.25 and 0.5 M, 21 and
15% of the product were obtained (Table 3). This tendency was
observed in the case of aldehydes with more than seven carbon
atoms. These results suggest that the reaction of heptanal and
higher aldehydes has a critical concentration between 1.0 and
0.5 M for reaction promotion. On the other hand, in the case
of hexanal and lower aldehydes, yields for 1.0 M concentration

Scheme 1

Table 3 Concentration vs. yield

Entry Concentration/M Yield (%)

1 0.25 21
2 0.5 15
3 1.0 53
4 2.0 68

Fig. 1 Optical micrograph of the mixture of 3-phenylpropanal and Orn
in water (scale bar = 5 mm).

decreased dramatically and to gain yields similar to those in
higher aldehydes, higher concentration around 4.0–8.0 M was
required. Based on these findings, the present aqueous reaction
is indicated to occur in assembled particles. Recently, there have
been many reports on the reactions in colloidal particles like
micelles.7 Such media were generally constructed by adding
a surfactant to a reactant and a catalyst in water.8 Catalysts
themselves are sometimes designed to behave as surfactants.9 In
contrast to these reports, the present emulsion is formed by the

This journal is © The Royal Society of Chemistry 2010 Green Chem., 2010, 12, 384–386 | 385
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reaction intermediate imine 1 and its condensation product 2,
and the reaction proceeds in assembled sphere. The solvent-free
process also proceeds under emulsified conditions. The water to
form the emulsion may be generated by imine formation.

Conclusion

The Lys-promoted reaction of aldehydes in water or under
solvent-free conditions has furnished the corresponding con-
densation products in good yields. The reaction takes place in
the emulsion media, which assemble both lipophilic aldehydes
and hydrophilic Lys in the same specific micelles, resulting in the
promotion of smooth reaction, in spite of an aqueous system.
This process is environmentally benign and applicable to various
aldehydes, especially to long-chain aldehydes. Therefore, the
procedure would provide a practical synthetic method for the
self-condensation of aldehydes.

Experimental

Lys was purchased from Aldrich Chemical Co, and dried by
heating (120 ◦C, for a few hours) in vacuo. Normal tap water was
used for the reaction. Aldehydes were purchased and distilled
under reduced pressure. Some aldehydes were prepared by usual
1,4-addition of thiol to crotonaldehyde (entry 8 in Table 1) and
Swern oxidation of stearyl alcohol (entry 9).

General procedure for the Lys-catalyzed condensation of
aldehydes in water

An aldehyde (10 mmol) was added to a solution of Lys
(1.0 mmol) in water (10 mL) under vigorous stirring, and the
resulting emulsion was stirred for 2 h at room temperature. After
addition of water and extraction with ether, the condensation
product was isolated by chromatography or distillation. In order
to facilitate the extraction, the emulsion was eliminated by
adding NaCl to the aqueous layer in some cases.

General procedure for the solvent-free condensation of aldehydes

To an aldehyde (10 mmol), Lys (1.0 mmol) was added and the
mixture was vigorously stirred for 2 h at room temperature. The
work-up and isolation procedure were the same as described
above.
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Biomimetic silica encapsulation of enzymes for replacement of biocides in
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Current antifouling technologies for ship hulls are based on metals such as cuprous oxide and
co-biocides like zinc pyrithione. Due to the persistent adverse environmental effects of these
biocides, enzyme-based antifouling paints are proposed as a bio-based, non-accumulating
alternative. Here, a hydrogen peroxide-producing system composed of hexose oxidase (HOX, EC
1.1.3.5), glucoamylase (GA, EC 3.2.1.3) and starch is tested for the chemical and physical
functionalities necessary for successful incorporation into a marine coating. The activity and
stability of the enzymes in seawater was evaluated at different temperatures, and paint
compatibility was assessed by measuring the distribution and activity of the enzymes incorporated
into prototype coating formulations. We used a biomimetic encapsulation procedure for HOX
through polyethylenimine-templated silica co-precipitation. The co-precipitation and formulation
of a powder for mixing into a marine paint was performed in a one-step economical and gentle
formulation process, in which silica co-precipitated HOX was combined with GA and starch to
form the antifouling system. Silica co-precipitation significantly improved the stability and
performance of the antifouling system in marine-like conditions. For example, encapsulation of
HOX resulted in 46% higher activity at pH 8, and its stability in artificial seawater increased from
retaining only 3.5% activity after 2 weeks to retaining 55% activity after 12 weeks. A coating
comprising the full enzyme system released hydrogen peroxide at rates exceeding a target of
36 nmol cm-2 d-1 for 3 months in a laboratory assay, and had potential for prolonged action
through incorporation in a self-polishing coating.

Introduction

Marine biofouling, defined as the adhesion and growth of
various microscopic and macroscopic organisms on surfaces
immersed in the sea, has been a problem for marine con-
structions for centuries, including commercial and recreational
crafts, oil platforms, bridges, etc. Over the years, coating systems
have been developed to reduce biofouling, often by the use
of metal-based biocides such as tributyltin (now effectively
banned), cuprous oxide, and co-biocides (e.g. copper pyrithione
or irgarol). Many of the current antifouling technologies are
under suspicion of long-term harmful environmental effects
due to bioaccumulation and ecotoxicity, which was also the
reasoning behind the ban on tin-based marine coatings.1 As an
alternative to persistent, toxic compounds in existing antifouling

aThe Interdisciplinary Nanoscience Center (iNANO), Aarhus University,
DK-8000, Aarhus C, Denmark
bGenencor–A Danisco Division, Danisco A/S, Edwin Rahrs Vej 38,
DK-8220, Brabrand, Denmark.
E-mail: brian.sogaard.laursen@danisco.com; Fax: +45 86 25 10 77;
Tel: +45 89 43 53 27
cDepartment of Biological Sciences, Aarhus University, DK-8000,
Aarhus C, Denmark
dDepartment of Physics and Astronomy, Aarhus University, DK-8000,
Aarhus C, Denmark

paints, enzyme-based antifouling technologies are emerging.
Many of these aim at hydrolysing adhesives used for the
settlement of marine organisms,2,3 but Poulsen and Kragh4 also
proposed the use of a coupled enzyme system to produce a
short-lived antifouling agent, hydrogen peroxide (Fig. 1). In this
enzyme system, glucoamylase (GA, EC 3.2.1.3) releases glucose
by hydrolysis of starch to provide a substrate for the enzyme
hexose oxidase (HOX, EC 1.1.3.5), which catalyses oxidation of
glucose, leading to hydrogen peroxide production.4

Fig. 1 Reaction scheme for the coupled enzymatic production of
hydrogen peroxide. GA: Glucoamylase hydrolyses starch to release
D-glucose. HOX: Hexose oxidase oxidises D-glucose in the presence
of water to glucono-d-lactone with the concomitant production of
hydrogen peroxide.

Hydrogen peroxide is hypothesized to deter fouling organisms
due to its toxicity5,6 and solubility in water. The hypothesis is
partly based on the compound’s function in nature: excretion
of hydrogen peroxide upon wounding (the so-called oxidative
burst) has been observed in various terrestrial and aquatic

This journal is © The Royal Society of Chemistry 2010 Green Chem., 2010, 12, 387–394 | 387
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plants, most likely to ward off herbivores and pathogens.7,8 The
compound is also widely used as a disinfectant.5,9,10

Hydrogen peroxide is naturally present in surface waters,
and concentrations raging from 0.12 mM to 0.28 mM are
common,11 although local coastal concentrations as high as
50 mM have been reported.12 Certain marine organisms have
some adaptation to certain levels of hydrogen peroxide,13 but the
presence of locally elevated levels at a surface is expected to deter
the settlement of fouling organisms.4 Furthermore, hydrogen
peroxide degrades rapidly in seawater,10 and is a common
intermediate in various natural metabolic processes, such as
photosynthesis.13 The hydrogen peroxide-producing enzyme
system therefore has the potential to fulfil the requirements
for an “ideal novel antifoulant” described by Rittschof et al.:14

besides preventing fouling, such agents should have a minimal
effect on the environment and human health, they should not be
persistent or able to accumulate in living organisms, they should
preferably be based on organics rather than metal, and, finally,
they should have known environmental fates.

For an enzyme-based antifouling system to work in paints
for marine applications, the properties of the enzymes and the
coating design must fulfil the following criteria, as described by
Olsen et al.:3 the enzymes must be sufficiently robust towards
solvents, mechanical stress, and other conditions present during
the manufacture of the coating, and the coating technology
must provide conditions that will not irreversibly inactivate
the enzymes.3 Conversely, the enzymes must not compromise
other coating components or coating functionality. This can be
achieved by mutually tailoring the choice of coating components
and the physicochemical properties of the enzymes.3 Meeting
these requirements takes a concerted engineering effort for both
coating and enzymes.

For application in the marine environment, the moderately
alkaline pH (7.5 to 8.5)15 and high salt concentration (approx.
3.5%), as well as the fluctuating water temperature (from freezing
to 35 ◦C) as ships move from arctic to tropical regions, poses
a particular problem to maintaining the activity of many
enzymes; most enzymes are optimally active at neutral pH or
lower.16

The lifespan of enzymes may exceed several months, but they
cannot be expected to function adequately in paint for year-
long sailing and harbouring periods. A method for gradually
activating stored enzyme throughout the lifetime of a coating
could provide a solution to this problem. Such gradual activation
can be achieved by incorporating the enzyme system in a self-
polishing marine paint, which is already the most widespread
principle of current antifouling technologies.1 A self-polishing
composition consists of a very slowly dissolving binder matrix
and a more soluble, but still quite slowly dissolving, pigment
phase (e.g. less than 100 mm coating thickness per year). The
solubilisation of pigments results in a leached layer of hydrated
pores separated by binder forming in the outer region of the
coating as it gets thinner during the polishing action.1 In this
work, the enzyme system forms part of the coating pigment.
The key is that hydration in the leached layer promotes enzyme
activity, and a reserve of dormant enzyme is present in the
dry layer. This ensures prolonged catalytic lifetime of the self-
polishing coating as compared to a coating in which all enzymes
are active from the time of application.

While it is essential that enzymes are active and stable, it is
equally important that they can be retained in the coating for
extended periods of time. The binder phase of a marine coating
will typically behave as a relatively hydrophobic, solid matrix
compared to the high-ionic strength seawater.1 In order for an
enzyme to resist immediate solubilisation in the hydrated layer of
the coating, it must either possess some form of binding affinity
for the coating matrix (e.g. high relative hydrophobicity) or be
bound to something, which is retained in the matrix.

The present work explores the incorporation of GA and HOX
in an antifouling coating for marine application. While studies
on the antifouling effects of this enzyme system will be published
elsewhere, we focus here on the challenges of incorporating the
enzymes into a marine paint, while optimising enzyme activity,
stability, and retention in the paint.

GA binds strongly to its insoluble substrate, starch.17 This is
expected to allow mechanical entrapment and retention of GA
bound to starch granules inside a coating matrix. HOX, however,
has no means of adsorbing to its substrate or other objects
in its proximity.18,19 Since this enzyme lacks the starch binding
properties of GA, retention of HOX in the paint is a potential
problem. Furthermore, both enzymes have pH optima much
below the pH of seawater, and ensuring high enzyme activity in
sea water poses another important challenge.

We propose to meet the challenges of securing retention and
stability of HOX by physical encapsulation. In this study, we
encapsulated HOX in silica by polycation-templated silica co-
precipitation, which involves adding polyethylenimine (PEI) to
an enzyme suspension. The enzyme and PEI will interact and
form a polycation template for particle formation by silicate
condensation when the enzyme/PEI is added to a sodium silicate
solution.20 Small primary particles of enzyme/PEI/silica bio-
composite aggregate into secondary particles containing several
enzyme molecules and further into water insoluble amorphous
agglomerates that precipitate out of the aqueous solution,
hence the term co-precipitation.20-22 Other enzymes that have
successfully been encapsulated by silica co-precipitation include
b-glucosidase, glucose isomerase, lactase, lipase, acyltransferase
and glucose oxidase.20 The present work aims to determine
the performance of the enzyme/PEI/silica biocomposite and
compare it to the corresponding native enzyme in the conditions
relevant to marine application, paint incorporation and in-paint
performance.

Experimental

All chemicals were obtained from Sigma-Aldrich unless oth-
erwise stated. Glucoamylase from Trichoderma reesei23 and
HOX originating from Chondrus crispus and produced in
Hansenula polymorpha24 were products of Genencor–A Danisco
Division, Denmark. Glucoamylase is 66 kDa, has a pI of 4.0,
a pH optimum of 5.5, a temperature optimum of 70 ◦C, and
an observed Km of 0.61 mM for soluble starch (by glucose
equivalents).25 Hexose oxidase is a 126 kDa dimeric enzyme with
a pI of approximately 4.7, and a Km of 2.7 mM for D-glucose.19

The GA was used in the form of a concentrate obtained from
commercial production before the addition of preserving agents
or other formulation additives, while HOX was purified as
described by Rand et al. (2006).26
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Artificial seawater (ASW) had the following composition:
NaCl 24.0 g L-1, MgCl2 5.1 g L-1, Na2SO4 4.0 g L-1, CaCl2

1.1 g L-1, KCl 0.67 g L-1, KBr 0.098 g L-1, H3BO3 0.027 g L-1,
SrCl2 0.024 g L-1, NaF 0.003 g L-1, NaHCO3 0.196 g L-1.27

Enzyme activities and stability

Glucoamylase activity (one U equals one mmol glucose equiv-
alents per minute at 25 ◦C in 200 mM sodium acetate pH 4.5)
was measured according to McCleary et al. (1991)28 using an
assay kit (Megazyme R-AMGR3), while HOX activity (one U
equals 1 mmol hydrogen peroxide per minute at 25 ◦C in 100 mM
potassium phosphate pH 6.3) was measured as described by
Savary et al.29

Standard assay buffers for GA and HOX were replaced by
artificial seawater (ASW)27 when evaluating enzyme activity in
marine conditions. To determine the stability of enzyme activity,
enzymes were diluted 2000-fold in buffer (pH 6.3 for HOX,
diluted activity 0.25 U mL-1; pH 4.5 for GA, diluted activity
28 U mL-1) or ASW and stored at 10, 20, 25, 30 and 35 ◦C for
up to 12 weeks and aliquots taken out at regular intervals for
activity measurements at 25 ◦C in standard assay buffers.

Starch binding of glucoamylase

GA was analysed for starch binding by dissolving the enzyme
to activities of 46 and 92 U per g starch in a 20% cornstarch
suspension (Cargill C*gel 03401) in ASW buffered to pH 8.0
with 50 mM Tris-HCl at 40 ◦C. The enzyme–starch blend was
allowed to incubate for 10 min at 40 ◦C before centrifuging
at 10 000 g for 2 min and measuring the non-bound enzyme
activity remaining in the supernatant. Samples were produced
in 6 replicates. The degree of starch binding was calculated in
relation to the same enzyme treated as described above but
suspended in buffered ASW without added cornstarch.

Spray-drying HOX, GA and starch, and preparation of
enzyme-based coating

Cornstarch was spray-dried with GA or HOX or no enzyme
using a Büchi Labortechnik Mini Spray Dryer B-191 (inlet
135 ◦C, outlet 80 ◦C with 0 ◦C water cooling at spray nozzle). The
products of this process are referred to as “starch formulation”
in the following.

Xylene-based rosin self-polishing coatings provided by
Hempel A/S, Kongens Lyngby, Denmark were formulated with
a volume composition of solids of 50% rosin, 10% polyvinyl-
methylether (PVME), 10% coloured pigments and filler, and
30% starch formulation, in which HOX or GA were provided to
end concentrations in the dry coating corresponding to nominal
enzyme activities of 8.7 mmol min-1 g-1 (in pH 6.3 phosphate
buffer and pH 4.5 sodium acetate buffer, respectively). The
paints were applied to plastic films. Coupons of 1.5 cm2 were
cut out of the painted films. Painted coupons were submerged
in ASW, and in-coating enzyme activity was monitored over
a 6-week period. At intervals throughout the 6 weeks, H2O2

production from the HOX-containing coating was measured as
modified from Savary et al.:29 phosphate buffer (pH 6.3) with
55 mM glucose was stirred in 6-well microtiter plates using
small magnets. The paint coupons were placed paint-side down,

floating on the buffer, and samples of 275 mL were extracted
from the buffer at appropriate times and added to 25 mL of a
1 : 1 mixture of the 5 g L-1 2,2¢-azino-bis(3-ethylbenzthiazoline-
6-sulfonic acid) (ABTS) and 0.1 g L-1 horseradish peroxidase
(Sigma P-6782) in 96-well microtiter plates. The reagents were
allowed to react in the wells for 2 min before OD405nm was
measured and related to a standard curve for hydrogen peroxide
concentration. The change in concentration between time points
was used to calculate a release rate in mmol min-1 cm-2. GA
activity was measured as the glucose release rate, monitoring
the glucose concentrating with a YSI 2700 Select Biochemical
Analyser with glucose analysis enzyme membrane using a
glucose reference (YSI 2747). GA activity was also measured
independently of in-coating substrate availability according to
the method described by McCleary et al.,28 which relies on the
external supply of a synthetic substrate.

Silica co-precipitation of HOX (SiHOX) and formulation of
SiHOX coating

HOX was encapsulated in a silica matrix by polyamine-
templated silica co-precipitation essentially as described by
Chang et al.:20 a mixture of 1 mg mL-1 HOX and 5 mg mL-1

polyethylenimine (PEI; Mn 60 kDa, Mw 750 kDA, 50% w/v
in H2O, Fluka P3143) was mixed in a ratio of 1 : 4 into pre-
chilled 100 mM sodium silicate solution adjusted to pH 9.0 with
phosphoric acid. Mixing was maintained for 30 min at 4 ◦C,
before pH was adjusted to 6.3 to ensure stability of the enzymes
through the rest of the process.

The co-precipitate was spray-dried (inlet 180 ◦C, outlet 85 ◦C
with 0 ◦C water cooling at spray nozzle on a Büchi Mini Spray
Dryer B-191) to form a particle powder (called “SiHOX”). For
use in an antifouling coating, cornstarch and GA were added
directly to the co-precipitate slurry immediately before spray
drying, and inlet temperature of the spray dryer was reduced to
130 ◦C.

The assay from Savary et al.29 was used with modified pH
values for tests of pH optimum and pH tolerance as well as
Michaelis–Menten enzyme kinetics based on specific activity
of the enzyme. A Lowry method modified as described by
Bickerstaff30 was used for protein measurement in relation to
the specific activity of SiHOX and HOX.

The particle size distribution of SiHOX was analysed by Mie
light scattering in ethanol suspension using a Malvern Master-
sizer magnet cell. Particles were imaged using low vacuum field
emission scanning electron microscopy (FEI Nova nanoSEM
600) at an acceleration voltage of 5 kV, and by atomic force
microscopy (JPK NanoWizard) in intermittent contact mode
using a NSG01 cantilever (NT-MDT) at ambient conditions
after dispersing the particles in ethanol and fixing them to a
solid support by evaporation.

SiHOX-containing coatings were prepared by mixing a com-
mercial Mille Light paint (Hempel A/S, Kongens Lyngby,
Denmark) with 10% w/w (i.e. approx. 14% dry mass) starch
formulations containing 0.21 mg g-1 GA (pure protein) and
1.1 mg g-1 SiHOX (corresponding to 0.13 mg g-1 HOX (pure
protein)).

The paints were coated on the inside of wells in 6-well
microtiter plates that were immersed in 2.5 L ASW and stored

This journal is © The Royal Society of Chemistry 2010 Green Chem., 2010, 12, 387–394 | 389
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in the dark at 25 ◦C for 136 d, exchanging the ASW weekly.
Hydrogen peroxide release was measured weekly as modified
from Savary et al.:29 3 mL of 100 mM sodium phosphate buffer
(pH 6.3) containing 4.0 mg mL-1 horseradish peroxidase and
200 mg mL-1 ABTS was added to each well resulting in 13 cm2

coated area in contact with buffer. Aliquots of 200 mL from each
well were extracted at 2, 5, 10, 30 and 60 min and placed in a
96-well microtiter plate for OD405nm measurement and hydrogen
peroxide quantification as described above. Hydrogen peroxide
release was measured in the presence and absence of 55 mM
glucose. In the absence of glucose, the hydrogen peroxide release
rate reflected the rate of starch hydrolysis by GA, as this was the
rate-limiting step.

Cross-sections of coatings formulated with rosin, PVME,
coloured pigments and filler as described above and with 30%
dry weight cornstarch added were painted on plastic film and
imaged using scanning electron microscopy (Nova nanoSEM
600). The plastic film was cut by cryo-sectioning through and
the coating then broken to allow for topography of the resulting
cross-section. Imaging the starch granules in the coating gave an
illustration of the distribution of granular products of the size
of starch and SiHOX in a rosin-based coating matrix.

Results and discussion

Enzyme activity and stability in sea water

GA and HOX activities were assayed in buffers with optimal
conditions for the enzymes and in ASW to determine the
level of activity in marine conditions compared to standard
assay conditions, which are closer to the enzymes’ activity
optima (Table 1). GA activity was dramatically reduced in ASW,
whereas HOX maintained almost full activity when transferred
from pH 6.3 buffer to pH 8.2 ASW.

For the enzymes to be applicable to marine coatings, they
must be able to maintain an adequate catalytic activity over
an extended time-period in seawater. Storage for 12 weeks in
pH 4.5 buffer conserved GA activity at a virtually constant level
(Fig. 2a), while a moderate decrease in activity was observed
after storage in ASW. The highest loss in activity was observed
for enzyme stored in ASW at 35 ◦C. Here, activity dropped to
50% after 1 week, but remained around 40% relative activity
throughout the following 11 weeks. GA stored in ASW at 30 ◦C
and below did not lose activity over the 12 week period.

HOX generally lost more activity during storage compared to
GA. This was the case both in ASW and in the pH 6.3 buffer

Table 1 Enzyme activity in buffer at pH optimum and in ASW. The
relative activity in ASW is calculated in percent of the activity in the
corresponding buffer

Enzyme Glucoamylase Hexose oxidase

pH 4.5 605.9 ± 8.3 U mL-1a —
pH 6.3 — 343.1 ± 29.4 U g-1b

ASW, pH 8.2 3.54 ± 1.09 U mL-1 327.2 ± 33.7 U g-1

% Relative activity
ASW/buffer

0.58 ± 0.18 95.4 ± 9.8

a ) Buffer: pH 4.5 200mM sodium acetate. b ) Buffer: pH 6.3 100mM
potassium phosphate.

Fig. 2 The stabilities of GA (a) and HOX (b) were tested by measuring
activity at 25 ◦C/pH 4.5 (a) and 25 ◦C/pH 6.3 (b) in a series of time-
points after storage as indicated. Storage temperatures were 10, 20, 25,
30, and 35 ◦C.

(Fig. 2b). Activity loss was most notable above 30 ◦C in buffer
and above 25 ◦C in ASW. While the loss of enzyme activity
when transferring from buffer to ASW was higher for GA than
for HOX (Table 1), GA had a notably better long-term stability
(Fig. 2). This was an indication that HOX would need stabilising
to work adequately in marine environment, whereas native GA
appeared better suited for marine applications.

Activity and retention of enzymes in coating

The paint compatibility of HOX and GA was evaluated by test-
ing enzyme activity over 6 weeks after incorporation into model
coatings formulated with rosin, PVME, coloured pigments, filler
and 30% starch formulation (Table 2). The coating containing
HOX and starch had an initial nominal activity in pH 6.3 buffer
of 8.7 U per g coating dry weight. The coating containing GA
and starch had an initial nominal activity in pH 4.5 buffer of

390 | Green Chem., 2010, 12, 387–394 This journal is © The Royal Society of Chemistry 2010
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Table 2 In-paint activity of HOX and GA. The coatings contained
either GA and starch or HOX and starch; n.d. indicates non-detectable
activity, while n.a. indicates that measurements were not performed

Day

GA activity
in-paint substrate
mmol cm-2 d-1

GA activity
external substrate,
mmol cm-2 d-1

HOX activity
external substrate
mmol cm-2 d-1

0 15.4 29.0 112
8 0.20 21.1 2.20
15 0.18 28.4 n.d.
22 0.12 28.4 n.d.
43 n.a. 13.7 n.d.

8.7 U per g coating dry weight. A control coating formulated
with starch but without enzymes, and this coating showed no
activity (data not shown).

GA activity measured in the presence of unlimited externally-
supplied substrate was constant for the first three weeks (average
26.2 ± 3.8 mmol glucose equivalents per cm2 per day), but had
decreased by approximately 50% after 6 weeks. When GA was
dependent on starch in the coating as a substrate, the activity
dropped by almost 99% in the first week, and then remained
almost constant. The high initial glucose release rate may not
have been linked to GA activity, but due to free glucose present
in the GA/starch formulation due to starch hydrolysis by GA
during the spray drying process. HOX activity measured in the
presence of unlimited externally-supplied substrate also dropped
by 98% in the first week, and after two weeks no activity was
observed. This loss of activity may have been the result of enzyme
leaching out of the coating or enzyme inactivation.

Anchoring of enzymes in the coating matrix is highly im-
portant to prevent leaching of enzymes, thereby securing the
long-term efficacy of an enzyme-based coating. In order to test
if the starch binding domain of GA would aid retention, we
evaluated the starch binding capacity of GA in a solution system,
i.e. outside of a coating matrix. Glucoamylase was mixed with
excess starch, and unbound GA was subsequently separated
from starch-bound GA by centrifugation. Starch binding of an
initial GA activity of 46 mmol min-1 g-1 in 0.2 g mL-1 starch
was highest at pH 4.5, where 77.6 ± 3.7% of the GA activity
was bound to starch, based on the synthetic substrate analysis
described by McCleary.28 Conversely, the binding was reduced to
35.1 ± 9.0% bound activity in pH 8.0 Tris-buffered ASW. There
was no statistically significant difference between starch binding,
when increasing the GA concentration (activity) from 46 to
92 mmol min-1 per g starch (data not shown). Given the length
of the 10-minute incubation to obtain binding between GA and
starch, initial activity loss was assessed to be negligible. The
strong binding of GA to starch suggests that starch granules
may act as anchors promoting the in-paint retention of GA,
since their size and low solubility keep them trapped inside the
binder matrix while being hydrolysed by the enzyme. A similar
binding of HOX to an insoluble, retainable substrate did not
occur, and it was concluded that practical application of the
enzymes in a coating would call for a modification of HOX.

Silica co-precipitation of HOX (SiHOX) for improved stability
and activity

The activity and stability of GA was promising for application
in a marine coating, but HOX had obvious shortcomings in

Table 3 Comparison of enzyme kinetics for HOX and SiHOX

Enzyme vmax/mmol min-1 per g protein KM/mM

HOX 53 ± 6 3.2 ± 0.5
SiHOX 3.1 ± 0.7 2.9 ± 0.9

terms of stability and possibly leaching. A silica co-precipitation
process, as described in the introduction, was hypothesised to
increase enzyme retention in the marine coating by capturing the
enzyme in solid aggregates, which would provide mechanical
retention due to their large size and lack of solubility. It may
furthermore increase enzyme stability, which may be related to
higher structural stability, for instance due to reduced unfolding
in denaturing media as has been seen for other co-precipitation
immobilized enzymes.20

Silica co-precipitation is a biomimetic protocol inspired by
the polycation-templated silicification of diatom and sponge
exoskeletons, which has the advantage of being performed under
mild conditions in easily manageable and tuneable steps. The
size of the resulting insoluble particles may be controlled by
e.g. the enzyme/template/silicate ratio, stirring, temperature
and reaction time. After optimisation (data not shown) the co-
precipitation process applied in this study had a high activity
yield with 60% of the initial HOX enzyme activity found in the
solid SiHOX fraction after co-precipitation, whereas no activity
was detectable in the co-precipitate supernatant. The activity
yield was equivalent to the best yields in previous reports relating
to the process.20 After spray-drying, the recovery was 13% of the
initial enzyme activity.

The effect of silica co-precipitation on enzyme kinetics in
pH 6.3 buffer was evaluated. SiHOX contained 0.11 mg protein
per mg. While KM of HOX and SiHOX were similar, vmax was
reduced 17-fold after silica co-precipitation (Table 3). In other
words, while the catalytic rate (vmax) of SiHOX was significantly
lower than HOX in Michaelis–Menten kinetics, SiHOX had the
same substrate affinity (KM), which would be consistent with
a reduction in enzyme performance due to non-competitive
inhibition (lower vmax, constant KM) of HOX in the SiHOX
formulation. This could be due to a reduction of available
enzyme, e.g. by steric hindrance.

The pH-dependent activity profile for SiHOX was compared
to HOX in phosphate buffer adjusted to pH 4.5–9.0 (Fig. 3).
Expressed as the activity relative to the activity at pH 6.3, SiHOX
performed 25% better than HOX at pH 7.5, 46% better at pH 8.0,
39% better at pH 8.5 and 31% better at pH 9.0. The loss of
activity at pH values relevant for marine applications was thus
substantially less for SiHOX compared to HOX. Comparing
these data with measurements of HOX activity in ASW, it should
be noted that HOX did not exhibit a similar loss of activity in
ASW (pH 8.2) as in the pH 8.0 phosphate buffer used here
(Table 1). This could be due to the high salt concentration
in ASW. Comparison of the temperature stability of HOX
and SiHOX between 25 and 70 ◦C showed no effect of Si-
coprecipitation on temperature stability (data not shown).

In order to better describe the applicability of SiHOX for
marine coatings where long-term stability is crucial, the activity
of SiHOX suspended in ASW and pH 6.3 buffer was monitored
for 12 weeks (Fig. 4). The stability of HOX in ASW was markedly

This journal is © The Royal Society of Chemistry 2010 Green Chem., 2010, 12, 387–394 | 391
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Fig. 3 Comparison of SiHOX and HOX activity at pH in the range
4.5-9.0, relative to the activity at pH 6.3. Compared to HOX, SiHOX
retained its relative activity at a higher level when tested in pH above
7.5.

Fig. 4 The stability of SiHOX was tested by measuring activity at
25 ◦C/pH 4.5 in a series of time-points after storage as indicated. Storage
temperatures were 10, 20, 25, 30, and 35 ◦C.

improved by silica co-precipitation. The activity of SiHOX did
not change over 12 weeks when stored in ASW at temperatures
between 10 and 30 ◦C, or in pH 6.3 buffer at temperatures
from 10 to 25 ◦C. However, up to 75% activity loss occurred at
higher temperatures. In comparison, HOX lost activity at most
temperatures when stored in ASW (Fig. 2b). It should also be
noted that while transfer from pH 6.3 buffer to ASW negatively
affected the stability of native HOX (Fig. 2b), the opposite was
the case for SiHOX (Fig. 4). This difference could be related

to a stabilising effect; the salt in ASW enhancing the structural
stability of the silica-PEI biocomposite. Investigations into the
interactions between the silica-PEI matrix and dissolved salts in
the medium could be the subject of further work in this field.

A SiHOX-based coating

The improvements in stability at high pH and in ASW that silica
co-precipitation had brought to HOX were promising for the
applicability of SiHOX in marine coatings. With the expectation
that co-precipitation would also improve retention, we evaluated
the performance and compatibility of SiHOX with GA and
starch in experimental coatings.

From a coating technology point-of-view, the particle size of
paint constituents is essential, as it affects the polishing and hy-
drodynamic properties of the coated hull. If particles in the paint
are too large, the coating can become rough and self-polishing
becomes uncontrolled. The physical dimensions and structure
of SiHOX particles were therefore analysed quantitatively by
dynamic light scattering and qualitatively by high-resolution
microscopy. The particle size distribution showed a peak at 6 mm
diameter and 95% of the colloidal volume had particle sizes in
the range of 0.7–14 mm (data not shown). The particles were
irregular, spheroid structures, which appeared to have a rough
surface (Fig. 5a and b). High resolution atomic force microscopy
revealed that spheroid structures were aggregates of sub-100 nm
particles (Fig. 5c). A SiHOX particle may therefore be an
assembly of nanoparticles containing single HOX molecules
encapsulated in the PEI-silica co-precipitate. The particle size
of SiHOX was in accordance with the theoretical size expected
to result from the co-precipitation mechanism.20,21 It was similar
to the 15 mm starch granules and was therefore not expected to
alter the surface structure or polishing properties of the paint.

In order to incorporate SiHOX, GA and starch into a
coating, the enzyme system had to be formulated as a dry
powder. This was done by using the aqueous suspension of
SiHOX after co-precipitation as the solvent for starch and GA
in a “one-step” spray drying process producing a high-yield
powder blend ready for mixing into a coating formulation.
This rapid process used mild conditions and standard enzyme
formulation equipment, which would allow for simple up-scaling
and implementation in modern processing plants. The first
model coating was formulated with starch and contained large,
spherical starch granules homogenously distributed throughout
the coating (data not shown), which led to the conclusion that
the constituents of the enzyme-based antifouling system could
be adequately dispersed in the coating matrix. A new coating
was formulated by mixing the spray-dried SiHOX–GA–starch
formulation into commercial xylene-based paint (Mille Light)
as 10% mass fraction of the wet formulation. The enzyme
activities in the SiHOX–GA–starch formulation corresponded
to 0.21 mg GA protein per g of dry coating and 1.1 mg SiHOX
per g (i.e. 0.13 mg HOX protein per g) (data not shown). This
coating maintained a high level of hydrogen peroxide release
when immersed in ASW in static conditions where polishing
did not occur, and the release rate decreased gradually over
the fist 70 d, after which it levelled out (Fig. 6). Measurement
of the exact concentration of hydrogen peroxide in the surface
boundary layer would be highly relevant to understanding the

392 | Green Chem., 2010, 12, 387–394 This journal is © The Royal Society of Chemistry 2010
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Fig. 5 Scanning electron microscopy (a + b) and atomic force
microscopy (c) of SiHOX particles.

antifouling potential of the coating. However, this was not
measured or calculated in the present study, as the boundary
layer hydrodynamics were not known.

The key question in evaluating the antifouling potential of the
paint is the hydrogen peroxide release rate required to obtain

Fig. 6 The release rate of hydrogen peroxide from a coating comprising
SiHOX, GA and starch. The release was measured over a 136-day period
of static immersion in ASW. The dotted line indicates the release rate of
36 nmol cm-2 day-1 reported to show antifouling activity31 (see text for
details).

an antifouling effect. A target hydrogen peroxide release rate
of 36 nmol cm-2 d-1 has been proposed in a patent by Cape
Cod Research,31 who tested the antifouling properties of paint
producing hydrogen peroxide by photocatalysis. The release rate
of 36 nmol cm-2 d-1 was determined by titration with potassium
permanganate solution at 0, 48, 72 and 200 h31 for a coating
composition which was observed to prevent biofouling in the
Atlantic ocean in a one-year field trial. Furthermore, Nippon
Paint Co. has detailed a H2O2 release rate with antifouling
activity of 21 nmol cm-2 d-1.32 The hydrogen peroxide release rate
of our coating exceeded 36 nmol cm-2 d-1 for approximately 100
d (Fig. 6). Without significant self-polishing, the active enzymes
can thus be expected to have a lifespan of 3 months, but a self-
polishing coating will continually expose new enzyme and starch
in the hydrated layer, and potentially prolong the period of high
hydrogen peroxide release.

Detailed knowledge of solubility and the dissolution rate of
pigments are necessary to model the full self-polishing behaviour
of marine coatings,33 but the longevity of a coating can be
estimated from its dimensions: a paint film as used in the present
trials is 300–500 mm thick34 and the leached/hydrated layer is
typically 5–15mm, resulting in a total film thickness between
20 and 100¥ that of the leached layer. A 3 month lifespan
of hydrated enzyme in the hydrated layer with 20- to 100-
fold turnover corresponds to a potential for enzyme activity at
the desired level for 5–25 years, but the availability of starch
substrate will be limiting. Assuming complete conversion of
starch, a 300 mm coating with 30% dry mass of starch will

This journal is © The Royal Society of Chemistry 2010 Green Chem., 2010, 12, 387–394 | 393
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yield an average of 228 nmol cm-2 d-1 for full depletion within
1 year, 76 nmol cm-2 d-1 for 3 years or 46 nmol cm-2 d-1 for
5 years.

In summary, the activity, stability and retention of enzyme in
the coatings formulated in this study was sufficient to provide hy-
drogen peroxide release from a coating for more than 3 months,
at a rate proposed (on the basis of relatively few trials31,32) to be
sufficient to prevent marine biofouling. However, the effective
release of hydrogen peroxide has yet to be demonstrated for the
broad diversity in biofouling, and its effect will depend largely
on the type of fouling organisms as well as environmental and
surface phenomena. Notably, some photosynthetic organisms,
including several species of macroalgae, can, in their mature
state, protect themselves from the oxidative effect of hydrogen
peroxide.13 This evidence corroborates the need for extensive
investigations of the effect of hydrogen peroxide released from
immersed surfaces on the settlement and adhesion of variety of
biofouling organisms in various environments.

Conclusions

This study presents an enzyme-based hydrogen peroxide-
producing coating with potential antifouling properties. The
system comprising HOX, GA and starch needs a certain level
of stability and compatibility with common constituents of
marine coatings. We identified the stability and retention of
HOX in a coating as the main challenge for obtaining prolonged
hydrogen peroxide production in seawater. To meet this chal-
lenge, HOX was encapsulated by polyethylenimine-templated
silica co-precipitation, in a one-step spray drying formulation
protocol, allowing rapid, safe and economical production of a
powder containing SiHOX, GA and starch. This powder could
be readily mixed with solvent and coating components to form
an antifouling paint for ships or other structures. The resulting
coating showed convincing release of hydrogen peroxide over
a three month period without significant aid of polishing to
renew the active enzymes, which promises strong performance
in continually releasing hydrogen peroxide from a self-polishing
coating.
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Bayberry tannin (BT), a natural plant polyphenol, was used for one-step synthesis of gold
nanoparticles (AuNPs) in aqueous solution at room temperature. During the synthetic process,
BT simultaneously serves as a reducing agent and stabilizing agent, while no additional reagent
(surfactant, template, and capping agent) or treatment (heat and photo-irradiation) is needed. The
particle diameter and size distribution of BT-stabilized AuNPs (BT-AuNPs) can be facilely
controlled by varying the concentration of BT, and the particle size of BT-AuNPs is as small as
1.8 ± 0.3 nm when the BT concentration was 800 mg L-1. Furthermore, this green approach for the
auto-reduction synthesis of AuNPs can be completed in several minutes and exhibits high
reproducibility, which shows great potential for practical applications.

Introduction

Gold nanoparticles (AuNPs) ranging from 2.0 to 50.0 nm
in diameter have attracted tremendous attention due to their
unique optical, electronic, magnetic and catalytic properties.1–3

Nowadays AuNP-based nanotechnology is becoming more
and more important in modern science, and a wide range of
applications of AuNPs have been explored both in chemical
and biological research.4 Depending on their size, shape, and
degree of aggregation, AuNPs appear red, blue and other
colors, and therefore, AuNPs have been explored as probes
for highly sensitive colorimetric detection of heavy metal ions.5

A particular attraction is the use of functional AuNPs in
biological and pharmaceutical fields, such as drug delivery,6

photothermal ablation therapy,7 and molecular diagnostics,8

because AuNPs have excellent biological biocompatibility and
low toxicity. There are already many methods for the preparation
of AuNPs, but most are either complex, time-consuming, or
require strict synthetic conditions.9–12 From the viewpoint of
practical applications, it would be of great value to find a
convenient method for the preparation of uniform AuNPs with
small particle sizes (2.0–30.0 nm).

The “bottom-up” method of wet chemical nanoparticle
preparation is the most commonly used and by far the simplest
method for the synthesis of AuNPs.13,14 Gold precursors (salts
or organic complexes) in aqueous or organic media are reduced
to zerovalent gold atoms by reducing agent (sodium citrate and
sodium borohydride, etc.), and the gold atoms collide with each

aDepartment of Biomass Chemistry and Engineering, Sichuan University,
Chengdu, P. R. China. E-mail: xpliao@scu.edu.cn;
Fax: +86-28-85400356; Tel: +86-28-85400382
bNational Engineering Laboratory for Clean Technology of Leather
Manufacture, Sichuan University, Chengdu, P. R. China.
E-mail: sibitannin@vip.163.com
† Electronic supplementary information (ESI) available: XRD pattern
of BT800-AuNPs and XPS Au 4f spectra of BT800-AuNPs. See DOI:
10.1039/b918176h

other to form AuNPs. Simultaneously, the formed AuNPs are
stabilized with stabilizing agents to prevent further agglomer-
ation. In this way, AuNPs are separated from each other, and
their particle size can be controlled by varying the concentration
of stabilizing agent.13, 15, 16 In recent studies, it has been shown
that by using linear or hyperbranched reducible polymers it is
possible to synthesize AuNPs in an environmentally-friendly
way without the use of reducing agent and/or surfactant
which is much more environmentally benign compared with
the conventional “bottom-up” method.17,18 According to these
synthetic procedures, the AuNPs can be easily prepared just
by mixing gold precursor and polymer together. But they
are often time-consuming, and sometimes photo-irradiation
is required.19–21 Additionally, AuNPs with small particle sizes
(2.0–10.0 nm) are difficult to obtain from this auto-reduction
process and a slow auto-reduction process inevitably leads to
difficult control over the particle size and size distribution.22

These obstacles have to be overcome before the routine use of
such auto-reduction synthesis is possible.

Herein, we report a one-step, and size-controlled fabrication
of tannin-stabilized AuNPs in aqueous solution at room tem-
perature. Condensed tannins, which are widely distributed in
plants, are soluble polyphenols with multifunctional groups.
The general characteristics of condensed tannins are that they
are able to chelate with many kinds of metal ions (Cu2+, Pt4+

and Pd2+, etc.) through their dense ortho-phenolic hydroxyls,
and serve as reducing agents to scavenge free radicals.23,24 The
molecular backbone of condensed tannins mainly consists of
rigid aromatic rings, which could prevent particle aggregation
due to their steric hindrance. All these properties of condensed
tannins imply that they could be used as ideal materials for
the preparation of stabilized AuNPs. In this study, AuNPs
colloids with good morphology and dispersion can facilely
be obtained by mixing HAuCl4 with bayberry tannin (BT, a
typical condensed tannin) solution where BT serves as a reducing
agent as well as a stabilizing agent, and no additional reagents
or treatment are needed. This approach therefore provides a

This journal is © The Royal Society of Chemistry 2010 Green Chem., 2010, 12, 395–399 | 395
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new strategy for the environmentally benign and size-controlled
synthesis of AuNPs.

Experimental

All chemicals were purchased from commercial suppliers and
used without further purification. HAuCl4·3H2O was dissolved
in deionized water to get a 10.0 mmol L-1 Au3+ solution. Then
2.0 mL of Au3+ solution was added drop-wise into 48.0 mL
of BT solution at different concentrations to prepare a series
of BT-stabilized AuNPs (BTx-AuNPs) colloids where x is the
concentration of BT varying from 25.0 to 800.0 mg L-1 and
the concentration of Au3+ was fixed at 0.4 mmol L-1. UV-vis
measurements of the colloids were carried out immediately after
HAuCl4 and BT were mixed together. The FTIR spectrum of
samples was analyzed using a FTIR-7600 instrument. TEM
images of BTx-AuNPs colloids were taken on a FEI-Tecnai G2
Transmission Electron Microscope (TEM). Wide-angle X-ray
diffraction (XRD) patterns of the samples were recorded by
an X¢Pert PRO MPD diffractometer (PW3040/60) with Cu-Ka
radiation. X-ray photoelectron spectra (XPS) of the samples
were recorded by a Shimadzu ESCA-850.

Results and discussion

BT, the flavan-3-ols and flavan-3-ols gallate, is a typical kind of
condensed tannin and its molecular structure is shown in Fig. 1a.
It can be observed that BT mainly consists of polymerized
flavan-3-ols, and a large number of multiple phenolic hydroxyls
are located at its B-rings. These phenolic hydroxyls are able to
chelate with metal ions forming five-membered chelate rings
(Fig. 1b), and can also be easily oxidized to the corresponding
benzoquinones (Fig. 1c), when exposed in air or if they come into
contact with electrophilic ions,25 which suggests that BT can be
used as an effective reducing agent. On the other hand, Au3+ has
high oxidation-reduction potential, which suggests that Au(III)
ions may play a role as oxidants when they come into contact
with BT.26 Thus we believe that BT could serve as a reducing
agent for the reduction of Au3+ to form AuNPs.

In the present work, BTx-AuNPs colloids were facilely ob-
tained via the addition of Au3+ into BT solution. After they
were mixed together for about 5.0 min, the mixture became
red (insets in Fig. 2b), signifying the formation of AuNPs. The
comparison of the UV-vis spectra of HAuCl4 solution before and
after mixing with BT is shown in Fig. 2. Initially, HAuCl4 shows
a strong absorption peak at 220 nm and a shoulder at 290 nm due
to charge transfer between the metal and chloro ligands. After
mixing with BT, these two peaks vanished, which corresponds
to the complete reduction of Au3+. Additionally, two new peaks,
located at 275 nm and 206 nm, appear and increase with the
increase of BT concentration. According to the literature,27 the
absorption peak at 275 nm would correspond to a gold cluster or
AuNPs. In general, the AuNPs often show an intensive surface
plasma resonance (SPR) band around 520 nm at the UV-vis
spectroscopy. But for the BT-AuNPs prepared here, these SPR
bands are very weak (magnified regions in Fig. 2b). According
to the literature,28–30 the intensity of SPR absorption depends
on the size and shape of the metal nanoparticles as well as the
surrounding medium. Possibly, the dense BT molecules on the

Fig. 1 Molecular structure and chemical properties of BT.

Fig. 2 UV-vis spectra of HAuCl4 (a), BT100-AuNPs (b1), BT200-AuNPs
(b2), BT400-AuNPs (b3), BT600-AuNPs (b4) and BT800-AuNPs (b5)
colloid; the inset in (b) is the photos taken from different BT-AuNPs
colloids.

surface of AuNPs significantly change the interface conditions
of AuNPs (such as dielectric constant and critical angle of total
reflection), which leads to a sharp decrease in the intensity
of SPR absorption. The XRD pattern of BT800-AuNPs shows
intensive characteristic peaks of metallic gold (38.2◦, 44.4◦,
64.6◦ and 77.6◦, JCPDS-4784), which confirms the reduction of
Au(III) to Au(0) [see Supporting Information 1 (S1) for details†].
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Further XPS analysis suggested that about 58.5% of Au(III)
ions were reduced to metallic species in the BT800-AuNPs (S2)
colloid.31,32

With the use of BT, the synthesis of AuNP colloids is so
simple that no surfactant, photo-irradiation, or heat treatment
is required. The preparation of BT-AuNP colloids is so efficient
that the synthetic process can be completed within 5.0 min,
which shows great practical value for the large-scale preparation
of AuNP colloids. Additionally, the synthetic procedure for BTx-
AuNPs preparation showed high reproducibility. In most cases,
the color of the mixture quickly changed to red after HAuCl4

and BT were mixed together. Except the sample with a low
concentration of BT (25.0 mg L-1), its color gradually turned
pink within several minutes and remained unchanged even after
24 h.

Fig. 3 TEM images of BT100-AuNPs (a), BT200-AuNPs (b), and BT400-
AuNPs (c) (scale bar = 0.5 mm).

The morphology and size distribution of BTx-AuNP colloids
(x = 100, 200 and 400) are determined by Transmission
Electron Microscope (TEM). Fig. 3a shows the TEM image
of BT100-AuNPs and the corresponding histogram of particle
size distribution. The mean particle diameter of BT100-AuNPs is
29.9 ± 12.3 nm, and no agglomeration of AuNPs was observed.
Hence, BT is able to reduce Au3+ to form AuNPs and serve as
a stabilizing agent to prevent agglomeration of AuNPs. But the
particle size distribution of BT100-AuNPs is in a wide range,
which suggests that BT with relatively low concentration is
not efficient enough for the stabilization and/or dispersion of
AuNPs. Smaller AuNPs with slightly narrower size distribution
(19.1 ± 6.1 nm) are formed if the concentration of BT increases
to 200.0 mg L-1, as shown in Fig. 3b. A similar trend can
also be observed in Fig. 3c. The particle size distribution of
BT400-AuNPs is 17.3 ± 5.8 nm. The appearance of fringes in the

corresponding HR-TEM micrograph of BT600-AuNPs (Fig. 4a)
suggests that BT-AuNPs are crystalline. For the BT600-AuNPs
colloid, the particle size of AuNPs further decreases to 10.7 ±
3.4 nm, and their size distribution is mainly in the range of 7.2
to 12.8 nm (Fig. 4b). Markedly, the mean particle diameter of
AuNPs drastically decreases as the concentration of BT reaches
to 800.0 mg L-1. The inset in Fig. 5a shows magnified regions of
the small AuNPs below 3.0 nm. The AuNPs with mean particle
diameters of 1.8 ± 0.3 nm are found to be predominant in the
BT800-AuNPs colloid (Fig. 5b). These observations may suggest
that different stabilization mechanisms are responsible for BT-
AuNPs at low and high concentrations of BT.

Fig. 4 TEM images of BT600-AuNPs and the inset shows a HR-TEM
micrograph of an individual BT600-AuNPs (scale bar 5 nm) (a), and the
particle size distribution of BT600-AuNPs (b).

Fig. 5 TEM images of BT800-AuNPs; the inset is the magnification
of the indicated region (a), and the particle size distribution of BT800-
AuNPs (b).

A possible mechanism for the preparation and stabilization
of BT-AuNPs is shown in Fig. 6. The BT molecule first chelates
with Au3+ through its adjacent phenolic hydroxyls to form a
five-membered chelate ring. Due to the high oxidation-reduction
potential of Au3+, the reacted adjacent phenolic hydroxyls of BT
are inductively oxidated to the corresponding quinones, and thus
the Au3+ are reduced to Au(0) atoms.33 These neighbor Au(0)
atoms further collide with each other to form AuNPs. Recently,
Kim and Nakano found that condensed-tannin gels are able
to reduce palladium ions to metallic palladium species, which
are simultaneously stabilized by the corresponding formed
quinones.34 Consequently, it is logical to reason that the AuNPs
prepared in this study should be stabilized by BT molecules
through the quinones (Type I in Fig. 6). The excessive free BT
molecules in solution may also interact with the surface atoms
of AuNPs via its adjacent hydroxyls (Type II in Fig. 6), thereby
contributing to the stabilization of AuNPs.35 Furthermore, the
Type II stabilization effect is gradually strengthened with the

This journal is © The Royal Society of Chemistry 2010 Green Chem., 2010, 12, 395–399 | 397
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Fig. 6 Schematic illustration showing a possible mechanism for the
stabilization of AuNPs with BT.

increase of BT concentration, which promotes the formation
of smaller AuNPs. Possibly, BT molecules may construct a
protective shell around AuNPs, which is beneficial for the
stabilization of AuNPs.36

Additionally, we propose that the formation of BT-AuNPs is
a kinetic-controlled process. At low concentrations of BT, the
auto-reduction rate of Au3+ is much faster than the coating speed
of AuNPs with BT molecules, which leads to the aggregation of
AuNPs to form large ones. For the BT100-AuNPs colloid, the
aggregation of small AuNPs is obvious, because its size particle
is relatively large (Dp ª 30.0 nm) and the size distribution
is in a wide range (±12.3 nm). As the concentration of BT
increases, the coating speed is gradually comparable with the
auto-reduction of Au3+, and the aggregation of AuNPs is
effectively suppressed. Thus smaller AuNPs with narrower size
distribution can be obtained as the concentration of BT increases
from 200.0 to 600.0 mg L-1. At even higher concentrations of
BT, like BT800-AuNPs, the intermolecular interactions among
BT molecules are intensively strengthened via the formation
of hydrogen bonds and/or hydrophobic bonds, and thus some
dense supramolecular shells around Au(0) nanoparticles may be
formed from the self-aggregation of BT molecules.37 In the dense
shells, the initial growth of AuNPs is limited and the aggregation
among AuNPs is also prevented, resulting in the formation
of very small Au(0) nanoparticles (Dp ª 2.0 nm). Hence, for
the BT800-AuNPs colloid, small AuNPs with very narrow size
distribution are preferably enveloped inside the dense shells.
Recently, polymer-stabilized AuNPs with small particle size were
observed only for a few dendrimers with high-generation (G =
4, 5…).36,38

Fig. 7a shows the FTIR spectrum of BT. The peak at
3400 cm-1 can be attributed to the stretching vibration of
phenolic hydroxyls (O–H bond) in tannin, and its broad range is
due to the formation of hydrogen bonds among BT molecules.
The peaks in the vicinity of 1620–1450 cm-1 (1610, 1510, and
1470 cm-1) indicate the presence of aromatic rings of tannin.
The absorption peak at 1380 cm-1 arises from the inplane
deformation of phenolic hydroxyls (O–H bond).39,40 However,
in the FTIR spectrum of BT-AuNPs (Fig. 7b), the stretching
vibration peak of phenolic hydroxyls (3400 cm-1) becomes
relatively narrow, which should attribute to the interactions of
phenolic hydroxyls with AuNPs, resulting in the partial destruc-
tion of hydrogen bonds among BT molecules. Additionally, the
inplane deformation of phenolic hydroxyls (1378 cm-1) is weaker

Fig. 7 FTIR spectra of BT (a) and BT-AuNPs (b).

than that of BT, which also indicates that BT interacts with
AuNPs through its adjacent phenolic hydroxyls and/or formed
quinones.

The present study outlines the use of BT to efficiently auto-
reduce Au3+ to form small AuNPs in an environmentally friendly
way, in comparison to those large ones (> 20 nm) obtained
from other auto-reduction methods. It appears that BT in
solution not only yields excellent reduction power compared
with other reductive polymers but also enables the formation
and stabilization of small AuNPs (~2 nm). As a result, BT at high
concentration can be used to fabricate BT-stabilized AuNPs in
the range of 2–3 nm, which have the potential to be utilized in
screening applications and therapeutics as well as drug carriers.
In this aspect, the BT shell may also provide another benefit to
the AuNPs as it enhances the biocompatibility of AuNPs.

Conclusions

This study described an extremely simple and effective approach
for the preparation of AuNPs colloids. In this method, BT
serves as a reducing agent as well as a stabilizing agent. It was
found that BT was effective in reducing Au3+ to form AuNPs at
room temperature without any additional reagent or treatment.
The mean diameter and size distribution of AuNPs can be
facilely controlled by varying the concentration of BT. BT is
biocompatible, which increases the biocompatibility of AuNPs.
Furthermore, this green approach for the synthesis of AuNPs is
extremely efficient and highly reproducible, which shows great
potential for practical applications.
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Nitrobenzenes are cleanly reduced to anilines using Ru-sensitized TiO2 photocatalysts and green
light irradiation, if very small amounts of transitions metal salts are added, which form metal
nanoparticles of narrow size distribution under the experimental conditions. The catalyst system is
prepared by simple mixing of the components and is therefore easy to apply in organic synthesis.
As light sources, commercial high power LEDs or sunlight are used. We report the optimization of
the reaction conditions, the effect of trace amounts of added metal salts and demonstrate the use
of green light photoreduction in the conversion of several nitrobenzene derivatives.

Introduction

Sunlight is our largest energy resource by far. Photovoltaic
systems for the conversion of solar energy into electrical
power have already evolved into a wide range of applications.1

Photocatalysts, which utilize light to drive chemical reactions,2

are less developed and typical applications are the photodegra-
dation of organic pollutants with TiO2 and UV irradiation
in waste water treatment3 or self-cleaning surfaces.4 Large
scale photocatalytic fuel generation,5 e.g. by water splitting,6

still lacks endurance and efficiency, but photocatalytic fine
chemical synthesis has been achieved. Recent examples of
homogeneous photocatalysis7 include alkyne hydrogenation,8

the direct asymmetric alkylation of aldehydes,9 enantioselec-
tive cyclisation reactions10 and methanol addition to glycals.11

Heterogeneous photocatalysts are typically based on doped
TiO2

12 or TiO2 sensitized by dyes13 to extend its absorption
beyond the UV range. Cadmium sulfide-based photocatalysts
have been developed for the synthesis of unsaturated a-cyano-
homoallyl amines from imines and olefins.14 In addition, metal
complexes15 and metals16 are deposited on TiO2 to increases its
photocatalytic efficiency.17 A recent example of the application
of sensitized TiO2 photocatalysis to organic synthesis is the
TEMPO-mediated aerobic oxidation of alcohols using blue light
irradiation and oxygen,18 whereas non-modified TiO2 was used
to mediate the oxidative addition of THF to quinolines.11

Here, we describe photocatalytic reductions of nitrobenzene
derivatives using green LED light irradiation or sun light. Our

aInstitute of Organic Chemistry, University of Regensburg,
Universitätsstr., 31, 93040, Regensburg, Germany.
E-mail: Burkhard.koenig@chemie.uni-regensburg.de; Fax: +49 941
9434566; Tel: +49 941 9434575
bDepartment of Pathology, Central EM Labor, University Hospital
Regensburg, Regensburg, 93051, Germany. E-mail: josef.schroeder@
klinik.uni-regensburg.de; Fax: +49 941 944 6602
cDepartment of Anaesthesia, University Hospital Regensburg,
Regensburg, 93051, Germany. E-mail:
michael.gruber@klinik.uni-regensburg.de; Fax: +49 941 944 7801

simple but effective heterogeneous photocatalysts are derived
from commercial Degussa P25 TiO2, ruthenium complex N3
and trace amounts of added metal salts. The catalyst preparation
is achieved by simple mixing and does not require any special
procedures. The photoconversions of organic substrates are very
clean, as verified by gas chromatography monitoring, and, in
many cases, quantitative.

Results and discussion

The photoreduction of nitrobenzenes to anilines19 has been
reported using TiO2 and UV irradiation20 or transition metal-
doped TiO2 and visible blue light,21 but these conditions still
show some disadvantages: a sunlight-mediated reduction is
typically not effective, the reported TONs with respect to the
added metal catalysts are below 1000, partial conversions and
side-product formation are observed, and metal-doped titanium
dioxide must be specially prepared.22

As in a Grätzel cell (dye sensitized solar cell),23 we have
used commercial TiO2, which was surface-functionalized by
a Ru-complex, to absorb green light; this region of the solar
spectrum has the highest intensity. Scheme 1 shows the proposed
mechanism of the photoreduction process: The excited dye
injects electrons into the conduction band (CB) of TiO2. Added
transition metal ions are reduced by the TiO2, form clusters
and mediate the reduction of nitroarene substrates, which are
reduced to anilines. The catalytic cycle is closed by TEOA
oxidation to reduce the dye.

High power LEDs with a narrow emission wavelength band-
width (530 ± 10 nm) and a high light intensity of more than 60 lm,
generated from approximately 3 W electrical power according
to their specifications, are used as energy-efficient light sources
to drive the catalysis. Fig. 1 shows the experimental set up.

The photocatalysts were prepared by deposition of the ruthe-
nium complex N3 on P-25 TiO2 (8 ¥ 10-8 mmol mg-1) followed
by addition of different amounts of transition metals (see
Experimental section for details). A solution of nitrobenzene

400 | Green Chem., 2010, 12, 400–406 This journal is © The Royal Society of Chemistry 2010
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Scheme 1 Proposed mechanism of green-light-mediated reduction of nitrobenzenes by dye-sensitized TiO2 and transition metal clusters. TEOA:
triethanolamine.

Fig. 1 Reaction vials irradiated by an array of high power green light
LEDs.

[c = 8 ¥ 10-2 mol L-1] in acetonitrile (2.5 mL) and 50 mg of the
TiO2 photocatalyst was irradiated with a 3 W green LED at room
temperature for 24 h. The reaction conversion was monitored
by gas chromatography (GC) and GC/MS analysis.

Irradiation of unmodified TiO2 at 530 nm leads to low
nitrobenzene conversions of about 2% (Table 1, entry 2). TiO2

modified with N3 but with no deposited transition metal ions
gave conversions of nitrobenzene to aniline of 39% (Table 1,
entry 3). No conversion was detected without green light
irradiation or by irradiating N3 without TiO2 (Table 1, entry
1). The addition of small amounts of transition metal ions to
the reaction mixture led to a significant enhancement of the
photocatalytic activity: 67% conversion for 0.1 mol% and 51%
for 0.001 mol% K2PtCl6 (Table 1, entries 7, 8 and 9). Quantitative
conversions of nitrobenzene to aniline were observed with
0.1 mol% of Pt(II) or even smaller amounts of Pd(II) salts. A
similar effect in non-sensitized reactions has been previously
reported for silver clusters deposited on TiO2.21 Systematic
variation of the transition metals, their amounts and the method
of their reduction revealed a relationship between the nature
of the metal and the optimal catalytic amount (Table 1):
quantitative conversions >99% are observed for 0.5–0.01 mol%

Table 1 Green light photoreduction of nitrobenzene to aniline in the presence of different transition metal salts

Nitrobenzene conversion [%]c

Entry Added metal salt [mol%] No metal salt Pt4+ Pt2+ Pt0g Pt0h Au3+ Pd2+ Ag+

1d 0 0
2e 0 2
3f 0 39
4 0.000001 37 46 46 > 99 44 50 46
5 0.00001 27 39 32 > 99 32 39 29
6 0.0001 51 90 49 99 > 99 49 49
7 0.001 51 41 49 > 99 83 40 39
8 0.01 43 > 99 28 > 99 85 > 99 59
9 0.1 67 > 99 39 72 > 99 > 99 65
10 0.5 38 36 32 40 49 > 99 30
11 1.75 25 27 26 23 12 56 7
12i 0.1 — 99 (91)j — — — 99 (93)j —
13i 0.001 — — — — 99 (92)j — —

a 50 mg TiO2 with immobilized N3 (2 mol%). b 3 W electrical power. c Integration of signals in GC chromatograms. d 50 mg TiO2 with 0.01 mol%
K2PtCl6 in the dark. e 50 mg TiO2 without immobilized dye and without transition metal salt. f 50 mg TiO2 with immobilized dye, without transition
metal salt. g Particles synthesized by reduction with NaBH4 and mercaptosuccinic acid.32 h Particles synthesized by reduction with UV light < 300 nm.
i 2 ¥ 10-3 mmol nitrobenzene are converted; 36 h irradiation time. j Isolated aniline yields after distillations are given in parentheses.
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Fig. 2 TEM-pictures of nanoparticles found in solution after the photocatalytic reduction (a) 0.01 mol% Pt(II), (b) 0.01 mol% Pd(II) and (c)
0.0001 mol% Au(III).

using Pt(II) and Pd(II), while reduced Pt(IV) and Ag(I) salts
did not lead to complete conversions under the experimental
conditions, with the best results of 67% for 0.1 mol% Pt(IV) and
65% for 0.1 mol% Ag(I).

The photocatalytic activity of the Pt(0) species depended on
their preparation: the reduction of Pt(IV) and stabilization of the
colloid by mercaptosuccinic acid yielded less active catalysts. On
the other hand, photochemically-prepared Pt colloids showed
quantitative conversion of nitrobenzene to aniline in the range
10-1–10-6 mol% (Table 1, entries 4–8). The photocatalytic activity
depends on the oxidation state of the platinum source, which is
either Pt(IV), Pt(II) or Pt(0). This has been observed earlier by
Remita et al. in photodegradations by platinum-doped TiO2:
under visible light irradiation, the photodegradation activities
followed the order Pt cluster > Pt(II) � Pt(IV) and was explained
by the ability of the Pt clusters to act as weak temporary electron
scavengers.24 Using Au(III) salts led to quantitative conversions
at 10-1 and 10-4 mol%. For every metal salt, an optimum quantity
range was found. All were below 1 mol%, some as low as
10-4 mol%. Amounts higher than 1 mol% decreased the catalytic
activity. Ozin et al. recently reported that the size distribution
of deposited platinum clusters on TiO2 depends on the platinum
loading, and that the photocatalytic activity of the material in
photodecomposition increased beyond a critical cluster size of
2 nm.25 TEM pictures from our reaction solutions with the
optimum catalytic amounts for Pt(II) and Pd(II) in 10-2 mol%
and Au(III) in 10-4 mol% showed a similar morphology for
each of the resulting particles (Fig. 2). No transition metal
particles were found on the surface of TiO2. This indicates that
(a) for every transition metal, a specific amount is needed to
get the optimum particle size for the photocatalytic reduction
under these conditions and (b) the active catalyst is prepared
heterogeneously, but the reduction reaction is homogeneously
mediated by nanometer size metal clusters.

The reactions in Table 1 correspond to minimum turnover
numbers of 1000 for Pt(II) (0.1 mol%), 9996 for Pd(II)
(0.01 mol%) and 995 900 for Au(III) (10-4 mol%). The selective
green light irradiation requires longer irradiation times for
complete conversion compared to UV experiments; however, no
side products of the reduction were detected when analyzing the
samples by GC and GC-MS (see Fig. 3). A quantum efficiency
of 8% was determined for the reduction reaction under the
optimized conditions.

Fig. 3 Gas-chromatographic analyses of nitrobenzene reductions.
Toluene was used as internal standard. Upper trace: entry 9, Table 1,
Pt(0) from UV reduction, 72% conversion; lower trace: entry 8, Table 1,
Pt(II) from Vis reduction, 99%.

To demonstrate the use of the green light photoreduction on a
laboratory preparative scale, 2 ¥ 10-3 mmol of nitrobenzene were
reduced and the product was isolated by distillation (Table 1,
entries 12 and 13). Quantitative conversions and high yields
were obtained for 0.1 mol% Pd2+ and Pt2+ and for 0.0001 mol%
of Au3+ when irradiating the samples for 36 h.

As the composition of our catalyst system is similar to
reported hydrogen-generating photocatalysts, consisting in the
simplest case of a ruthenium complex, an electron mediator and
colloidal palladium, we suspected hydrogen as an intermediate
and the chemical reduction reagent. Gas chromatographic
analyses of the head space of a reaction sample using the
conditions of entry 9, Table 1 for 0.1 mol% Pd2+, clearly showed
the presence of 6% hydrogen gas after 10 h of irradiation.
We therefore conclude that the role of the metal clusters in
our catalytic system is twofold: they accept electrons from
the conduction band of the TiO2 and generate dihydrogen by
reduction of protons provided by the TEOA,26 but they also
catalyze the hydrogenation of the organic substrate. Monitoring
the photoreduction (see Experimental section for data) shows

402 | Green Chem., 2010, 12, 400–406 This journal is © The Royal Society of Chemistry 2010
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an induction period for the reaction of about 8–12 h. A likely
explanation for this observation is the necessary formation of
the reduced metal clusters and the build up of a hydrogen gas
pressure before an effective substrate conversion starts.

After the optimization of the reaction conditions, the sub-
strate scope was investigated. Table 2 summarizes the re-
sults for standard reaction conditions of 24 h irradiation at
room temperature. Ethyl 4-nitrobenzoate, 4-nitrobenzonitril, 4-
nitrobenzaldehyde and 4-bromonitrobenzene are reduced to the
corresponding anilines, with smaller amounts of added K2PtCl6

giving better conversions under the experimental conditions.
No reduction of the aldehyde functional group is observed.
In the case of 4-bromonitrobenzene, dehalogenation occurs
as a competing process at high platinum concentrations. No
other side products were detected by GC analysis for the
photoreductions. 4-Nitrophenol is not reduced under the ex-
perimental conditions and 1,4-dinitrobenzene gives nitroaniline,
but only in small yields.27 In contrast, 1,2-dinitrobenzene is
reduced to 2-nitroaniline in good yields with small amounts
of the corresponding nitrohydroxylamine as a side product. 2-
Nitrobenzaldehyde and 2-nitroacetophenone are reduced to the
corresponding anilines. However, depending on the amount of
platinum salt added the corresponding 1,2-benzisoxazole be-
comes the major product. The preparation of 1,2-benzisoxazoles
has been previously described using 2–5 equivalents of indium
as the reduction reagent.28

As expected, the conversion of benzaldehyde to benzyl alcohol
is low under the experimental conditions. However, pyridine-4-
carbaldehyde is reduced to the corresponding benzyl alcohol
in up to 80%. The reduction of stilbene to 1,2-diphenylethane
is possible under the reaction conditions, but the conversions
remain incomplete within 24 h.

The photocatalyst system absorbs in the most intense region
of the solar spectrum and is therefore suitable to work in
sun light. Photocatalytic reduction reactions using the stan-
dard apparatus and a TiO2/N3/K2PtCl6 photocatalyst were
performed at different weather conditions with daylight and
sun irradiation (late summer, south of Germany). Table 3
summarizes the results. On a rainy and overcast day, the
conversion in nitrobenzene reduction is, as expected, only small.
However, with increasing sunshine the nitrobenzene conversion
reached 80% and maximal TON, with respect to the added
platinum catalyst, of more than 67 000 after 11 h.

Conclusions

The combination of ruthenium dye-sensitized TiO2, as used in
the photovoltaic Grätzel cell, with in situ-generated transition
metal nanoparticles of a size in the order of 10 to 20 nm leads to
photoreduction catalysts that work with green light irradiation.
The catalysts are simple to prepare and apply, and allow
the complete, selective and clean conversion of nitrobenzene
derivatives to the corresponding anilines. The use of green light
irradiation of low energy avoids the formation of unwanted
side products and rapid catalyst decomposition. Optimization
studies revealed the amount of transition metal salts initially
added to be critical for effective catalysis, as it determines the size
of the in situ-formed nanoparticles. Their activity as hydrogen

evolution and hydrogenation catalysts is size dependent, as
known from other studies.

The described photocatalyst may find applications in synthe-
sis, as the metal salts exhibit some selectivities in the reduction
reaction and conversions can be performed using energy-
efficient high power green light LEDs or direct sunlight.

Experimental

Synthesis of the ruthenium complex-modified titanium dioxide

4,4¢-Dicarboxylic acid-2,2¢-bipyridine (1)29. 4,4¢-Dimethyl-
2,2¢-bipyridyl (2 g, 10.9 mmol) in 50 mL conc. H2SO4 was heated
to 70 ◦C. At this temperature, K2Cr2O4 (9.6 g, 33 mmol) was
added slowly and the solution stirred for another hour at this
temperature. The hot solution was poured into 300 mL crushed
ice and stirred for 1 h. The green-yellow solid was filtered and
washed with 2 ¥ 50 mL water. The yellow residue was refluxed
in 50% HNO3 for 4 h, cooled to room temperature and poured
into 300 mL crushed ice. Crystals were obtained from this water
phase over night.

The solid was filtered and dried at high vacuum (8 ¥ 10-2

mbar) for 4 h at room temperature. A colourless solid (2.3 g)
was obtained (yield: 87%; lit29: 90%). Mass analysis and melting
point were identical to the reported data: m/z = 244.1; m.p. =
97 ◦C.

cis-Diaquadithiocyanatobis(2,2¢-bipyridyl-4,4¢-dicarboxylate)-
ruthenium(II) (N3)30,31. 4,4¢-Dicarboxylic acid-2,2¢-bipyridine
1 (2.3 g, 9.4 mmol) and RuCl3·H2O (1.01 g, 4.5 mmol) were
suspended in 25 mL DMF and refluxed overnight. DMF was
evaporated, the dark solid dried at high vacuum (5 ¥ 10-2 mbar,
room temperature) for 2 h. The solid (1.28 g) was used without
further purification, dissolved in 160 mL DMF, and a solution
of NaOH (430 mg, 10.6 mmol) in 100 mL H2O was added.
NaSCN (1.93 g, 23.8 mmol) in 11 mL H2O was added dropwise
under argon and the solution was allowed to reflux for 6 h.
The solvents were evaporated, the crude residue dissolved in
100 mL H2O and acidified to pH = 2 by HClO4. The dark
red solid was filtered, dried at high vacuum and stored in the
dark. 1.1 g of a dark solid (2) was obtained (yield: 80%, lit31:
80%). UV and ESI-MS data of complex 2 were identical to
reported values: m/z = 724.1 (M + NH4

+): UV-VIS (MeCN):
lmax (nm)/e (M-1 cm-1) = 546/14.000; 401/13.800; 316/31.000.

Dye immobilization on TiO2. TiO2 (4 g, 50 mmol) and dye
N3 (229 mg, 3.2 ¥ 10-4 mol) were suspended in 25 mL MeCN
and stirred for 12 h in the dark under an argon atmosphere. The
solvent was evaporated and the remaining violet solid dried at
high vacuum (2 ¥ 10-2 mbar).

General procedure for the reduction of nitrobenzene derivatives
and alkenes

A mixture of the nitro compound or alkene (2 ¥ 10-4 mmol),
TiO2 with N3 (50 mg, containing 4 ¥ 10-6 mol N3), stock
solution of the transition metal salt, TEOA (2 ¥ 10-3 mol) and
2.5 mL MeCN were transferred into a glass vial. The reaction
mixture was frozen in liquid nitrogen, evacuated and allowed to
warm up to room temperature at 50 mbar. The procedure was
repeated and finally the reaction vial was flushed with nitrogen.

This journal is © The Royal Society of Chemistry 2010 Green Chem., 2010, 12, 400–406 | 403
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Table 2 Photoreduction of nitrobenzenes and alkenes using 50 mg TiO2 with immobilized N3 (2 mol%) in acetonitrile solution (2 ¥ 10-4 mol L-1);
10 equiv. TEOA; irradiation with green light (530 nm) LED (3 W) for 24 h

Starting material K2PtCl6 [mol%] Products [%]a

0.0001
0.001
0.01
0.5

89
79
69
87

0.0001
0.001
0.01
0.5

58
85
60
59

0.0001
0.001
0.01
0.5

76
89
85
63

0.0001b

0.001b

0.01b

0.5b

84
49
48
23

—
6
—
64

0.0001
0.001
0.01
0.5

21
20
24
21

0.0001
0.001
0.01
0.5

75
91
85
88

22
9
15
12

0.0001
0.001
0.01
0.5

15
26
18
22

29
62
62
71

0.0001
0.001
0.01
0.5

66
66
79
79

33
33
21
20

0.0001
0.001
0.01
0.5

6
12
7
7

0.0001
0.001
0.01
0.5

80
73
78
76

0.0001
0.001
0.01
0.5

36
44
33
40

a Determined by gas chromatography. b Pd(OAc)2 was used as added metal salt.
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Table 3 Reduction of nitrobenzene to aniline using sunlight and an N3/TiO2/K2PtCl6 photocatalyst

Weather Temp./◦C Platinum catalyst [mol%] Irradiation time/h Nitrobenzene conversion c[%] TON with respect to Pt

15
15

0.1
0.001

11
11

4
5

40
5000

20
20

0.1
0.001

11
11

15
11

150
11000

35 0.1
0.001

11
11

80
67

800
67000

a 50 mg TiO2 with immobilized N3 (2 mol%). b Direct sunlight. c Integration of signals in GC chromatograms.

The sample was irradiated with a high power LED (Luxeon,
3 W, 530 nm) for 24 h. 500 mL of the reaction mixture were
diluted with 500 mL of 6.7 ¥ 10-2 M stock solution of toluene in
MeCN as standard. Analytical data of all isolated compounds
corresponded to literature values.

General procedure for the large-scale reduction of nitrobenzene

A mixture of the nitrobenzene (2 ¥ 10-3 mmol), TiO2 with N3
(500 mg, containing 4 ¥ 10-5 mol N3), stock solution of the
transition metal salt, TEOA (2 ¥ 10-2 mol) and 10 mL MeCN
was transferred into a glass vial. The reaction mixture was frozen
in liquid nitrogen, evacuated and allowed to warm up to room
temperature at 150 mbar. The procedure was repeated and finally
the reaction vial was flushed with nitrogen. The sample was
irradiated with a high power LED (Luxeon, 3 W, 530 nm) for
36 h. The N3/TiO2 was filtered off over Celite, the filtrate was
evaporated and distilled under high vacuum. Analytical data of
all isolated compounds corresponded to literature values.

Gas chromatographic analyses

Monitoring of the reaction and product analysis was per-
formed by gas chromatographic analysis (GC 5890 Series II
from Hewlett-Packard, capillary column J+W Scientific—DB-
5MS/30 m ¥ 0.25 mm/0.25 mm film). The structures of the
products were confirmed by comparison with standard samples
and by GC-MS analyses (GC-MS 5973 MSD from Agilent
Technologies, capillary column from Agilent 19091S-433 HP-
5MS/30 m ¥ 0.25 mm/0.25 mm film).

Reaction kinetics

A mixture of the nitro compound (2 ¥ 10-4 mmol), TiO2 with
N3 (50 mg, containing 4 ¥ 10-6 mol N3), stock solution of the
transition metal salt, TEOA (2 ¥ 10-3 mol) and 2.5 mL MeCN
were transferred into a glass vial. The reaction mixture was
frozen in liquid nitrogen, evacuated and allowed to warm up to
room temperature at 50 mbar. The procedure was repeated and
finally the reaction vial was flushed with nitrogen. The mixture

was irradiated with a high power LED (Luxeon, 3 W, 530 nm)
for 1 h. To monitor the reaction progress, 20 mL samples of the
reaction mixture were taken and diluted with 20 mL of 6.7 ¥
10-2 M stock solution of toluene in MeCN as standard and
analyzed by GC.

TEM material and method

The sample solution drops were placed on Formvar- and carbon-
coated positive glow-discharge treated copper grid (400 mesh)
and subsequently blotted dry with filter paper. The samples
were examined in a LEO912AB electron microscope (Zeiss,
Oberkochen, Germany) operating at 100 kV, equipped with a
bottom-mounted CCD-camera capable to record images with
1k ¥ 1k pixels. The documentation was done with the iTEM
software, ver. 5.0 (Olympus Soft Imaging Solutions GmbH,
Muenster, Germany).
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Optimised microwave-assisted synthesis of methylcarbonate salts: a
convenient methodology to prepare intermediates for ionic liquid libraries
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The reaction of 1-butylpyrrolidine with dimethyl carbonate to yield the ionic liquid precursor,
1-butyl-1-methylpyrrolidinium methylcarbonate, has been investigated under microwave heating
conditions and the reaction parameters optimised to achieve 100% yield of the pyrrolidinium salt
with no by-products in under 1 h. The reactions of tributylamine, trioctylphosphine, and
1-butylimidazole with dimethyl carbonate under comparable conditions have also been evaluated,
yielding the corresponding methylcarbonate salts which can be used as intermediates for the
preparation of halide-free ionic liquids without generating any undesirable salt wastes.

Introduction

The most versatile and commonly studied types of ionic liquids,
referred to as aprotic ionic liquids, contain a fully alkylated
organic cation.1 These ionic liquids are generally prepared by
initial alkylation of an organic base to yield the cation of choice
followed, optionally, by a metathesis step to substitute the anion
formed from the leaving group of the alkylating agent with a
more desirable species following the general scheme below:

Base + R–X → [Base–R]+ [X]- → [Base–R]+ [Y]- + MX↓
Alkylation with haloalkanes, such as chloroethane or bro-

mobutane, has been the method of choice since the earliest
studies on ionic liquids.2 The haloalkanes are relatively cheap,
simple to use, and reaction optimisation methods including
the use of microwave3 or ultrasonic induction,4 high-sheer
mixing5 and microchannel reactor arrays6 have been reported.
However, unless halide or halometallate ionic liquids are the
desired products (for example as solvents for cellulose,7 as
Lewis-acidic catalysts,8 or electrochemical solvents9), then a
subsequent metathesis step to exchange the anion is required.
Anion metathesis is usually achieved through the precipitation
of insoluble silver,10 or other halide salts,11 although the use
of anion exchange columns12 and electrodialysis cells to form
hydroxide solutions13 have also been described. In all cases, salt
wastes are produced as by-products and can leave a legacy of
halide contamination in the final products which can lead to
catalyst poisoning and unforeseen plant corrosion problems.

A better approach is to design the ionic liquid syntheses
so that the anion required in the final product is introduced
as the leaving group of the alkylating agent. A variety of
alkylating agents have been used in this way including alkyl
triflates, trifluoroacetates and sulfonates,14 and alkylsulfates,15

aThe QUILL Research Centre, School of Chemistry and Chemical
Engineering, The Queen’s University of Belfast, Belfast, BT9 5AG,
Northern Ireland, UK. E-mail: j.holbrey@qub.ac.uk
bFoundation and Applied Science Department, Universiti Teknologi
PETRONAS, Bandar Seri Iskandar, 31750, Tronoh, Perak, Malaysia

etc. – all of which are hazardous, highly reactive and toxic
reagents – to prepare ionic liquids. For those times when
this approach is not practical, for example when the desired
alkylating agent is too reactive (e.g. alkylnitrates) or unreactive
(e.g. simple alkylcarboxylate esters such as ethyl ethanoate), then
a reasonable compromise is the formation of intermediate salts
in which the anion of choice can be subsequently introduced
simply, safely, at low cost, and with the least possible generation
of waste.

Using these criteria, one of the most appealing reagents is
dimethyl carbonate (DMC).16,17 DMC is a non-toxic compound
with a versatile and tuneable chemical reactivity, and can func-
tion as either a methoxycarbonylating or as a methylating agent18

depending on the experimental conditions.19 For methylation
reactions the reaction temperature must typically be >120 ◦C,
i.e. under pressure. DMC has been used as a replacement for
highly toxic and hazardous conventional methylating agents
such as methyl halides, methyl triflate and dimethyl sulfate20

in the synthesis of surfactants, detergents, and phase transfer
reagents from amines and phosphines.21 More recently, ionic
liquids have also been synthesised by methylation with DMC
followed by reaction of the methylcarbonate salts formed with
Brønsted acids, as shown schematically in Fig. 1.22-24

Fig. 1 Schematic of the two-stage ionic liquid synthesis using DMC as
a clean methylating agent to form intermediate methylcarbonate salts
followed by neutralisation with Brønsted acids producing only molar
equivalents of carbon dioxide and methanol as by-products.

This journal is © The Royal Society of Chemistry 2010 Green Chem., 2010, 12, 407–413 | 407
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In contrast to the salt waste generated from the more
traditional metathesis approaches, forming methylcarbonate
salts and then neutralising with a Brønsted acid produces
only carbon dioxide and methanol as by-products which are
facile to remove and yields ionic liquids that are intrinsi-
cally halide-free. As such, the methodology is widely ap-
plicable, although with 1-alkylimidazoles, additional reaction
pathways can yield C(2)- and C(4)-carboxylation, as well as
N-methylation, so that 1,3-dialkylimidazolium-2-carboxylate25

and 1,3-dialkyl-4-carboxylate zwitterions26 are formed in addi-
tion to 1,3-dialkylimidazolium methylcarbonate salts.27 Impor-
tantly, though, the zwitterions still react with acids, liberating
CO2, and so can be used as precursors to ionic liquids.28

Despite the clear interest in the opportunities to use DMC
as a methylating agent to yield ionic liquid precursors, almost
all the available data from the literature relates to unoptimised
batch reactions with time-scales on the order of tens of hours
to days. Here we describe the results of studies into the
optimisation of the reaction of DMC with a range of organic
bases: 1-butylpyrrolidine, tributylamine, trioctylphosphine, and
1-butylimidazole (Fig. 2), in a microwave reactor under auto-
geneous pressure to yield quaternised methylcarbonate salts in
high yield in a conveniently short time-frame.

Fig. 2 Reaction scheme for the synthesis of 1-butyl-1-methyl-
pyrrolidinium methylcarbonate from the reaction of 1-butylpyrrolidine
with dimethyl carbonate in methanol, and the structures of the
cations synthesised here: 1-butyl-1-methylpyrrolidinium (1), tributyl-
methylammonium (2), trioctylmethylphosphonium (3), and 1-butyl-3-
methylimidazolium (4).

Our objective was to identify conditions where methylcar-
bonate salts could be rapidly synthesised in high purity, in order
to obtain useful intermediates for the synthesis of ionic liquid
libraries with common cations and a wide variety of anions, with
minimal toxic or hazardous by-product formation.

Experimental

Dimethyl carbonate, methanol, 1-butylpyrrolidinium, tributy-
lamine, 1-butylimidazole, and trioctylphosphine of AR grade
were purchased from Aldrich and used as received. Reactions
were carried in quartz pressure vessels using a Milestone
Microsynth microwave reactor. Reaction products were char-
acterised by 1H and 13C NMR spectroscopy in DMSO-d6

using a JEOL 300 MHz NMR spectrometer. Melting points
and glass transition temperatures were determined using a TA
Instruments Q2000 DSC. Thermal decomposition temperatures
were determined from the onset to 5 wt% mass loss heating at
5 ◦C min-1 in nitrogen, using a TA Instruments Q5000 TGA.
Water content was measured using a Cou-Lo Aquamax KF
Moisture meter (GRS Scientific). CHN elemental analyses and

electrospray MS were conducted by ASEP, Queen’s University
Belfast.

Reaction of 1-butylpyrrolidinium with DMC

The reaction of 1-butylpyrrolidine with dimethyl carbonate in
methanol was screened as a function of temperature (from 130–
170 ◦C), 1-butylpyrrolidine:DMC ratio (from 1 : 1–1 : 4), and re-
action time (t = 0–5 h). In a typical procedure, 1-butylpyrrolidine
(5.66 g, 0.0445 mol), dimethyl carbonate (4.10 g, 0.0445 mol) and
methanol (10 cm3) were placed in a microwave quartz reaction
tube, sealed and heated with magnetic stirring to 130 ◦C.

Under the efficient microwave heating, the internal temper-
ature of the reaction vessel reached the reaction set-points in
3–5 min. and was maintained at temperature ±5 ◦C using the
power compensation feedback control. After defined times, the
microwave heating was stopped and the reaction vessel cooled to
room temperature quenching the reaction. The reaction mixture
was sampled and analysed by 1H NMR spectroscopy, and the
product distribution and conversion of 1-butylpyrrolidine to
1-butyl-1-methylpyrrolidinium methylcarbonate were deter-
mined as a function of time, initial reagent composition and
temperature from the relative integrals of the N-CH2 signals of
the reagent and product at ~3 ppm.

For optimised reactions (1 : 4 base:DMC, 130 ◦C, 1 h), the
solvent and the excess alkylating agent were removed under
reduced pressure at 50 ◦C and the resulting pale brown ionic
liquid was recrystallised from methanol–ethyl ethanoate at 4 ◦C
as colourless hygroscopic plates, mp 63 ◦C. (Found: C, 54.72; H,
10.79; N, 5.48. [C13H30N][C2H3O3] requires C, 60.80; H, 10.67;
N, 6.45%)†; dH (300 MHz, DMSO-d6) 3.60 (4H, m, NCH2), 3.43
(5H, m, NCH2, NCH3), 3.10 (3H, s, [CH3OCO2]-), 2.18 (4H, m,
NCH2CH2), 1.76 (2H, m, NCH2CH2),1.38 (2H, m, CH2CH3),
0.98 (3H, t, CH2CH3); dC (125 MHz, DMSO-d6) 156.2, 63.5,
53.9, 51.5, 47.3, 25.2, 21.2, 19.4, 12.5. Decomp. 163 ◦C, water
content 0.2157 wt%.

Reaction of tributylamine with DMC

The reaction of tributylamine with dimethyl carbonate in
methanol was screened as a function of temperature (from 110–
160 ◦C), tributylamine:DMC ratio (from 1 : 2–1 : 4), and reaction
time (t = 0–10 h). In a typical procedure, tributylamine (9.27 g,
0.05 mol), dimethyl carbonate (4.50 g, 0.05 mol) and methanol
(10 cm3) were placed in a microwave quartz reaction tube, sealed
and heated to 130 ◦C. The internal pressure and temperature of
the reaction vessel were monitored. The reaction mixture was
sampled and analysed by 1H NMR spectroscopy, the product
distribution and conversion being determined from the relative
integrals of the N-CH2 signals of the reagent and product at
~3 ppm.

Tributylmethylammonium methylcarbonate was isolated
from the reaction under optimised conditions (1 : 2 base:DMC,
160 ◦C, 10 h) after removing the volatile solvent and excess DMC
under reduced pressure as a brown oil, T g -59.5 ◦C. (Found: C,
62.01; H, 12.26; N, 5.03. [C13H30N][C2H3O3] requires C, 65.42;

† Typical results; it was not possible to obtain stable, reproducible
elemental analyses of these extremely hygroscopic materials.

408 | Green Chem., 2010, 12, 407–413 This journal is © The Royal Society of Chemistry 2010
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H, 12.07; N, 5.09%)†; dH (300 MHz, DMSO-d6) 3.17–3.21 (9H, s
and m, [CH3OCO2]- and NCH2–), 2.97 (3H, s, NCH3), 1.62 (6H,
m, NCH2CH2-), 1.32 (6H, m, -CH2CH3), 0.954 (9H, t, J =
7.9 Hz, CH3); dC (125 MHz, DMSO-d6) 149.8, 60.9, 49.1, 48.0,
23.9, 19.9, 14.0. ESI-MS; +ve mode: 200.24 (100%, [C13H30N]+);
-ve mode: 75.01 (100%, [C2H3O3]-). Decomp. 150 ◦C, water
content 2.14 wt%.

Reaction of trioctylphosphine with DMC

The reaction of trioctylphosphine with dimethyl carbonate in
methanol was performed at 140 ◦C with a 1 : 3 base:DMC
ratio over 5 h. Trioctylphosphine (18.53 g, 0.05 mol), dimethyl
carbonate (12.30 g, 0.15 mol) and methanol (10 cm3) were
loaded under a dry dinitrogen atmosphere into a microwave
quartz reaction tube, sealed and heated to 140 ◦C for 5 h, then
cooled rapidly to room temperature. The internal pressure and
temperature of the reaction vessel were monitored. The reaction
mixture was sampled and analysed by 1H NMR spectroscopy,
showing complete conversion to the product.

1,1,1-Trioctyl-1-methylphosphonium methylcarbonate was
isolated from the reaction mixture as a pale yellow oil, after
removing the volatile solvent and excess DMC under reduced
pressure. dH (300 MHz, DMSO-d6) 3.36 (3H, s, [CH3OCO2]-),
1.89 (6H, m, NCH2-), 1.49 (3H, d, NCH3), 1.10–1.21 (12H, m),
0.92 (24H, m), 0.52 (9H, t, CH3).

Reaction of 1-butylimidazole with DMC

A quartz microwave vessel was charged with 1-butylimidazole
(6.378 g, 0.05 mol), dimethyl carbonate (6.756 g, 0.075 mol) and
methanol (10 cm3). After sealing and placing in the microwave
reactor, the vessel was heated to 150 ◦C. The internal pressure
in the reactor increased on heating to 8–12 bar. Reactions were
quenched after 3, 6, 9, and 12 h and sampled for analysis by
1H NMR, using the downfield ring-hydrogen signals of the
heterocycle.

The crude reaction mixture showed the presence of two
products, 1-butyl-3-methylimidazolium methylcarbonate and
1-butyl-3-methylimidazolium-2-carboxylate, identified by 1H
NMR. dH (300 MHz, DMSO-d6) 6.86 (s, 1H, C(4)-H 1-
butylimidazole), 7.15 (s, 1H, C(5)-H 1-butylimidazole), 7.575
(d, 1H, J = 2 Hz, C(4)-H 1-butyl-3-methylimidazolium-
2-carboxylate), 7.61 (s, 1H, C(2)-H 1-butylimidazole), 7.64
(d, 1H, J = 2 Hz, C(5)-H 1-butyl-3-methyl-imidazolium-2-
carboxylate), 7.73 (dd, 1H, C(4)-H, J1 = J2 = 1.5 Hz 1-
butyl-3-methylimidazolium), 7.8 (dd, 1H, C(5)-H, J1 = J2 =
1.5 Hz, 1-butyl-3-methylimidazolium), 9.392 (s, 1H, C(2)-H
1-butyl-3-methylimidazolium). The major product, 1-butyl-3-
methylimidazolium methylcarbonate, was confirmed by ESI-
MS; +ve mode: 139.1218 (100%, [C8H15N2]+); -ve mode: 75.0082
(100%, [C2H3O3]-).

Results and discussion

1-Butylpyrrolidine + DMC

DMC and 1-butylpyrrolidine were reacted in methanol in a
Milestone MicroSynth microwave reactor under autogeneous
pressure in a sealed 100 cm3 quartz reaction vessels with

magnetic stirring, varying the reagent ratios between 1 : 1 and
1 : 4 1-butylpyrrolidine:DMC and reaction temperature between
130–170 ◦C using a controlled, programmed heating profile
where the sample was heated to reaction temperature, held at
temperature, and then rapidly cooled to room temperature for
analysis.

The internal reaction temperature was monitored using an
in situ fibre-optic probe placed in the reaction solution and the
temperature maintained using a feedback control to moderate
the power output of the microwave magnetron. In a typical
heating profile, the sample is heated with stirring, over 3–5 min,
from ambient to the defined reaction temperature and then held
for the duration of the reaction. This short initial ramping
of the temperature resulted in an excellent correspondence
between the programmed and actual monitored temperatures
during the initial heating (Fig. 3) with little observed thermal
lag. If an instantaneous temperature jump to (high) reaction
temperatures was programmed, the finite time required for the
power compensation feedback control to kick-in could result
in initial overheating and temperature oscillation. From this
point of view, the presence of methanol as a moderately polar
cosolvent is advantageous in acting as a microwave adsorbant
during the early stages of the reaction, allowing even heat
distribution through the reaction media.

Fig. 3 The short initial heating ramp (heating from ambient to final
reaction temperature over the first 0–5 min) in a typical reaction profile
gives excellent thermal control with the internal reaction temperature
(red line) corresponding excellently with the set-point programmed
temperature (black line). During the initial heating step, the internal
reactor pressure (blue line) increases, but then remains constant for the
remainder of the reaction time.

Set-point and internal temperature and pressure were mon-
itored as the reaction progressed. On heating, the internal
pressure in the vessels increased to a maximum of 8–12 bar.
Reactions were quenched and sampled at times between 0–5 h
for analysis.

Reactions were followed by 1H NMR spectroscopy. The
conversion of 1-butylpyrrolidine was monitored by comparing
the relative values of the integrated signals from the amine and
product. The percentage conversion of 1-butylpyrrolidine with
reaction time is shown in Fig. 4 at constant 1 : 1 base:DMC

This journal is © The Royal Society of Chemistry 2010 Green Chem., 2010, 12, 407–413 | 409
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Fig. 4 Conversion of 1-butylpyrrolidine to 1-butyl-1-methyl-
pyrrolidinium methylcarbonate with time at 130 ◦C (�), 140 ◦C (�),
and 170 ◦C (�) using a 1 : 1 base:DMC ratio.

ratio as a function of temperature and in Fig. 5 as a function of
base:DMC ratio at 130 ◦C.

Fig. 5 Conversion of 1-butylpyrrolidine to 1-butyl-1-methyl-
pyrrolidinium methylcarbonate with time using 1 : 1 (�), 1 : 2 (�), and
1 : 4 (�) base:DMC ratios at 130 ◦C.

Only one product, 1-butyl-1-methylpyrrolidinium methylcar-
bonate, was identified in the reaction mixtures on the basis
of 1H and 13C NMR spectroscopy, and was isolated from the
optimised syntheses (see Experimental section) as an extremely
hygroscopic low-melting crystalline solid after evaporation of
the excess DMC and methanol followed by recrystallisation from
methanol–ethyl ethanoate, and was fully characterised.

Using a 1 : 1 reagent ratio, 80% conversion of 1-butyl-
pyrrolidine to 1-butyl-1-methylpyrrolidinium methylcarbonate
was achieved after 5 h at 130 ◦C (Fig. 4). Increasing the reaction
temperature to 140 ◦C resulted in both a significant increase
in the initial rate of reaction and in the overall conversion
(~98%), although further increments in the reaction temperature
to 170 ◦C gave rise to much smaller changes to either the
rate or final conversion; discolouration of the reaction mixtures
was observed, indicating the start of undesirable decomposition
pathways.

Table 1 Second-order rate coefficients (k2) for the methylation of
1-butylpyrrolidinium with dimethyl carbonate at 1 : 1 reagent ratios
obtained from the gradients of the linear fit to the data plotted in Fig. 6.

T/◦C k2/mol-1 s-1

130 5.08 ¥ 10-3

140 18.6 ¥ 10-3

170 35.5 ¥ 10-3

The influence of base:DMC ratio was examined at 130 ◦C
(Fig. 5). The addition of excess methylating agent resulted in
a marked increase on the rate of reaction and also enabled the
reaction to proceed to completion, with no 1-butylpyrrolidine
detectable in the reaction mixtures after 2 h at 1 : 2 base:DMC
and after 1 h at 1 : 4 base:DMC.

The initial rates of reaction at 1 : 1 base:DMC ratio were
investigated by plotting the reciprocal of 1-butylpyrrolidine
content (mol-1) against time for reactions at 130, 140, and
170 ◦C. The data (Fig. 6) show linear dependence of 1/[1-
butylpyrrolidine] with time indicating, as anticipated, overall
second-order rate kinetics for the [A] + [B] → [C] reaction. The
second-order rate coefficients (k2) were determined at the three
temperatures from the slopes of the plots of 1/[conc] vs. time
and are listed in Table 1. It is worth noting that k2 determined
for the 1 : 1 composition at 130 ◦C (5 ¥ 10-3 mol-1 s-1) is
comparable in magnitude with that reported for the alkylation of
1-methylimidazole with bromohexane (k2 = 1.1 ¥ 10-3 mol-1 s-1)
at 60 ◦C.29

Fig. 6 Variation of the reciprocal concentration of 1-butylpyrrolidine
(1/[1-butylpyrrolidine]) present in the reaction mixtures as a function
of time at 1 : 1 base:DMC at 130 ◦C (�), 140 ◦C (�), and 170 ◦C
(�), showing the linear dependence of 1/[conc]t with t indicating initial
second-order rate kinetics.

Taking the data points for conversion after 1 h, the tem-
perature dependence of the rate coefficient was fitted using
the Arrhenius equation (k2 = Aexp(-Ea/RT)) and gave a pre-
exponential factor (A) of 1.3 ¥ 10-6 mol-1 s-1 and activation
energy Ea = 64 kJ mol-1 (though we do note that there is a
significant uncertainty implicit in extrapolating from just three
points, and from such a narrow temperature range).

With efficient heat transfer, the reaction of 1-butylpyrrolidine
with dimethyl carbonate was optimised to give complete

410 | Green Chem., 2010, 12, 407–413 This journal is © The Royal Society of Chemistry 2010
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conversion of the amine to quaternary methylcarbonate salt
in <1 h using an excess 1 : 4 ratio of DMC as methylating
agent at 130 ◦C with overall second-order kinetics. Methylation
of 1-butylpyrrolidine was observed with all reagent ratios
from 1 : 1 to 1 : 4 base:DMC at temperatures above 130 ◦C
with only one product, 1-butyl-1-methylpyrrolidinium methyl-
carbonate, observed by 1H NMR spectroscopy. Notably, the
addition of a 2–4-fold excess of DMC resulted in the rapid,
complete conversion of 1-butylpyrrolidine to product, from
which the unreacted DMC and methanol solvent could be
easily removed under reduced pressure. The product, 1-butyl-
1-methylpyrrolidinium methylcarbonate, was isolated as a pale
brown low-melting hygroscopic solid. Recrystallisation from
methanol–ethyl ethanoate gave the salt as extremely hygroscopic
colourless plates.

It is worth noting that during similar studies on the synthesis
of quaternary ammonium methylcarbonate surfactants, Earl
et al.18comment that products containing a brown colouration
were obtained when the methylation reactions were performed
in the presence of atmospheric oxygen – presumably due to
formation of an oxidation product – and that colourless or very
pale yellow salts were formed when reactions were performed
in the absence of oxygen. In the reactions performed in this
work, no special precautions were taken to exclude air from the
reaction mixtures.

Reaction of DMC with other organic bases

The reactivity of other organic bases with DMC was explored
under analogous conditions to that used above with 1-butyl-
pyrrolidine. Methylation of tributylamine with DMC was much
slower than for 1-butylpyrrolidine under comparable conditions.
Using a 1 : 2 base:DMC ratio, less than 20% methylation of
tributylamine was observed at 110 ◦C after 7 h. Increasing the
temperature led to increased reactivity and to an increase in the
apparent initial rate and the overall yield, from 77% at 140 ◦C to
90% at 160 ◦C after 10 h (Fig. 7), in contrast to 98% conversion
of 1-butylpyrrolidine at 140 ◦C after 4 h.

Fig. 7 Conversion of tributylamine to tributylmethylammonium
methylcarbonate with time at 140 ◦C (�), 150 ◦C (�), and 160 ◦C
(�) using 1 : 2 base:DMC ratios.

On increasing the temperature further, to 160 ◦C, the rate
of reaction increased, but no further enhancement in the

overall conversion of tributylamine to tributylmethylammonium
methylcarbonate was observed, and the maximum yield (~90%)
was achieved in 4–6 h. Examination of the thermal stability
of isolated tributylmethylammonium methylcarbonate by TGA
under dinitrogen showed that the onset of thermal decomposi-
tion at ambient pressure started at around 150 ◦C (most likely via
Hoffmann E2 elimination pathways to generate volatile organic
fragments30), and it is likely that the limiting conversion in the
higher temperature reaction is a result of competing thermal
decomposition. When the methylation reaction was attempted
at higher temperatures, an increase in the reactor pressure was
observed that approached the defined safe limits of operation of
the microwave, and reactions were abandoned. These results,
for the reaction of tributylamine with DMC, are consistent
with data previously reported under conventional heating at
moderate pressures, where yields of 91–96% were recorded using
comparable reagent ratios and temperatures.18

As anticipated from classical kinetics, and from the compara-
tive reaction of 1-butylpyrrolidine, increasing the concentration
of DMC in the reaction mixture gave an increase in the reaction
rate, although this was accompanied by only a small increment
in the overall conversion, from 90 to around 95%. Data for
reactions at 1 : 2, 1 : 3 and 1 : 4 base:DMC ratio at 150 ◦C are
shown in Fig. 8. The results at 1 : 3 and 1 : 4 base:DMC ratio are
effectively identical within experimental error.

Fig. 8 Conversion of tributylamine to tributylmethylammonium
methylcarbonate with time using 1 : 2 (�), 1 : 3 (�), and 1 : 4 (�)
base:DMC ratios at 150 ◦C.

To examine whether thermal decomposition of the quaternary
ammonium methylcarbonate salt was the limiting factor in the
reactions at elevated temperatures, the reaction of trioctylphos-
phine with DMC at 140 ◦C with a 1 : 3 phosphine:DMC
ratio for 5 h reaction time was performed. It was anticipated
that the greater thermal stability of tetraalkylphosphonium
salts compared to tetraalkylammonium salts should allow
quantitative formation of the phosphonium methylcarbonate
with no thermal degradation. The reaction of a 1 : 3 ratio
of trioctylphosphine:DMC at 140 ◦C for 5 h gave complete
methylation and formation of the trioctylmethylphosphonium
methylcarbonate salt.

The reaction of 1-butylimidazole with DMC was conducted
using 1 : 1–1 : 4 ratios of 1-butylimidazole:DMC at 140 ◦C

This journal is © The Royal Society of Chemistry 2010 Green Chem., 2010, 12, 407–413 | 411
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and 150 ◦C. The reaction rate was slower than that with
1-butylpyrrolidine though similar to that with tributylamine. In
contrast to the reactions with the saturated amines, where only
one reaction product was observed, with 1-butylimidazole two
products, 1-butyl-3-methylimidazolium methylcarbonate and
1-butyl-3-methylimidazolium-2-carboxylate, were formed dur-
ing the reaction.

At 140 ◦C and 1 : 1 1-butylimidazole:DMC ratio, only 35%
conversion of 1-butylimidazole to products was observed after
7 h compared to 98% conversion of 1-butylpyrrolidine after
4 h. When an excess of DMC was used and the temperature
was raised to 150 ◦C, both reactivity and total conversion to
products were increased. Fig. 9 shows the total conversion,
and distribution of the two products with time for reactions at
1 : 1.5, 1 : 2 and 1 : 4 1-butylimidazole:DMC ratio conducted at
150 ◦C.

Fig. 9 Change in percentage composition with time for the reaction
of 1-butylimidazole with DMC in 1 : 1.5 (top) 1 : 2 (middle) and 1 : 4
(bottom) base:DMC ratios (total conversion, black; 1-butylimidazole
starting material, blue; 1-butyl-3-methylimidazolium methylcarbonate,
red; 1-butyl-3-methylimidazolium-2-carboxylate, green) at 150 ◦C.

At 1 : 1.5 ratio, the conversion of 1-butylimidazole to products
peaked at 92% after 12 h, whereas with increasing the 1-
butylimidazole:DMC ratio further, a slight increase in total
conversion was achieved, to 94% with 1 : 2 ratio and to 97%
at 1 : 4. The rate of conversion increased in each case, so that the
reaction was complete after 12 h at 1 : 1.5, 9 h at 1 : 2, and 6 h
at 1 : 4 1-butylimidazole:DMC. In all the reactions, the ratio
of imidazolium salt to imidazolium-2-carboxylate zwitterion
formation remained consistent at approximately 4 : 1 irrespective
of temperature and composition.

Unusually, the product distribution for the reactions here
of 1-butylimidazole with DMC differs from that previously
reported for reaction of 1-methylimidazole,24,27 in which the
1,3-dimethylimidazolium-2-carboxylate zwitterion was isolated
in up to 85% yield. The reasons for this inversion is not
apparent, but may be the result of greater steric hindrance in
1-butylimidazole compared to 1-methylimidazole, or the forma-
tion of solid 1,3-dimethylimidazolium-2-carboxylate displacing
the product equilibrium.

Compared to 1-butylpyrrolidine, which gave complete con-
version at the same reagent ratios in less than 1 h at 130 ◦C,
both tributylamine and 1-butylimidazole were significantly less
reactive, although reactions could be run to completion in 6 h.
The probable cause for the differences in reactivity of the amines
is most likely steric crowding at the reaction centre, rather than
differences in the pKa of the different bases.

Conclusions

Methylcarbonate salts are versatile halide-free intermediates
for ionic liquid synthesis. Clean, quantitative formation of the
methylcarbonate salts with no waste provides a platform to
access large libraries of ionic liquids around common cations
that are entirely halide-free, with only carbon dioxide and
methanol produced as by-products through simple acid/base
chemistry. This presents a highly desirable alternative to the
conventional salt–salt metatheses usually used for ionic liquid
synthesis.

While enhanced reaction kinetics arising from ‘mi-
crowave effects’ have been largely dispelled following careful
experimentation,31 there is still a clear utility in using microwave
reactors, not least of which is the ability to heat samples
rapidly with good thermal control. This provides a very useful
methodology for screening and development, and, more im-
portantly, with rapid heating to reaction temperature, potential
side-reactions arising with dimethyl carbonate at intermediate
temperatures (for example from the carboxylation pathway) can
be reduced or eliminated.

The microwave batch synthesis of 1-butyl-1-methyl-
pyrrolidinium methylcarbonate has been optimised in a Mile-
stone Microsynth microwave reactor with 100% yield of the
desired product obtained in 1 h using a 1 : 4 base:DMC ratio
at 130 ◦C. For the reaction with tributylamine, 98% conversion
to the desired product could be achieved after 6 h, however
increasing the temperature to >140 ◦C to enhance the reaction
rate initiated thermal decomposition of the ammonium methyl-
carbonate salts, resulting in poorer yields. Under comparable
conditions, the more thermally stable trioctylmethylphospho-
nium methylcarbonate could be obtained quantitatively.

412 | Green Chem., 2010, 12, 407–413 This journal is © The Royal Society of Chemistry 2010
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The reaction of 1-butylimidazole with DMC yielded two
products, the desired imidazolium methylcarbonate and zwit-
terionic imidazolium-2-carboxylate salts, in approximately 4 : 1
ratio irrespective of the conditions used. Interestingly, both
the methylcarbonate salt and zwitterionic carboxylate can be
converted to ionic liquids by reaction with acid.28 Further work
will examine a wider reaction space for the imidazolium salts,
to try to identify conditions where carboxylate formation is
suppressed and the imidazolium methylcarbonate is formed as
the sole product.

Work is ongoing to extend optimisation to other useful
ionic liquid-forming cations and to transfer the reaction to a
continuous flow microwave reactor.
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The significant activity for dye degradation by silver nanoparticles (NPs) on oxide supports was
better than popular semiconductor photocatalysts. Moreover, silver photocatalysts can degrade
phenol and drive oxidation of benzyl alcohol to benzaldehyde under ultraviolet light. We suggest
that surface plasmon resonance (SPR) effect and interband transition of silver NPs can activate
organic molecules for oxidation under ultraviolet and visible light irradiation.

Introduction

Photocatalysts show great potential as drivers of chemical reac-
tions when illuminated by sunlight at ambient temperatures.1-3

One of the great challenges in this field is devising new
catalysts that consist of nanoparticles (NPs) usually below
10 nm size regime and possess high activity when illuminated
with either visible light or ultraviolet (UV) light.1 The new
photocatalysts will enable us to use sunlight, the abundant
and green energy source, to drive useful chemical reactions.
Once sunlight is utilized as a substitute of fossil fuel to drive
reactions for production of important chemicals and environ-
mental remediation, this will alleviate our reliance on fossil
fuel energy and reduce energy consumption and CO2 emissions.
Conventional semiconductor photocatalysts, in particular TiO2

based materials have been extensively investigated.2 As these
photocatalysts have a large band gap, photocatalysis can only
occur when UV light is absorbed. Since more than 43% of
the solar energy is in the visible part of the spectrum,3 many
approaches have been proposed to develop photocatalysts that
can perform under visible light.1,3-4 It is well known that gold,
silver and copper NPs strongly absorb visible-light due to the so-
called surface plasmon resonance (SPR) effect.5 The SPR effect
is the collective oscillation of conduction electrons in the NPs,
which resonate with the electromagnetic field of the incident
light. Also these excited electrons will return to their thermal
equilibrium states and release heat to the lattice and surrounding
medium.6 This heating effect may also induce reactions of the
molecules adsorbed on the particles. Indeed, we found that
when illuminated with visible light, gold NPs dispersed on
oxide supports exhibited significant activity for oxidation of
formaldehyde and methanol in air at room temperature due to

aSchool of Physical and Chemical Sciences, Queensland University of
Technology, Queensland, 4001, Australia. E-mail: hy.zhu@qut.edu.au;
Fax: +61 731381804; Tel: +61 731381581
bCollege of Chemistry, Jilin University, Changchun, 130012, China
cCollege of Science, Nanjing University of Technology, Nanjing, 210009,
China
dInstitute of Chemistry, Chinese Academy of Science, Beijing, 100080,
China

the SPR effect.7 Since visible light absorption heats the electrons
and excites them from ground state to higher energy levels, the
probability that a conduction electron participates in chemical
reactions involving electron transfer is greater.

Silver NPs also exhibit considerable UV light absorption
due to the interband transition (the transition of 4d electrons
to the 5sp band).8 Therefore, silver NPs are potentially pho-
tocatalysts that utilize the full solar spectrum. Silver NPs on
the surface of semiconductors and electron-donor substances
cause charge separation of photogenerated electron-hole pairs,
thus enhancing the overall photocatalytic activity.9 However, the
photocatalytic activity of the silver NPs themselves has not been
recognized. While silver ions were reported to be photoactive
for certain reactions, such as nitric oxide decomposition and
carbon-hydrogen bond activation,10 to date even the precise
nature of the reaction mechanism for the catalysis involving
plasmonic silver materials has not been clarified. Here we verify
that silver NPs at room temperature can be used to drive
chemical reactions when illuminated with light throughout the
solar spectrum, and in the process gain some understanding
into the mechanism behind the photocatalytic process (which
is different from that for the conventional semiconductor
photocatalysts).

Experimental

Silver NPs preparation

Solution-phase reduction methods11 were used to prepare the
silver NPs supported on different oxides. ZrO2, Zeolite Y and
amorphous SiO2 powders were chosen as supports because of
their band gaps (above ~5.0 eV), which are much larger than the
energies of the photons of visible light (below 3.0 eV). Hence,
the light cannot excite electrons from the valence band to the
conduction band of the support. It is also impossible for the
silver NPs on the support to reduce its band gap enough for
visible light photons to be absorbed. Thus, the observed visible
light absorption and catalytic activity by the photocatalysts is
due to the supported silver NPs. The AgNO3 solution (3 ¥
10-3 M) containing suspended 0.5 g ZrO2, SiO2 or zeolite Y

414 | Green Chem., 2010, 12, 414–419 This journal is © The Royal Society of Chemistry 2010
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(surface areas are 34, 47, 653 m2 g-1, respectively) was irradiated
with six UV lamps (20 W/tube, from Philips). The irradiated
mixture was then centrifuged for 2 h, and the obtained Ag/oxide
precipitate was washed with deionized water, dried at 80 ◦C and
heated at 450 ◦C for 6 h.

Sample characterization

Transmission electron microscopy (TEM) studies of supported
silver NPs were carried out on Philips CM200 TEM with
an accelerating voltage of 200 kV. The silver content was
determined by energy dispersive X-ray spectroscopy (EDS)
using FEI Quanta 200 Environmental SEM. X-ray photoelec-
tron spectroscopy (XPS) analysis was performed on a Kratos
Analytical Axis Ultra X-ray photoelectron spectrometer. X-ray
diffraction (XRD) was carried out using a PANalytical with Cu-
Ka radiation. The surface photocurrent (SPC) measurements
were performed on the system constituted of a source of
monochromatic light, a lock-in amplifier (SR830-DSP) with
a light chopper (SR540), and a photovoltaic cell. A 500 W
xenon lamp (CHFXQ500W, Global xenon lamp power) and a
double-prism monochromator (Hilger and Watts, D300) provide
monochromatic light. A comb-like ITO electrode with an exter-
nal bias (10.0 V) on its two sides was used. The sample chamber
for transient photovoltage (TPV) measurements consists of an
ITO electrode, a 10 mm thick mica spacer as electron isolator,
and a platinum wire gauze electrode (with a transparency of
about 50%). The construction is a sandwich-like structure of ITO
electrode-sample-mica-gauze platinum electrode. During the
measurement, the gauze platinum electrode was connected to the
core of a BNC cable which input signals to the oscilloscope. The
samples were excited from platinum wire gauze electrode with
a laser radiation pulse (wavelength of 532 nm and pulse width
of 5 ns) from a third-harmonic Nd:YAG laser (Polaris II, New
Wave Research, Inc.). The intensity of the pulse was regulated
with a neutral gray filter and determined with an EM500 single-
channel joulemeter (Molectron, Inc.). The TPV signals were
registered with a 500 MHz digital phosphor oscilloscope (TDS
5054, Tektronix).

Photocatalytic tests

In the photocatalytic dye sulforhodamine-B (SRB) degradation
experiment under air atmosphere, aqueous suspensions of SRB
(50 mL, 2 ¥ 10-5 M) and 50 mg of photocatalyst were placed
in a glass vessel, which was in a chamber with 6 light tubes
(18 W/tube, Philips, light intensity 0.011 W cm-2, wavelength
around 450 nm) as the light source. The pH of the solutions
was adjusted to 2.5 with 0.1 M HNO3. An air conditioner
was installed in the chamber to maintain the temperature at
25 ◦C as the light illumination could cause an increase in
temperature of the vessel. Before irradiation the suspensions
were magnetically stirred in the dark for 30 min to establish
adsorption/desorption equilibrium between the dye and the
catalyst. At given irradiation time intervals, 4 mL aliquots were
collected, centrifuged, and then filtered through a Millipore filter
(pore size 0.45 mm) to remove the catalyst particulates. The
filtrates were analyzed at the wavelength of maximal absorption
(565 nm) in the UV-vis spectra of SRB using a Varian 5000. For
comparison we also product nitrogen-doped TiO2 by annealing

TiO2 at 550 ◦C in N2 gas for 4 h to test SRB photodegradation.
In the photocatalytic phenol degradation experiment, aqueous
suspensions of organic compounds (100 mL, 1 mM) and 100 mg
of silver photocatalyst powders were placed in the vessel. Then
the vessel was in a chamber with 6 UV light tubes as the light
source (20 W/tube, NEC, light intensity was 0.014 W cm-2,
wavelength around 365 nm). The filtrates were analysed at
270 nm in the UV-vis spectra using the Varian 50. In the benzyl
alcohol degradation experiment, 50 ml toluene suspensions of
benzyl alcohol (10%) and 50 mg of silver photocatalyst powders
were placed in the glass vessel. Then the vessel was in a chamber
with 6 UV light tubes as the light source. In order to increase
photocatalytic activity, 30 mg NaOH was added into the benzyl
alcohol solution and the vessel was filled with pure oxygen
as the reaction atmosphere. The filtrates were analysed in GC
HP6890 Prometheus to measure the concentration change of
benzyl alcohol.

Results and discussion

In this study, we loaded silver NPs onto various typical oxide
supports12 and used these photocatalysts for degrading a range
of organic compounds in aqueous solution under either visible
light or UV irradiation at room temperature. TEM images of
silver NPs supported on ZrO2 (Ag/ZrO2), amorphous SiO2

(Ag/SiO2) and Zeolite Y (Ag/Zeolite Y) are shown in Fig. 1.
These images indicate that silver exists in these samples as NPs.
Most of the silver particles (the dark-colour substance) on these
supports were found to have dimensions below 10 nm, which can
lead to changes in surface and electronic structure providing
an opportunity to control catalytic activity and selectivity.13

The silver contents in Ag/Zeolite Y, Ag/ZrO2 and Ag/SiO2

samples were found by EDS to be 7.39, 7.48 and 7.56 wt% of
the overall photocatalyst mass, respectively. XPS analysis shown
in Fig. 2 indicated that the silver exists in metal state. However,
no silver peaks can be identified through XRD pattern of our
photocatalysts (shown in Fig. 3), probably due that the loaded
silver did not form large particles, but was dispersed in the
support structure.

Fig. 1 Transmission electron microscopy images of the photocatalysts
of silver NPs on supports. (a) Silver on zeolite Y, Ag-zeolite Y. (b) Silver
on zirconia, Ag-ZrO2. (c) Silver on silica, Ag-SiO2.

Dyes are of special interest as their use in the textile
and industrial industries is becoming a significant source of
environmental contamination.14 Under visible light irradiation
silver NPs dispersed on oxide supports exhibited significant
activity for SRB degradation at 25 ◦C (An air conditioner was
installed to maintain the temperature as the light illumination
could cause an increase in the vessel temperature), which is even
better than can be achieved with the widely reported nitrogen

This journal is © The Royal Society of Chemistry 2010 Green Chem., 2010, 12, 414–419 | 415
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Fig. 2 Binding energy of Ag 3d5/2 and Ag 3d3/2 for silver photocatalysts.
(1) Ag/Zeolite Y; (2) Ag/ZrO2; (3) Ag/SiO2.

Fig. 3 XRD analysis of silver photocatalysts. (1) Ag/Zeolite Y; (2)
Ag/ZrO2; (3) Ag/SiO2.

doped TiO2 photocatalysts. The comparison of degradation
curves of SRB in aqueous solutions using silver photocatalysts
after 180 min of blue light irradiation are shown in Fig. 4.
Silver supported on zeolite exhibited the highest degradation
ability among these materials. SRB content decreased by 74%
in 3 h under blue light irradiation with intensity of 0.011
W cm-2. The photocatalysts of silver supported on zirconia
and silica (Ag/ZrO2 and Ag/SiO2) are also very active for SRB
degradation (shown in Fig. 4). After 3 h of blue light irradiation,
71% and 66% of the dye were degraded with Ag/SiO2 and
Ag/ZrO2, respectively, slightly lower than the degradation rate
with Ag/Zeolite Y. We also found a trend that the ability of the
photocatalysts to degrade SRB increased with the increasing
silver content. The Ag/Zeolite Y samples containing 4.5 wt%
and 1.5 wt% of silver were also prepared. The SRB content
decreased to 56% and 40% under blue light irradiation in 3 h,
respectively. In the dark, SRB was not decomposed with any one
of the three silver photocatalysts. A blank experiment under the
otherwise identical conditions but without silver NPs (solutions
with these oxide supports - Zeolite Y, ZrO2 or SiO2 powder
only) was also conducted, and no SRB conversion above 3%
was observed. Moreover, silver photocatalysts were stable under
repeated application. About 82% SRB conversion catalyzed by

Fig. 4 Degradation curves of SRB under blue light using different
photocatalysts. (1) N-doped TiO2. (2) Ag/Zeolite Y. (3) Ag/SiO2. (4)
Ag/ZrO2.

Ag/Zeolite Y can be maintained within 5 photodegradation
recycles.

We also studied the effect that the intensity of the light
irradiation had on the SRB degradation reaction. No concen-
tration changes were detected if the experiment was conducted
without light irradiation. When the light intensity was reduced
to 0.008 and 0.006 W cm-2 (by turning off 2 or 4 blue light
tubes, respectively), the SRB conversion by Ag/SiO2 decreased
from 71% to 50% and 27%, respectively. The wavelength of
the irradiation also affects the photocatalytic activity. Under
red light irradiation (of 6 light tubes from Philips, with overall
light intensity 0.010 W cm-2 and wavelength around 650 nm)
about 56% and 39% of SRB was converted by using Ag/SiO2

and Ag/ZrO2 as catalysts in 3 h, which is substantially lower
than that under blue light (71% and 66%). These observations
show that the SRB degradation is undoubtedly driven by visible
light. Next, as the calcination temperature of silver samples was
300 ◦C, only 49% SRB was degraded over Ag/Zeolite Y under
blue light for 3 h due to weak interaction between silver and
support. While high calcination temperature (600 ◦C) can lead
to big silver paricles. 53% SRB was converted under the same
experimental condition except the calcination temperature.

Moreover, these silver photocatalysts also can degrade organic
compounds under UV light irradiation at room temperature.
The UV light absorption by silver NPs can excite interband tran-
sition and be utilized to drive photoreactions. TiO2 is the most
widely studied photocatalyst under UV light irradiation, and
nitrogen-doped TiO2 can exhibit high activity when illuminated
by visible light.4 We compare the SRB photodegradation activity
of the supported silver particles with that of TiO2 material in
Table 1. SRB conversions from replicate runs agree to each
other within ±3%. The results confirm that silver NPs supported
on oxides are superior to TiO2 based photocatalysts for SRB
degradation under both blue and UV light irradiation, given
that the silver particles are the active photocatalysis component
and that silver accounts for about 7.5 wt% of the catalyst mass.

The silver photocatalysts exhibited better catalytic activity
under UV irradiation than under blue light. They not only
decompose dye molecules under UV light faster than under
visible light, but also are able to oxidize phenol in aqueous
solution, which they cannot catalyze under visible light. After
120 h of UV light irradiation 41% of phenol was degraded
by Ag/ZrO2. The photocatalytic conversion of phenol by
Ag/Zeolite and Au/SiO2 was 37% and 38%, respectively. The
conversion of blank experiment (without catalyst under UV irra-
diation) was below 1%. These experimental results indicate that
silver particles supported on oxides can catalyze the degradation
of organic compounds without involving photosensitization
process like dyes in aqueous solution at ambient temperature.15

The photocatalytic decomposition of organic compounds
discussed above involves transfer of multiple electrons from
the organic molecules to oxygen—the oxidant. In principle,
selective (or partial) oxidation of an organic compound can
be achieved with these photocatalysts if we regulate the electron
transfer process by tuning the experimental conditions. Indeed,
supported silver NPs were found to be effective catalysts for
oxidation of benzyl alcohol in toluene to benzaldehyde. 11%
benzyl alcohol conversion was achieved in 48 h under UV light
irradiation with 62% of the product being benzaldehyde, when
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Table 1 Absorption of irradiation energy and catalytic activity of the photocatalysts to degrade SRB

Under blue light Under UV light

Conversiona Absorb energy TOFb Normalized TOFb Conversiona Absorb energy TOFb Normalized TOFb

Photocatalyst % W cm-2 atom-1 s-1
cm2 J-1 (Ag or
TiO2)-atom-1 s-1 % W cm-2 atom-1 s-1

cm2 J-1 (Ag or
TiO2)-atom-1 s-1

Ag-zeolite Y 68 0.007 1.6 ¥ 10-5 2.3 ¥ 10-3 75 0.007 1.8 ¥ 10-5 2.6 ¥ 10-3

Ag-ZrO2 48 0.007 1.1 ¥ 10-5 1.6 ¥ 10-3 55 0.006 1.3 ¥ 10-5 2.2 ¥ 10-3

Ag-SiO2 50 0.004 1.2 ¥ 10-5 3.0 ¥ 10-3 64 0.004 1.5 ¥ 10-5 3.8 ¥ 10-3

N-doped TiO2 34 0.001 1.5 ¥ 10-7 1.5 ¥ 10-4 49 0.005 2.2 ¥ 10-7 4.4 ¥ 10-5

TiO2 (P25) 14 0.001 8.8 ¥ 10-9 8.8 ¥ 10-6 75 0.006 3.3 ¥ 10-7 5.5 ¥ 10-5

a SRB conversions from replicate runs agree to within ±3%. b Turnover frequency data in the table were calculated from the conversion after 1 h of
irradiation.

Ag/zeolite Y was used as the photocatalyst. Partial oxidation
for producing aldehydes from corresponding alcohols is a very
important process for the fine chemical industry.16 We also
increased the selectivity for producing benzaldehyde to 100% by
adjusting the pH with NaOH solution17 and using pure oxygen
instead of air, though the overall conversion fell to 4% in 48 h.

Based on these facts, we conclude that the photocatalytic
process with supported silver NPs does not occur via the same
mechanism as found for semiconductor photocatalysts, such as
TiO2.2 In our study the silver NPs were supported on zeolite,
ZrO2 and SiO2. ZrO2 has a band gap of about 5 eV.7 The band
gaps of zeolite Y and SiO2 are slightly larger than that for ZrO2,
according to the UV-vis absorption measurements shown in
Fig. 5a by Cary5000 UV-Vis spectrometer. These supports alone
(in the absence of the NPs) exhibit little light absorption. When
light wavelengths are above 330 nm, the illumination cannot
excite electrons of the supports from the valence band to the
conduction band. Thus, all the photogenerated charges that lead
to catalytic activity originate from the silver NPs. The silver in the
photocatalysts remains in a metal state as indicated by the XPS
analysis (Fig. 2), which is dissimilar to AgCl which can donate
electrons and exhibit photocatalytic activity by the oxidation of
Cl- ions to Cl0 atoms under light irradiation.9

The photocatalytic reactions (degradation and selective
oxidation) involve electron transfer from the molecules of the
oxidized reactant to those of the reduced reactant. We believe
that the silver NPs initialize and mediate the electron transfer
for the photooxidation reactions. It has been reported that the

silver doped on TiO2 surface can interact strongly with the
oxygen atoms and give rise to an electron transfer to the Ti
3d states.18 In order to determine whether light irradiation can
induce electron transfer from the silver particle to the oxygen
molecules (or oxygen adsorbed on the support), SPC and TPV
spectra of the samples were also analysed and shown in Fig. 5. A
surface current and a transient photovoltage will arise whenever
excess light-induced charge carriers are separated in space, with
the signal intensity being proportional to the number of the
photogenerated charges.19

These spectra also explicitly exhibit the dependence of the
electron transfer on the illumination wavelength allowing the
spectral regions under which electron transfer occurs to be
identified. For typical isolated spherical silver NPs the SPR
absorption is generally around 380 nm, but the absorption
band of the supported NPs is significantly red-shifted to above
410 nm.20 Aggregation of the silver NPs and non-spherical
shaped particles, which we observed in the samples in the
present study, broaden the absorption resonance at low light
intensity.21 The silver NPs exhibit UV absorption, due to the
interband excitation of electrons from 4d to 5sp. From the SPC
spectra (Fig. 5b) it is apparent that UV absorption produces
a much larger surface photocurrent than that induced by the
SPR absorption under visible light irradiation. Also, a large
initial photovoltage is observed in the TPV spectrum (Fig. 5c)
which was measured with a 532 nm laser that has a much higher
intensity than the light used for the SPC measurement. This
indicates that visible light irradiation does generate electrical

Fig. 5 (a) Light absorption of silver photocatalysts, zeolite Y and oxides in UV and visible light range. (b) Surface photocurrent spectra of silver
NPs supported on zeolite Y (trace in blue) and zeolite Y (trace in black). (c) Transient photovoltage spectra of silver NPs supported on zeolite Y
(trace in blue) and zeolite Y (trace in black).

This journal is © The Royal Society of Chemistry 2010 Green Chem., 2010, 12, 414–419 | 417
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surface charges when sufficiently intense. The SPC spectrum
also indicates that the interband absorption (UV) results in a
much larger proportion of electron transfer from silver NPs
to the oxygen molecules than the SPR absorption (visible).
Consequently, more positive charges (holes) are left in the silver
NPs under UV illumination.

To explain these photocatalytic observations, we propose a
tentative transfer mechanism as illustrated in Scheme 1. Before
light illumination the silver electron occupancy obeys the Fermi–
Dirac distribution. Blue light irradiation will excite the SPR and
is strongly absorbed. Silver electrons are excited from within
the outermost sp band to higher energy states.5 Soon after light
absorption the plasmon loses energy causing rapid heating of
electron gas to an elevated temperature (about 400–2000 K)
within a time scale of the order of 100 fs or less through
electron–electron collision.22 Then the electrons share the heat
energy from the ‘hot’ electron gas with the NP lattice through
electron–phonon collisions. The time scale varies from 500 fs
to 10 ps.23 Therefore, it is possible that the electrons with
enough energy may be captured by a body once the capture
process takes within 1 ps, according to Furube’s finding that
the electron transfer from gold NPs to titanium oxide takes less
than 240 fs.24 We suggested that under visible light irradiation
at moderate intensity, a very small number of silver electrons
with high temperature gain sufficient energy (above the green
line in Scheme 1) to be captured by oxygen molecules. However,
most of the electrons are excited to lower energy levels (below

Scheme 1 The diagram of the band structures of the supported silver
NPs and the proposed photocatalysis mechanism.

the green line in Scheme 1), which cannot be captured. Thus, a
weak SPC signal and slow dye degradation are observed under
moderate visible light illumination. The holes left in the 5sp band
can capture electrons from excited SRB molecules (SRB*), due
that the photosensitization process under light irradiation which
involves initial excitation of the dye molecules can be helpful for
injecting dye electrons.15

When silver particles absorb UV irradiation, electrons of
the 4d band can be excited to the 5sp tates band,8 and many
photogenerated electrons are in high energy (the green line or
above in Scheme 1) where oxygen molecules can seize them,
yielding large surface photovoltage signals under UV light. The
holes left in the inner d band have a greater affinity for capturing
electrons from the adsorbed organic molecules than those in
the outermost sp band. Thus the presence of holes in the d
band allows any attached phenol to be degraded by accepting
its electrons. Since different mechanisms are responsible for
degrading organic compounds under visible and UV light, the
photocatalysts ability to oxidize specific compounds will depend
on the illumination wavelength. This property can be utilized
for two reaction regimes. First, under UV illumination, the
photocatalysts can oxidize the compounds that they cannot
oxidize under visible light, such as phenol. However, further
research can be done with other reduction substances whose
reduction potential is lower than that of O2/O2

-. Probably
this will provide visible light driven catalytic activity of phenol
degradation to silver photocatalysts. Second, the illumination
wavelength can be used as a control parameter to determine
whether a specific reaction will take place or not. The ability
for the photocatalysts to capture electrons under UV light is a
useful feature that can be used for producing desired chemicals
under the experimental conditions which can prevent further
oxidation, such as selective oxidation of benzyl alcohol to
benzaldehyde by silver photocatalysts.

Conclusions

In summary, silver NPs are good photocatalysts under ambient
temperature for degrading organic compounds. Silver NPs
supported on oxides can exhibit significant oxidation activity
for a synthetic dye under visible light illumination. These
photocatalysts can also catalyze phenol degradation as well
as selective oxidation of benzyl alcohol under UV light. The
findings indicate conceptually that it is possible to drive various
chemical reactions with visible light. Therefore, as in the case
of photochemistry driven by surface plasmon, it is a distinct
possibility that environmental remediation and fine chemical
production can be performed using the most efficient light source
available—visible light. This will alleviate our reliance on fossil
fuel energy and concerns in regards to global warming. Our
findings also show the potential to switch on or off specific
reactions by tuning the light wavelength. This development will
lead to a new direction in photocatalysis research.
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Quinoline derivatives are known to possess a range of bioactive and medicinal activities, which
have been exploited in the design of antibacterial, antifungal and antimalarial compounds. In this
study, we report on the microbiological toxicity of a series of 1-alkylquinolinium bromides against
a range of clinically relevant microorganisms, in both planktonic and sessile (biofilm) cultures. A
comparison of antimicrobial activity against planktonic bacteria and established biofilms is
presented. In general, 1-alkylquinolinium ionic liquids possess excellent, broad spectrum
antimicrobial activity against microorganisms grown in both the planktonic and sessile, or
biofilm, mode of growth. Importantly, these compounds are potent against Gram positive and
Gram negative bacteria, as well as fungi, with a clear dependency on length of the alkyl
substituent for activity, with compounds containing twelve and fourteen carbons in the alkyl
group exhibiting highest antimicrobial and antibiofilm activity.

Introduction

The ‘tuneable’ nature of ionic liquids, whereby physical, chemi-
cal and biological property sets may be altered by independent
modification of the constituent anions and cations, has been
the major driving force behind the huge interest in this rapidly
expanding field of chemistry. ‘Tuneability’ of ionic liquids
introduces an unparalleled flexibility in the design of reagents
for a particular functional niche, such designer solvents1,2 have
the potential to deliver a range of new reaction media potentially
having greater diversity of character and application than that
of the traditional solvents they are designed to replace,3,4 whilst
generally having negligible vapour pressure thus reducing the
likely risk of atmospheric pollution.5 As such, the major thrust
of ionic liquids research in the past two decades has been towards
‘greening’ chemical processes via replacement of volatile organic
compounds as solvents in the chemical industry.6,7,8 Apart from
direct replacement of organic solvents, ionic liquids have been
shown to deliver improved reaction rate and yields in a number
of chemical reactions9 and may be suitable replacements for toxic
catalysts, facilitate product recovery and have the potential for
recyclability.10

Commonly employed classes of ionic liquids have recently
been shown to exhibit toxicity towards both prokaryotic and
eukaryotic organisms.10 Since many classes of ionic liquids
described in the literature exhibit varying degrees of aqueous

aSchool of Pharmacy, The Queens University of Belfast, Medical Biology
Centre, 97 Lisburn Road, Belfast, UK BT9 7BL.
E-mail: b.gilmore@qub.ac.uk; Fax: +44 (0) 28 90 247 794; Tel: +44 (0)
28 90 972 047
bThe QUILL Research Centre, School of Chemistry, The Queen’s
University of Belfast, Belfast, UK BT9 5AG

solubility, the potential for contamination and elaboration of
toxicity in aquatic ecosystems will be important considerations
in the design of processes utilising such compounds in place of
traditional solvents. Ecotoxicological studies on several classes
of ionic liquid demonstrated that some 1,3-dialkylimidazolium
and 1-alkylpyridinium compounds exhibit toxicity towards the
freshwater algae Pseudokirchneriella subcapitata,11 while 1,3-
dialkylimidazolium ionic liquids are toxic to the freshwater
crustacean Daphnia magna,12 the phytoplankton Selenastrum
capricornutum,13 and the nematode Caenorhabditis elegans.14

To date, numerous studies have demonstrated the antimicrobial
activity of various classes of ionic liquids against both environ-
mental and clinically important microorganisms.15,16,17,18,19,20,21

Biological issues relating to the widespread use of ionic liquids,
such as stability, toxicity, biodegradability and recyclability
(which are themselves ‘tuneable’) have become increasingly
important considerations. However, appropriate design and
judicious use of ionic liquids having antimicrobial activity may
equally deliver significant benefits in infection control through,
for example, improved disinfectants, biocides and antiseptics.
Microbial biofilms (matrix encased surface adherent microbial
populations) are, according to a recent NIH announcement,22

implicated in ca. 80% of chronic infections and constitute a
significant public health risk for patients requiring indwelling
medical devices,23 with medical device usage implicated in
approximately half of all incidences of nosocomial infections.24

Furthermore, the biofilm represents an important survival strat-
egy for microorganisms and, as such, is the predominant mode
of growth for microorganisms in natural ecosystems,25,26 where
their presence may be desirable for ecological balance. Therefore,
no assessment of either the microbiological/environmental tox-
icity or potential utility of ionic liquids as antimicrobial agents

420 | Green Chem., 2010, 12, 420–425 This journal is © The Royal Society of Chemistry 2010
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would be complete without attention to the antibiofilm efficacy
of ionic liquids, since the biofilm affords significant tolerance to
antimicrobial agents, when compared to the planktonic mode
of microbial growth.23,27

Recently, we reported for the first time the in vitro antibiofilm
activity of a series of 1-alkyl-3-methylimidazolium chloride ionic
liquids against clinically relevant pathogenic bacteria (including
MRSA) and fungi21 using the Calgary Biofilm Device (CBD).27

We now wish to report on the antimicrobial and antibiofilm
activities of a series on 1-alkylquinolinium bromide ionic liquids,
against a panel of clinically relevant pathogens, for example,
methicillin resistant Staphylococcus epidermidis (MRSE) and
Pseudomonas aeruginosa. To our knowledge, this is the first
assessment of the antimicrobial and antibiofilm efficacy of 1-
alkylquinolinium ionic liquids in the literature. However, the in
vitro cytotoxicity of 1-alkylquinolinium ionic liquids (assessed
against rat IPC-81 promyelocytic cells) has been discussed
previously.28

Experimental

Synthesis of 1-alkylquinolinium bromide ionic liquids

A mixture of quinoline (0.100 mol) and a slight ex-
cess (0.105 mol) of either 1-bromoctane, 1-bromodecane, 1-
bromododecane, 1-brometetradecane, 1-bromohexadecane or
1-bromooctadecane was heated for 3 d at 80 ◦C under dinitro-
gen. When the reaction was completed (verified by 1H NMR
spectroscopy), the solid was obtained and purified via re-
crystallisation from boiling toluene/ethyl ethanoate mixtures.
This mixture was then cooled at -15 ◦C, filtered under vacuum,
washed with cold toluene (ca. 50 cm3) and dried under vacuum.
This re-crystallisation process was repeated twice. The com-
pound was then dried in a vacuum oven overnight at 70 ◦C. For
each compound in the series, purity was found to be 98–99%
by 1H NMR spectroscopy. The 1H and 13C NMR data was as
expected for 1-alkylquinolinium bromide ionic liquids29,30 and
revealed no organic impurities; the detailed characterisation will
be reported in detail in a future manuscript. All salts were solid
at room temperature, the melting points were determined using
differential scanning calorimetry (DSC); [C6quin]Br m.p. =
66.0 ◦C; [C8quin]Br m.p. = 66.5 ◦C; [C10quin]Br m.p. = 86.6 ◦C;
[C12quin]Br m.p. = 92.0 ◦C; [C14quin]Br m.p. = 102.5 ◦C;
[C16quin]Br m.p. = 113 ◦C; [C18quin]Br m.p. = 116 ◦C. The
general structure of 1-alkylquinolinium bromide is shown in
Fig. 1.

Fig. 1 General structure of [Cnquin]Br.

Strains and growth media

The following strains were used in this study: Staphylococcus
epidermidis ATCC 12228 (non-biofilm forming), methicillin
resistant Staphylococcus epidermidis (MRSE) ATCC 35984
(biofilm forming), Staphylococcus aureus ATCC 29213, methi-
cillin resistant Staphylococcus aureus (MRSA) ATCC 43300,
Escherichia coli NCTC 8196, Klebsiella aerogenes NCTC7427,
Bacillus cereus NCTC 2599, Proteus mirabilis NCTC 12442,
Pseudomonas aeruginosa PA01 and Candida tropicalis NCTC
7393. All microbial strains were stored at -70 ◦C in Microbank
vials (Pro-Lab Diagnostics, Cheshire, UK), and subcultured
in Müller Hinton Broth (MHB) before testing.

MIC/MBC determination

Broth microdilution tests were carried out according to NCCLS
guidelines, and as previously described.21 An original working
solution of each ionic liquid was prepared in MHB, and 0.22 mm
sterile filtered. From this stock solution, serial two-fold dilutions
in MHB were carried out in 96-well microtitre plates over
the concentration range 0.00000763–1% w/v. Microorganisms
under investigation were grown over 18–24 h at 37 ◦C in
MHB, from which an inoculum was taken and adjusted to
optical density 0.3 at 550 nm, which is the equivalent to 1 ¥
108 CFU cm-3. This suspension was further diluted to give a
final inoculum density of 2 ¥ 105 CFU cm-3, as verified by
total viable count. The microtitre plate for determination of
MIC (minimum inhibitory concentration) and MBC (minimum
bactericidal concentration) was set up as described elsewhere,21

and positive and negative controls included in each plate. All
controls and test concentrations were prepared as six replicates.
The microtitre plates were then incubated for 24 h at 37 ◦C
in a stationary incubator. Following determination of the MIC
for each compound, the minimum bactericidal concentrations
(MBC) were derived by transferring 20 mL of the suspension
from the wells, which displayed no signs of growth to MHA
plates. The MHA plates were then incubated in a stationary
incubator at 37 ◦C for 24 h and examined for 99.9% killing.

Biofilm susceptibility assay

Biofilm susceptibility assays were performed using the Calgary
Biofilm Device (MBEC Assay for Physiology & Genetics (P&G),
Innovotech Inc., Edmonton, Alberta, Canada), a rapid, high
throughput assay for the determination of microbial biofilm
susceptibility to antimicrobial challenge. The biofilm assay was
conducted essentially according to the manufacturer’s instruc-
tions with some slight modifications as previously described.21

Positive and negative controls (6 replicates) were included in each
challenge plate alongside serial two-fold dilutions of the com-
pound under test (6 replicates). After exposure of 24 h biofilms
to challenge concentrations of 1-alkylquinolinium bromide ionic
liquids, the recovery plate was incubated for a further 24 h at
37 ◦C and visually checked for turbidity, clear wells indicating
biofilm eradication. The lowest concentration at which no
observable growth was apparent after 24 h was designated
the minimum biofilm eradication concentration (MBEC). For
verification purposes, optical density in each well was recorded
at 550 nm and compared with a negative (no-growth) control.

This journal is © The Royal Society of Chemistry 2010 Green Chem., 2010, 12, 420–425 | 421
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Table 1 MIC and MBC values (mM) of 1-alkyl-quinolinium ([Cnquin]Br)

n

Organism 8 10 12 14 16 18

S. aureus (MRSA) MIC 121.2 55.7 12.9 5.8 35.1 104.9
ATCC 43300 MBC 242 111.5 25.8 5.8 35.1 209.8
S. epidermidis MIC 121.2 55.7 12.9 3 35.1 104.9
ATCC 12228 MBC 242 111.4 25.8 5.8 35.1 104.9
S. epidermidis (MRSE) MIC 242 55.7 25.8 5.8 35.1 209.8
ATCC 35984 MBC 484 111.5 25.8 5.8 70.2 209.8
S. aureus MIC 242 111.5 25.8 5.8 70.2 209.8
ATCC 29213 MBC 484 111.5 51.6 5.8 70.2 419.5
B. cereus MIC 484.8 223 51.6 23.9 140.5 419.5
NCTC 2599 MBC 726 278.7 77.4 29.8 561.9 839
E. coli MIC 121.2 55.7 25.81 11.6 35.12 104.9
NCTC 8196 MBC 242 167.2 38.7 11.6 70.24 209.8
K. aerogenes MIC 60 55.7 12.9 5.8 35.12 104.9
NCTC 7427 MBC 242 167.2 38.7 11.6 35.12 104.9
P. mirabilis MIC 242 111.5 25.8 5.8 70.2 104.9
NCTC 12442 MBC 363 167.2 51.6 5.8 140.5 209.7
P. aeruginosa MIC 484.8 223 51.6 23.9 70.2 419.5
PA01 MBC 605 446 90.3 23.9 280.9 419.5
C. tropicalis MIC 242 55.7 12.9 3 35.1 104.9
NCTC 7393 MBC 363 111.5 25.8 3 70.2 419.5

Recovery plates were incubated for a further 24 h at 37 ◦C to
confirm minimum biofilm eradication concentrations.

Haemolysis assay

In order to assess the potential for 1-alkylquinolinium bromide
ionic liquids to elicit haemolysis, 1-alkylquinolinium bromides
[Cnquin]Br (n = 8, 10, 12, or 14) were spectrophotometrically
assayed for their ability to induce haemoglobin release from
fresh equine erythrocytes according to the method of Shin
et al.31 Essentially, fresh defibrinated equine erythrocytes (Lab-
oratory Supplies & Instruments Ltd., Antrim, UK), were rinsed
three times with equal volumes of phosphate buffered saline
(PBS), following centrifugation for 15 min at 900 g, the erythro-
cytes were re-suspended 4% (v/v) in PBS. Equal volumes (100
mL) of the erythrocyte suspension were added to each well of a
96-well microtitre plate. Erythrocytes were subsequently exposed
to selected ionic liquid concentrations, incubated at 37 ◦C for
1 h and centrifuged at 1000 g. Aliquots of the supernatant were
transferred to a fresh 96-well microtitre plate, and haemoglobin
release measured spectrophotometrically at 405 nm. As a
positive control (100% haemolysis), erythrocytes were treated
with 0.1% Triton X-100, whilst PBS (0% haemolysis) acted as
a negative control. All samples (and controls) were assayed in
quadruplicate. Percentage haemolysis was calculated as follows:

%
( ) ( )

(
Haemolysis

Abs ionicliquidsolution Abs PBS

Abs
=

−405 405

405 00 1 100 405. % ) ( )TritonX Abs PBS− −

Results and discussion

Quinoline derivatives are known to possess a range of bioactive
and medicinal activities, which have been exploited in the design
of antibacterial,32 antifungal33 and antimalarial34 compounds.
In this study, we have examined a series of 1-alkylquinolinium
bromides for their microbiological toxicity against a range

of clinically relevant microorganisms, in both planktonic and
sessile (biofilm) cultures. Minimum inhibitory concentrations
(MIC) and minimum bactericidal/fungicidal concentration
(MBC) values determined for a range of 1-alkylquinolinium
bromide ionic liquids [Cnquin]Br (where n = 8, 10, 12, 14, 16 or
18) against a range of pathogenic organisms are shown in Table 1.
The mean MIC values for Gram positive bacteria (S. epidermidis
ATCC 12228 and ATCC 35984 (MRSE), S. aureus, B. cereus),
Gram negative bacteria (E. coli, P. aeruginosa, P. mirabilis, K.
aerogenes) and fungi (C. tropicalis) are shown in Fig. 2. The
determined MIC values for the 1-alkylquinolinium bromide
ionic liquids were consistent with those previously published
by Pernak and co-workers.35

Fig. 2 Mean [1-alkylquinolinium]Br ionic liquid minimum inhibitory
concentrations (MIC) values for Gram positive cocci, Gram negative
rods and fungi.

All compounds tested exhibited broad spectrum antimicrobial
activity; the data presented here are in general agreement
with previous studies of antimicrobial ionic liquids21 whereby
antimicrobial activity increases with increasing alkyl chain
length, up to a maximum of 14–16, whence it decreased. Taken
together, these data indicate that antimicrobial activity is likely
to be governed by maximal interaction with the microbial cell

422 | Green Chem., 2010, 12, 420–425 This journal is © The Royal Society of Chemistry 2010
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Table 2 MIC and MBEC values (mM) of 1-alkylquinolinium bromides [Cnquin]Br

n

8 10 12 14 16 18

S. aureus (MRSA) MIC 121.2 55.7 12.9 5.8 35.1 104.9
ATCC 43300 MBEC 3913 896 413.9 68.3 561.9 1678.1
S. epidermidis (MRSE) MIC 242 55.7 25.8 5.8 35.1 209.8
ATCC 35984 MBEC 7826 1792 827.9 136.7 1123.8 1678.1
S. aureus MIC 242 111.5 25.8 5.8 70.2 209.8
ATCC 29213 MBEC 7826 1956 619.5 91.1 1123.8 3356.2
B. cereus MIC 484.78 223 51.6 23.95 140.5 419.5
NCTC 2599 MBEC 7826 3584 774.2 273.3 1123.8 3356.2
E. coli MIC 121.2 55.7 25.8 11.6 35.1 104.9
NCTC 8196 MBEC 8315 3584 827.9 136.7 561.9 1678.1
K. aerogenes MIC 60 55.7 12.9 5.8 35.1 104.9
NCTC 7427 MBEC 9782 4568 981.2 136.7 561.9 6712.3
P. mirabilis MIC 242 111.5 25.8 5.8 70.2 104.9
NCTC 12442 MBEC 7826 3584 1655.9 546.6 2247.7 3356.2
P. aeruginosa MIC 484.8 223 51.6 23.9 70.2 419.5
PA01 MBEC 8315 1792 413.9 136.7 1123.8 6712.3
C. tropicalis MIC 242 55.7 12.9 3 35.1 104.9
NCTC 7393 MBEC 7826 1792 413.9 68.3 561.9 1678.1

membrane and hydrophobicity. A recent study of the antimi-
crobial effects of fatty acids and amines against MRSA found
optimal antimicrobial activity (though relatively low compared
with compounds quoted here) with lauric acid (dodecanoic acid;
C11H23CO2H) and myristylamine (C14H29NH2),36 confirming the
observations regarding influence of chain length on antimicro-
bial activity. Again, in keeping with previous studies, Gram
positive organisms (with the exception of B. cereus) and fungi
are more sensitive to these compounds than Gram negative
organisms, although the relative differences in susceptibilities
are not as pronounced as those previously reported for 1-
alkyl-3-methylimidazolium ionic liquids,21 indicating that 1-
alkylquinolinium bromides exhibit excellent broad spectrum
activity against all organisms tested. The Gram negative outer
membrane may serve as a barrier to the entry of antimicrobial
molecules, particularly those which interact with the mem-
brane (such as fatty acids and acylated/alkylated compounds)
whereas the bacterial cell wall of gram positive organism may
absorb such compounds and transport them to the inner cell
membrane,37,38 thus potentially explaining the observed differ-
ences in susceptibility to 1-alkylquinolinium bromides between
Gram positive and Gram negative bacteria. Minimum inhibitory
concentrations and minimum bactericidal/fungicidal concen-
trations for these compounds are superior when compared to
previously reported ionic liquids (1-alkyl-3-methylimidazolium
chlorides,21 1-alkoxymethyl-3-methylimidazolium chlorides and
tetrafluoroborates,16 and 1-alkylmidazolum DL-lactates),19 and
comparable to reported phosphonium ionic liquids.39 Further-
more, these compounds generally have superior antimicrobial
activity compared to 3-alkylpyridinium salts isolated from the
marine sponge Reniera sarai and their synthetic analogues.40

Biofilm cultures of each target microbial species were grown
for 24 h before exposure them to varying concentrations of 1-
alkylquinolinium bromide ionic liquids. As a positive control,
viable counts of 24 h biofilms (6 replicates) were performed to
ascertain mean viable biofilm counts, given in Fig. 3. These
data demonstrate the extent of biofilm formation after 24 h
incubation, with an adherent population on each peg of greater

Fig. 3 Mean biofilm viable cell counts for each organism grown on
the Calgary Biofilm Device. Each value is expressed as the mean of six
replicates.

than 1 ¥ 105 viable bacteria per peg (CFU per peg). Minimum
biofilm eradication concentrations for each biofilm forming
species, are given in Table 2, where corresponding MIC values
are also included for comparison. The data from Table 2 are
represented as the mean log10(MBEC) values (mM) in Fig. 4,

Fig. 4 Mean minimum biofilm eradication concentration (MBEC)
values for [1-alkylquinolinium]Br ionic liquids where (n = 8, 10, 12, 14,
16 or 18) for the representative fungi, C. tropicalis (F), Gram positive
(G+) cocci and Gram negative (G-) rods.
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and comparison of the MIC/MBEC values {as mean log10(mM)
values} in Fig. 5. In keeping with our previously reported study
of 1-alkyl-3-methylimidazolium chlorides ionic liquids21 (and
planktonic data from the current study), these data demonstrate
that MBEC values for the 1-alkylquinolinium bromides are
dependent on the length of alkyl chain. 1-Alkylquinolinium
bromide ionic liquids with an alkyl chain of n > 8 possess
antimicrobial activity against both biofilm and planktonic
microorganisms, with maximum antimicrobial and antibiofilm
activity where the number of carbons in the alkyl chain is
14. The minimum biofilm eradication concentrations of the
most potent compound in the range (1-tetradecylquinolinium
bromide) against Gram positive organisms are comparable to
those for the most potent antibiofilm compound in the previous
study, 1-tetradecyl-3-methylimidazolium chloride.21 However,
average 1-tetradecylquinolinium bromide MBEC values are
significantly lower for Gram negative bacteria and the represen-
tative fungi, C. tropicalis, than the corresponding 1-tetradecyl-
3-methylimidazolium chloride. The data indicate that, in gen-
eral, the 1-alkylquinolium bromide ionic liquids are more
potent broad spectrum antimicrobials (against both planktonic
and sessile microorganisms) than the corresponding 1-alkyl-3-
methylimidazolium chloride ionic liquids and that modifications
to the head group can yield differences in both potency and
spectrum of antimicrobial activity, further validating the ability
to ‘tune’ the antimicrobial toxicity of ionic liquids. In addition,
we have observed that modification of the quinoline head
group has the ability to alter microbiological toxicity (data not
shown), in keep with observations that not only head group, but
substitution and functionalisation of head group, has the ability
to alter biological toxicity.41

Fig. 5 Comparison of mean MIC and MBEC values for [1-
alkylquinolinium]Br ionic liquids where (n = 8, 10, 12, 14, 16, 18) for
Gram positive and Gram negative bacteria, and the representative fungi,
C. tropicalis.

Finally, the haemolytic activity of the 1-alkylquinolinium
bromide ionic liquids (n = 8, 10, 12, or 14) was evaluated
against fresh equine erythrocytes (Fig. 6). The results of the
haemolytic assay indicate that the compounds tested exhibit
no haemolytic activity up to 50 mg cm-3, at this concentration
1-dodecylquinolinium bromide ([C12quin]Br, 142.85 mM) and 1-
tetradecylquinolinium bromide ([C14quin]Br, 132.6 mM) caused
97.7 ± 2.6% and 97.3 ± 5.1% haemolysis, respectively. This
is unsurprising given the high antimicrobial potency of these
compounds, which is most likely due to their ability to disrupt
cellular membranes. Even at 50 mg cm-3, 1-octylquinolinium

Fig. 6 Haemolytic activity [1-alkylquinolinium]Br ([C8–C14quin]Br)
ionic liquids against equine erythrocytes. Each value is expressed as
the mean of six replicates.

bromide ([C8quin]Br, 155.1 mM) and 1-decylquinolinium bro-
mide ([C10quin]Br, 142.7 mM) exhibit no haemolytic activity.
Concentrations of ionic liquid at minimum inhibitory concentra-
tions would not be expected to produce haemolysis, since these
concentrations are inhibitory to growth rather than producing
a killing, or cidal, effect which is observed at and above
the minimum bactericidal concentrations. In the case of both
[C12quin]Br and [C14quin]Br, almost total haemolysis is observed
at 50 mg cm-3, which is unsurprising given the average MBCs
for the range of organisms tested is 45.15 mM and 9.89 mM,
respectively. From these data, it is clear that 1-alkylquinolinium
bromide ionic liquids are highly membrane active and bring
about cidal activity via disruption of the cell membrane.

Conclusions

The economic impact of healthcare-associated infections (HAIs)
or nosocomial infections imposes significant financial burdens
on healthcare systems worldwide, primarily due to increased
hospital stay and associated costs. In a recently published
report on the financial burden of HAIs in the USA, the
direct (Consumer Price Index adjusted) costs associated with
such infections may be as high as $45 billion for inpatient
hospital services, with the attributable costs per patient of
all HAIs estimated to be between $20549 and $25903.42 In
the UK, approximately 9% of hospitalised patients acquire an
infection post-admission to hospital,43 representing a significant
imposition on an already over-stretched NHS budget. Patients
acquiring nosocomial infections incurred hospitalisation costs
three times that of uninfected patients and had, on average,
prolonged hospital stays in the region of 2.5 times that of
uninfected patients.42 Significant scope therefore exists to not
only reduce the costs associated with such infections, but more
importantly to improve patient quality of life by reduction
in morbidity and mortality associated with hospital acquired
infections.42,43 Ionic liquids could prove attractive reagents for
the control and prevention of infection and may be employed in
a diverse range of antimicrobial applications.

In summary, 1-alkylquinolinium ionic liquids possess excel-
lent, broad spectrum antimicrobial activity against microorgan-
isms grown in both the planktonic and sessile, or biofilm, mode
of growth. Importantly, these compounds are potent against
Gram positive and Gram negative bacteria, as well as fungi, with
a clear dependency on length of the alkyl substituent for activity,
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with compounds containing twelve and fourteen carbons in the
alkyl group exhibiting highest antimicrobial and antibiofilm
activity. The data presented here indicate that antimicrobial
potency and spectrum of activity of ionic liquids can be tuned
by alteration of not only alkyl chain length but also by head
group modification. This will permit flexibility in the design of
antimicrobial agents, such as antiseptics and biocides targeted
to particular applications where known microorganisms are
predominant, (for example, pulmonary infections, such as
pneumonia, urinary tract infections and catheter-associated
infections), where gram negative bacteria are major causative
species.
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A family of glycerol derivatives, consisting of over sixty 1,3-dialkoxy-2-propanols and
1,2,3-trialkoxypropanes, both symmetrically and unsymmetrically substituted at terminal
positions, have been synthesized and the possible role of these glycerol derivatives as substitutive
solvents has been evaluated through measurements of their physico-chemical properties. The
molecular diversity of the derivatives prepared results in significant variations of polarity
properties, facilitating the identification of possible candidates for solvent substitution.

Introduction

Glycerol (1,2,3-propanetriol) is a well-known substance, that
can be naturally found under the form of fatty acid esters,
also known as triglycerides. Traditionally, glycerol is obtained
as a by-product in four different processes: soap manufacture,
fatty acid production, fatty ester production,1 and microbial
fermentation.2 It can also be synthesized from propylene
oxide.1

In recent years, the increase in the production of fatty acid
methyl esters from vegetal oils to be used as biofuels (known
popularly as “biodiesel”), has lead to a surplus in the production
of glycerol, normally generated at the rate of 1 mol of glycerol for
every 3 mol of methyl esters synthesized; which is approximately
10 wt% of the total product. Today, close to two-thirds of world
glycerol production comes from biodiesel. Combined U.S. and
European output last year was 1.2 million metric tons.3

Recently, a European Union Directive stated that by the end
of 2010, traffic fuels should contain at least 5.75% of renewable
bio-components.4 However, if the target of this directive is
to be achieved, European biodiesel demand could increase to
10 million metric tons per year by 2010, producing already
about one million metric tons of glycerol as by-product only in
Europe.5 A similar situation arises in the United States and other
countries. Obviously the question arises how this additional
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‡ Electronic supplementary information (ESI) available: Full data of
physico-chemical properties measured for the glycerol-derived solvents
described. Experimental procedures used for the properties mea-
surements. Characterization of the compounds prepared. See DOI:
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glycerol can be used wisely. New uses for glycerol should
require high amounts of substance, to absorb the surpluses,
and simple and minimal chemical transformation, to minimize
transformation costs and produce low price derivatives, and
of course these transformations should be compatible with
the Green Chemistry principles. This topic has attracted much
attention from researchers and industries, and some reviews have
appeared very recently dealing with the use of glycerol as a source
of commodity chemicals.6

Solvents are chemical substances used in huge amounts for
many different applications. In many cases, organic solvents are
chemical substances derived from petrol, and have a negative
impact on the health and the environment. The great majority
of air contaminants in indoor atmospheres are organic solvents.
If valuable solvents are synthesized from glycerol, not only a
new application, able to consume high quantities of glycerol
surpluses will be found, but also some of the most dangerous
organic solvent could be replaced by less harmful, biodegradable
glycerol-derived solvents.

Some solvents derived from glycerol are already known and
used in different applications. More than 2000 applications are
spread out in different fields such as the cosmetic, pharmaceuti-
cal or food industry. Glycerol itself has been recently proposed as
a green solvent.7 However, as different application fields require
different physico-chemical properties, it would be convenient to
have a high degree of versatility in the preparation of the glycerol
derivatives, keeping the simplicity of the derivatization process,
and it would be also necessary to have a methodology to find
quickly the possible fields of application of the new substances
prepared.

In this paper we present our first results in the characteri-
zation and classification, based on a series of physico-chemical
properties, of new solvents derived from glycerol, consisting of
1,3-dialkoxy-2-propanols and 1,2,3-trialkoxypropanes (glycerol
diethers and triethers), with the same or different alkyl groups on
both terminal positions, with the aim to identify similarities with
traditional organic solvents that can provide clues for solvent
substitution applications.

Graphical classification of these new solvents will help us to
choose quickly which solvent has the best properties to be a
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good candidate in order to substitute a classical solvent in an
existing application.

Results and discussion

Glycerol derivative synthesis

As our priority target in this work was to dispose of a large vari-
ety of alkyl glycerol ethers to investigate their physico-chemical
properties and to correlate them with their structural features,
we used simple yet versatile synthetic schemes, starting from
commercial glycidol ethers and epichlorohydrin (Scheme 1). It
is worth noting that efficient transformation of glycerol into
both glycidol8 and epichlorohydrin9 is possible in large scale, so
the synthetic scheme proposed should be feasible for industrial
solvents production with relatively small modifications.

Scheme 1 Synthetic pathways to symmetrical and unsymmetrical 1,3-
dialkyl glycerol derivatives.

As can be seen, the possibility of unsymmetrical substitution
allows obtaining an interesting structural diversity, which should
result in adjustable physico-chemical properties. In some cases,
fluorinated substituents were used, to introduce a new feature
that might strongly modify both polarity and solvophobicity of
the corresponding solvents.

Using these synthetic strategies, a family of 62 1,3-dialkoxy-
2-propanols and 1,2,3-trialkoxypropanes (glycerol diethers and
triethers), both symmetrically and unsymmetrically substituted,
was prepared. It is important to note that more than half of the
structures prepared were not previously known.

To clarify the identification of the glycerol-derived solvents
in figures, schemes and tables we have used coded names to
represent the substitution patterns on each glycerol hydroxyl
group. These code names use three combinations of digits and
letters representing the corresponding ether alkyl chain. The
codes used are summarized in Table 1.

An example of a glycerol-derived solvent structure and its
codification is shown in Scheme 2.

Table 1 Substituting groups in the structures of glycerol-derived
solvents

Digits and letters Group Structure

0 H free hydroxyl group
1 CH3 methyl
2 CH3CH2 ethyl
3i (CH3)2CH iso-propyl
4 CH3(CH2)2CH2 n-butyl
4i (CH3)2CHCH2 iso-butyl
4t (CH3)3C tert-butyl
3F CF3CH2 2,2,2-trifluoroethyl
5F CF3CF2CH2 2,2,3,3,3-pentafluoro-n-propyl
7F CF3(CF2)2CH2 2,2,3,3,4,4,4-heptafluoro-n-butyl

Scheme 2 Structures and simplified nomenclature for glycerol based
solvents.

Of course, because of symmetry reasons, R1 and R3 sub-
stituents are fully exchangeable, so (3i,0,1) and (1,0,3i) represent
the same compound. The order of these substituents has been
arbitrarily chosen.

Solvent polarity

Solvent polarity parameters have demonstrated their usefulness
not only to classify organic solvents but also to explain solvent
effects on very different physical and chemical processes. An
excellent overview of solvent polarity parameters and their appli-
cations can be found in the outstanding Reichardt’s book.10 Al-
though there are several procedures to quantify solvent polarity,
solvatochromism measurements of probe dyes is undoubtedly
the most successful methodology for an accurate determination
of this solvent feature due to their easy determination and the
high sensitivity to small polarity changes. In this regard, the
Dimroth and Reichardt ET(30) parameter11 is the most used and
known, and not only has it been determined for most of the
common (and not so common) organic solvents,10,12 but also
for neotheric solvents, such as supercritical fluids13 and ionic
liquids.14

ET(30) values represent a blend of dipolarity/polarizability
and hydrogen bond donor solvation abilities of the solvent,
the latter feature contributing to a greater extent. Very often,
normalized ET(30) values, known as EN

T are used, where
tetramethyl silane (TMS) and water are arbitrarily chosen as
0.0 and 1.0 values of the normalized scale.10 In line with the
previous comments, it can be observed that ET values behaves
consistently along the solvent series (Table 1S in the Electronic
Supporting Information, ESI‡). Thus, 1,3-dialkoxy-2-propanols
have EN

T values in the range 0.37–0.50, which are normal for
alcohols. 1,2,3-trialkoxypropanes have much lower values, in the
range 0.15–0.20, also normal for less polar, non-protic solvents,
like ethers. The presence of fluorinated substituents results in
an increase of the corresponding EN

T values, which is a well-
known effect for alcohols. However, this effect is particularly
noticeable in the case of glycerol triethers, which present EN

T

This journal is © The Royal Society of Chemistry 2010 Green Chem., 2010, 12, 426–434 | 427
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values over 0.50 (i.e., similar to those of many alcohols) in spite
of being formally non-protic solvents. The absence of traces
of alcohol in the samples was carefully checked, and finally
discarded, by gas chromatography analyses. The presence of acid
traces could also be discarded, because protic acids protonate
the Dimroth–Reichardt dye, resulting in the disappearance of
the characteristic absorption band in the UV-visible spectra.10

To put these values in the context of common solvents,
Figure 1 represent the range of values of EN

T determined for
glycerol-derived solvents compared with those of a series of
common organic solvents covering a wide spectrum of polarities
(from n-hexane to water).

Fig. 1 Different common solvents and glycerol-based solvents on the
EN

T polarity line.

Glycerol-based solvents cover a wide range of polari-
ties grouped in four families: 1,3-dialkoxy-2-propanols, 1,2,3-
trialkoxypropanes, fluorinated 1,3-dialkoxy-2-propanols, and
fluorinated 1,3-dialkoxy-2-alkoxypropanes. As previously men-
tioned, the latter are in the same zone that the most polar 1,3-
dialkoxy-2-propanols, so they could be considered as strong C–
H hydrogen bond donors. In order to get some insights on this
hypothesis, a computational molecular modelling study has been
carried out, comparing the behaviour of (2,1,2) and (3F,1,3F).

First of all we localized the minimum energy conformer for
both compounds, and we calculated the electronic distribution
of both molecules at the B3LYP/6-31G* theory level. Figure 2
shows the Molecular Electrostatic Potential corresponding to
these electronic distributions mapped onto the van der Waals
molecular surface. As can be seen, the hydrogen atoms of
(3F,1,3F) (and especially those of the trifluoroethyl groups) are
more positively charged (dark blue colour), whereas oxygen
atoms are less negatively charged (light red colour), when
compared with (2,1,2).

To model the possible hydrogen bonding interaction between
the solvent and the Dimroth–Reichardt betaine, we also calcu-
lated the complexes fenolate–solvent. The calculated solvation
energies are gathered in Table 2. In gas phase, the interaction
energies are both stabilizing, but solvation energy with (3F,1,3F)
is ca. 9 kcal mol-1 higher than with (2,1,2).

Of course, the ion-molecule interaction values in the gas
phase must be higher than in solution. We carried out single
point energy calculations on the gas phase optimized geometries

Table 2 Calculated (B3LYP/6-31G*) Fenolate–Solvent interaction en-
ergies (in kcal mol-1) in gas phase and in solution

Solvent Gas phase PCMa PCM+optb

(2,1,2) -10.0 0.4c —
(3F,1,3F) -18.9 -1.4d -7.4

a Single point energies on gas-phase optimized geometries. b Geometry
optimization in solution, using 3F,1,3F parameters. c Using diethyl ether
parameters. d Using 1,2-dichloroethane parameters.

Fig. 2 Calculated (B3LYP/6-31G*) Molecular Electrostatic Potential
(MEP) of (2,1,2) (upper) and (3F,1,3F) (lower) glycerol-derived solvents.
Blue colour corresponds to more positive zones, and red colour to more
negative zones.

by considering electrostatic solvation effects through the PCM
continuum model.15 In these conditions, the interaction energy
fenolate-(2,1,2) turns to be positive (destabilizing), whereas that
of (3F,1,3F) remains negative, indicating a weak association (1.4
kcal mol-1). To have a more reliable value, we reoptimized the
fenolate-(3F,1,3F) complex in solution, using the physical prop-
erties determined for this solvent (density, dielectric constant
and refraction index) in the PCM calculations. The calculated
solvation energy increases up to 7.4 kcal mol-1, indicating
a rather strong association. Figure 3 shows the optimized
fenolate-(3F,1,3F) geometry, in which the interactions between
the negative fenolate oxygen and the positively charges solvent
hydrogen atoms are clearly seen.

It can be then concluded that these fluorinated solvents can
act as moderate hydrogen bond donors, as suggested by their
relatively high EN

T values. This may confer to these molecules
interesting features, since they participate simultaneously in
solvent properties associated to high and low polarities (vide
infra), for instance moderately high HBD ability linked to
immiscibility with water, which can constitute an interesting
combination of properties, difficult to attain for common
organic solvents.

428 | Green Chem., 2010, 12, 426–434 This journal is © The Royal Society of Chemistry 2010
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Fig. 3 Calculated (PCM-B3LYP/6-31G*) geometry and Molecular
Electrostatic Potential (MEP) of the fenolate-(3F,1,3F) complex in
solution.

Multiparametric Abboud–Abraham–Kamlet–Taft equation
is also very popular for solvent effect studies, and the cor-
responding p* (dipolarity-polarizability)16 and a (hydrogen-
bond donor, HBD, ability)17 are among the most known
solvent parameters. This approach presents the advantage that
each contribution to the total solvation can be determined
independently, but on the other hand, neither p* nor a are as
sensitive as ET(30) to small polarity changes. ET(30), p* and a
parameters are linearly related so that usually a values can be
determined from ET(30) and p* measurements.18 In our case,
we use the following expression to calculate the a values of our
solvents (eq. 1):

ET (30)(kcal mol-1) = 11.5 · p* + 15.2 · a + 31.2 (1)

The corresponding p* and a values are gathered in Table 1S‡
and will not be further discussed here.

Physico-chemical properties

Dielectric and related properties. Measurements of different
physico-chemical properties of the compounds prepared have
been made, some of them also related with solvent polarity
features such as dielectric permittivity and dipolar moment,
in order to characterize completely the polarity of these new
solvents.

Dielectric permittivities are lower when free hydroxyl groups
are not present in the structure, as is reflected in Figure 4 and
in the values gathered in Table 1S,‡ when comparing trialkyl
and dialkyl derivatives. Moreover, when fluorinated atoms are
introduced in the structure, polarity increases. Dipole moments
of these new solvents can be estimated from permittivity values
through the Onsager’s equation.19 Dipole moment values in each
of the glycerol-derived families are relatively high and in some
cases very high, as in the case of glycerol–diether derivatives
containing fluorinated atoms. It is worth noting the relatively
high e and m values obtained for (R1

F,R2,R3
F) albeit not having

free hydroxyl groups, in line with that observed in the case of the
EN

T parameter.

Fig. 4 Different common solvents and glycerol-based solvents on the
permittivity (e) and dipole moment (m) lines.

Other related property is the refraction index, which can
be connected with the polarizability of the molecules. The
determined values for this property are gathered in Table 1S.‡

Water compatibility. The hydrophobic or lipophilic charac-
ter of organic compounds plays an important role in many fields.
Water miscibility and hydrophobicity issues are so important
that systematic efforts have been made to obtain numerically
defined constants to assess the hydrophobic character of organic
compounds. One of the best is Hansch–Leo 1-octanol/water
partition coefficient (PO/W)20 which is usually expressed under
logarithmic form as the log P parameter. The huge amount
of experimental data for log P has allowed the development
of many calculation schemes, based on molecular topology,
group contribution and atom contribution models that allow
estimating good log P values from virtually any chemical
structure.21 In our case, we used the Ghose and Crippen atom
contribution method through the DLogP98 refinement.22 Due
to the high variability in their structures (see Scheme 1), the
hydrophobicity range covered by these glycerol-derived solvents
is very wide, covering almost five magnitude orders (Figure 5).

Fig. 5 Different common solvents and glycerol-based solvents on the
hydrophobicity line.

This parameter is narrowly related to miscibility with water,
an important feature if applications in biphasic catalysis or
extractions are envisaged. Two different determinations of water
content were carried out with a selected set of glycerol-derived
solvents (Table 3). The first one corresponds to the water content
under storage conditions, i.e., the amount of water gained when
the solvent is stored for six months with no particular precaution
measures (without inert atmosphere or molecular sieves, for
instance). These values give an idea of the hygroscopicity of
the solvents, which is quite low in all cases (0.1% wt. or less).
The second one, water solubility under saturation conditions,
is generally low for glycerol triethers and is roughly related to
their hydrophobicity. Not surprisingly, the solubility of water in

This journal is © The Royal Society of Chemistry 2010 Green Chem., 2010, 12, 426–434 | 429
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Table 3 Solubility of water in some glycerol-based solvents under
different conditions

Solvent
mg H2O g-1 solvent under
storage conditions

mg H2O g-1 solvent under
saturation conditions

1,0,4t 1.123 Miscible
3i,0,3i 0.926 120.774
4,0,4 1.140 44.691
4,0,4t 0.755 38.515
3F,0,3F 0.650 28.483
1,1,4t 1.586 21.158
1,1,4i 1.402 12.211
3i,1,4 1.145 8.050
4,1,4t 0.605 5.252
3i,1,3F 1.493 4.525
4,1,4 1.420 4.438
4t,1,3F 0.450 4.361
4,1,3F 0.919 4.061
3F,1,3F 0.438 3.238
4,4,4 0.530 2.262

the 1,3-dialkoxy-2-propanols (diethers) is much higher in most
cases, and even in one case (1,0,4t) the solvent results completely
miscible with water. Anyway, as indicated above, it is possible to
have completely anhydrous solvents without particular effort if
the corresponding application would require it.

Viscosity. The determination of this property is particularly
interesting from the viewpoint of possible large scale industrial
applications, where big solvent volumes have to be stirred and
pumped from one tank to another. Although glycerol-based
solvents with free hydroxyl groups have viscosities higher than
those of typical polyethers, they do not have extremely high
viscosities, and most values fall within reasonable values for
organic solvents (Table 1S‡ and Figure 6), being well below from
usual values for other families of green solvents, as are ionic
liquids. It is worth mentioning that these values will further
decrease with temperature, and that glycerol-derived solvents
allow working at relatively high temperatures, so, in general,
viscosity should not constitute an issue with these solvents.

Fig. 6 Kinematic viscosities of different common and glycerol-based
solvents.

VOC character. One major problem concerning the use of
organic solvents is the presence of traces of these compounds in
the air. The most common volatile organic compounds (VOC’s)
are solvents indeed. Nowadays a big effort is being done to
solve the problem trying to substitute these volatile solvents
with others that are less or non-volatile.

All the glycerol-based solvents included in this work have a
high boiling point (Table 1S‡) and low volatility, for this reason
they can be considered as good candidates for substitution of
volatile organic compounds. In Figure 7 it can be seen that
most boiling points determined for glycerol-derived solvents are
higher than those of organic solvents traditionally considered as

Fig. 7 Different common solvents and glycerol-based solvents on the
boiling point line.

having high b.p., such as DMSO and ethylene glycol (EG). In
many cases, they are even higher than that of ethylene carbonate
(EC).

Even better than boiling points, vapour pressures at different
temperatures allow to determine if the glycerol-derived solvents
prepared are more or less volatile than other common organic
solvents. Given the difficulty of having accurate measurements
of this property, it has been only determined for a selected
set of solvents including representatives of non-fluorinated and
fluorinated diethers and triethers of glycerol. Table 2S in the
ESI‡ gathers the vapour pressures of the selected solvents at
ten temperatures ranging between 293.25 and 373.15 K. The
vapour pressures are in general low but somewhat higher
than those of 1-alkanols with a similar number of C atoms
(for example, the vapour pressure of 1-decanol is around
0.1 mmHg at 323.15 K). On the other hand, they are much
lower than those of conventional organic solvents (Figure 8).
The behaviour of this property seems to be mostly controlled
by intermolecular hydrogen bonding, it can be observed by
comparing the vapour pressure of (1,0,4t) against (1,1,4t) and
(3F,0,3F) against (3F,1,3F), in both cases the pressure increases
with the change from the –OH group to the –OCH3 group. On
the other hand, by comparing the vapour pressure of (4,0,4)
against (4,0,4t) we can see as the vapour pressure decreases in
the linear isomer, which is probably related to the lower shielding
of the –OH group, which favours the intermolecular hydrogen
bonding, but also with the London dispersion forces between
alkyl chains.

The experimental vapour pressure data were fitted to the
Antoine equation (eq. 2), which allows calculating vapour
pressures within the temperature range used (Figure 8). It
can be concluded from these measurements that glycerol-
derived solvents have considerably less VOC character than most
common organic solvents.

log ( )
( )

P A
B

T C
mmHg

K
= −

° −
(2)

Insights on solvent substitution and possible uses

In order to find possible applications of the prepared glycerol-
derived solvents, it is necessary to put the determined physico-
chemical properties in context with those of common organic
solvents. This has also been partially accomplished in the
unidimensional Figures of the precedent sections, but more
insights can be obtained with two- and three-dimensional
plots, gathering several different (and preferably independent)
properties.

Thus, Figure 9 gathers the plot of logP vs. EN
T solvent

parameters for a series of common organic solvents, comprising
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Fig. 8 Antoine plots of some common (--- lines) and glycerol-based ( lines) solvents (values for common solvents taken from ref. 23).

different chemical families and solvation abilities (see Table 3S
in the ESI for a comprehensive list of solvents considered‡), as
well as a selection of glycerol-derived solvents, for which both
parameters have been determined.

As already mentioned, log P is a measure of solvent hydropho-
bicity, and it is therefore more related to non-polar solvation,
whereas EN

T is a blend of dipolarity and hydrogen bond solvation
mechanisms, i.e., with polar solvation. Not surprisingly, there
is a rough correlation between both parameters in the case of
common organic solvents (r = -0.769), since the most polar
solvents are usually the least hydrophobic and vice-versa. As
a consequence, in the log P vs. EN

T plot, all common solvents
are placed in the lower left triangular zone, as indicated by the
dashed line. We can see that many glycerol-derived solvents
also fall within this zone, and therefore they are candidates
for solvent substitution in the case of ethers and aromatic
hydrocarbons (R,R,R or glycerol triether solvents), also of
polar aprotic and protic solvents (R,0,R or glycerol diether
solvents), and even in some cases of chlorinated solvents. But
more interestingly, there is a set of glycerol-derived solvents
falling beyond the dashed line, indicating that they possess
unusual combinations of solvation abilities, being at the same
time moderately hydropobic, but also highly polar. In most cases,
these glycerol-derived solvents bear fluorinated alkyl chains in
their structures. This result suggests that these solvents could be
good candidates for new applications. Since they have relatively
high boiling points, low vapour pressures and low viscosities,
they can be seen as alternatives to ionic liquids, with which they
share many common properties.

Of course, if glycerol-derived solvents are considered together
with common solvents, the correlation between log P and
EN

T decreases (r = -0.562), and both indicators become more
independent.

Similar plots can be drawn with other pairs of properties.
In the ESI we show the result of plotting the Kirkwood and
Dielectric functions (Figure 1S‡), depending respectively on
solvent dielectric permittivities and refraction indices. These
functions have been traditionally used in the Koppel and Palm
multiparametric solvation model,24 under the name of Y and
P, respectively, as representatives for the dipolar and dispersive
forces involved in the solvation mechanism.

Finally, a more illustrative plot can be obtained by combining
the four parameters used in the above-mentioned plots. To this
end, a Factor analysis was carried out and a plot of the three
first factors, representing 96% of the total variance, is shown in
Figure 10. As can be seen in this plot, glycerol triethers fall in
a zone shared with alifatic and aromatic hydrocarbons, polar
aprotic and chlorinated solvents. Glycerol diethers clearly fall in
the zone occupied also by polar protic solvents, and, to some
extent, also by polar aprotic solvents. Finally, glycerol-derived
solvents with two fluorinated alkyl chains are relatively isolated
from common organic solvents, indicating again that they can
probably be used for new applications in which conventional
solvents are less adequate. A preliminary work where one of
such special applications is proposed has been published very
recently,25 and another appears in this very issue.26 Other new
possible applications are currently under investigation in our
group.

This journal is © The Royal Society of Chemistry 2010 Green Chem., 2010, 12, 426–434 | 431
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Fig. 9 Log P vs. EN
T plot for a series of common organic solvents and glycerol-derived solvents.

Fig. 10 Factor analysis plot for a series of common organic solvents
and glycerol-derived solvents.

Experimental

Glycerol-based solvents were obtained by ring opening of
either the appropriate glycidol ether (non-symmetric glycerol-
based solvents) or epichlorohydrin (symmetric glycerol-based
solvents) with corresponding alkoxide in alcoholic media. After
that, opening glycerol-based solvents were purified by vacuum
distillation.

General procedure for the synthesis of non-fluorinated
non-symmetric 1,3-dialkoxyglycerols from glycidol ethers

In a round bottom flask cooled in an ice bath, 300 mL of R3OH
(R3 = Me, Et, iPr, nBu) then 1 mol (24 g) of sodium were added to
generate the corresponding alkoxide. When the sodium reacted
completely, the flask was heated up at 70 ◦C, and 1 mol of R1-
glycidol (glycidyl isopropyl ether (R1 = iPr) 118 g; butyl glycidyl
ether (R1 = nBu) 137 g; glycidyl isobutyl ether (R1 = iBu) 135 g;
tert-butyl glycidyl ether (R1 = tBu), 134 g) was dropped into
the flask. After 30 min the reaction has been completed. After
cooling down the flask in an ice bath, 25 mL of water were added.
Water and the rest of the alcohol were removed after heating
under vacuum. The product was dried out with magnesium
sulphate. Non-fluorinated 1,3-dialkoxyglycerols were purified by
vacuum distillation (yield > 85%, GC purity > 99.5%).

General procedure for the synthesis of fluorinated non-symmetric
1,3-dialkoxyglycerols from glycidol ethers

75 mL of R3OH (R3 = CF3CH2) then 1 mol (140 g) of
potassium carbonate was added to a round bottom flask. The
flask was heated up at 70 ◦C, and 1 mol of R1-glycidol (glycidyl
isopropyl ether (R1 = iPr) 118 g; butyl glycidyl ether (R1 =
nBu) 137 g; glycidyl isobutyl ether (R1 = iBu) 135 g; tert-
butyl glycidyl ether (R1 = tBu), 134 g) was dropped into the
flask. After 1 hour the reaction was complete. Cooling down
the flask, the mixture was filtered to remove the carbonate.
The rest of the fluorinated alcohol were removed by heating
under vacuum. Fluorinated 1,3-dialkoxyglycerols were purified
by vacuum distillation (yield > 85%, GC purity > 99.5%).
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General procedure for the synthesis of non-fluorinated symmetric
1,3-dialkoxyglycerols from epichlorohydrin

In a round bottom flask cooled in an ice bath, 300 mL of R3OH
(R3 = Me, Et, iPr, nBu) then 1 mol (24 g) of sodium was added to
generate the corresponding alkoxide. When the sodium reacted
completely, the flask was heated up to 70 ◦C, and 1 mol of
epichlorohydrin (94 g) was dropped into the flask. After 1 hour
the reaction was completed. Cooling down the flask in an ice
bath, 25 mL of water were added. Water and the rest of the
alcohol were removed by heating under vacuum. The product
was dried out with magnesium sulphate. Non-fluorinated 1,3-
dialkoxyglycerols were purified by vacuum distillation (yield >

85%, GC purity > 99.5%).

General procedure for the synthesis of fluorinated symmetric
1,3-dialkoxyglycerols from epichlorohydrin

In a round bottom flask were placed 75 mL of R3OH (R3 =
CF3CH2, CF3CF2CH2, CF3CF2CF2CH2) then 1 mol (140 g) of
potassium carbonate was added. The flask was heated up at
70 ◦C, and 1 mol of epichlorohydrin (94 g) was dropped into the
flask. After 2 hours the reaction was complete. Cooling down
the flask, the mixture was filtered to remove the carbonate.
The rest of the fluorinated alcohol was removed by heating
under vacuum. Fluorinated 1,3-dialkoxyglycerols were purified
by vacuum distillation (yield > 85%, GC purity > 99.5%).

Characterization of glycerol-based solvents

All data are compiled in the electronic supporting information
(ESI).‡

Nuclear magnetic resonance was done in CDCl3 in a Bruker
ARX 300 MHz.

Infrared spectra were obtained from the pure liquid using an
infrared spectrometer Ati Mattson Genesis series FTIR.

Mass spectroscopy was carried out in a Bruker MicroTof-Q,
by electrospray ionization.

Gas chromatography was carried out in a Hewlett Packard
5890 series II Gas Chromatograph using a column of phenyl
silicone 5.5% (supelco spb-s 30 m ¥ 0.25 mm ¥ 0.25 mm) and
Helium as carrier gas.

Polarity and physico-chemical properties

Details of the experimental measurements of the different
solvent polarity parameters and physico-chemical properties of
the solvents prepared are available in the Electronic Supporting
Information.‡

Toxicity issues

In some cases there are some experimental data, for instance
toxicities of glycerol based solvents like 101, 202 or 404 are very
low (LD50 > 3000 mg/kg, oral in mice),27 which are even lower
than butanol (LD50 = 2680 mg/kg). Unfortunately there is not
data for all of them. Fluorinated solvents will be more toxic
than aliphatic ones but not having experimental data for them
it would be reasonable to think in the toxicities of compounds
produced in their probable decomposition, like trifluoroethanol
(LD50 = 366 mg/kg, oral in mice),28 trifluoroacetic acid (LDlo =

150 mg/kg, intraperitoneal in mice)28 or 2,2,2-trifluoroethyl
ethyl ether (LD50 = 5100 mg/kg, intraperitoneal in rats).29

Moreover using these glycerol derivatives allows to reduce
some hazardous aspects. For instance, they have low volatility, so
the concentration in the air using them is lower than using other
conventional solvents. Albeit toxicities of these solvents are not
well known at this moment it is clear they are not extremely toxic,
meeting one of the key requirements for green applications.

Theoretical calculations.

Theoretical calculations were carried out using the Gaussian
03 program.30 Geometrical optimizations and single point
energy calculations were performed within the Density Func-
tional Theory formalism using the B3LYP/6-31G(d) theoretical
level. Solvent effects were taken into consideration through
the PCM formalism,15 as implemented in the Gaussian pro-
gram. The built-in parameterization for diethyl ether and 1,2-
dichloroethane was used to model solvent effects in the case of
2,1,2 and 3F,1,3F, respectively, because of the similar dielectric
constant values.

Conclusions

A family of glycerol derivatives, consisting of 62 1,3-dialkoxy-
2-propanols and 1,2,3-trialkoxypropanes, both symmetrically
and unsymmetrically substituted at terminal positions, and 34
of them not previously described, have been synthesized, char-
acterized, and the possible role of these glycerol derivatives as
substitutive solvents has been evaluated through measurements
of their physico-chemical properties. Nearly 400 experimental
data have been collected for these solvents, and compared with
analogous properties of common organic solvents. The molec-
ular diversity of the derivatives prepared results in significant
variations of polarity properties, facilitating the identification of
possible candidates for solvent substitution, which will undoubt-
edly help to find applications for the glycerol-derived solvents
as substitutes of more harmful, petrol-derived, conventional
organic solvents and, even more interestingly, to find new
applications based on the particular combination of solvent
properties displayed by some of the substances described.
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DOI: 10.1039/b923137d, next paper in this issue.

27 J. Wagner and H. Grill, US. Pat., 1975, 3888994.
28 D. A. Blake, H. F. Cascorbi, R. S. Rozman and F. J. Meyer, Toxicol.

Appl. Pharmacol., 1969, 15, 83.
29 M. J. Murphy, D. A. Dunbar and L. S. Kaminsky, Toxicol. Appl.

Pharmacol., 1983, 71, 84.
30 Gaussian 03, Revision C.02, M. J. Frisch, G. W. Trucks, H. B. Schlegel,

G. E. Scuseria, M. A. Robb, J. R. Cheeseman, J. A. Montgomery,
Jr., T. Vreven, K. N. Kudin, J. C. Burant, J. M. Millam, S. S. Iyengar,
J. Tomasi, V. Barone, B. Mennucci, M. Cossi, G. Scalmani, N. Rega,
G. A. Petersson, H. Nakatsuji, M. Hada, M. Ehara, K. Toyota, R.
Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao,
H. Nakai, M. Klene, X. Li, J. E. Knox, H. P. Hratchian, J. B. Cross,
V. Bakken, C. Adamo, J. Jaramillo, R. Gomperts, R. E. Stratmann,
O. Yazyev, A. J. Austin, R. Cammi, C. Pomelli, J. W. Ochterski, P. Y.
Ayala, K. Morokuma, G. A. Voth, P. Salvador, J. J. Dannenberg, V. G.
Zakrzewski, S. Dapprich, A. D. Daniels, M. C. Strain, O. Farkas,
D. K. Malick, A. D. Rabuck, K. Raghavachari, J. B. Foresman, J. V.
Ortiz, Q. Cui, A. G. Baboul, S. Clifford, J. Cioslowski, B. B. Stefanov,
G. Liu, A. Liashenko, P. Piskorz, I. Komaromi, R. L. Martin, D. J.
Fox, T. Keith, M. A. Al-Laham, C. Y. Peng, A. Nanayakkara, M.
Challacombe, P. M. W. Gill, B. Johnson, W. Chen, M. W. Wong,
C. Gonzalez and J. A. Pople, Gaussian, Inc., Wallingford CT,
2004.

434 | Green Chem., 2010, 12, 426–434 This journal is © The Royal Society of Chemistry 2010

D
ow

nl
oa

de
d 

by
 L

om
on

os
ov

 M
os

co
w

 S
ta

te
 U

ni
ve

rs
ity

 o
n 

30
 O

ct
ob

er
 2

01
0

Pu
bl

is
he

d 
on

 2
6 

Ja
nu

ar
y 

20
10

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/B

92
36

31
G

View Online

http://dx.doi.org/10.1039/B923631G


PAPER www.rsc.org/greenchem | Green Chemistry

Study of the recycling possibilities for azabis(oxazoline)–cobalt complexes
as catalysts for enantioselective conjugate reduction†
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Azabis(oxazoline)–cobalt(II) complexes have been tested in multiphasic catalytic systems for
enantioselective conjugate reduction of (E)-3-phenylbut-2-enoate with NaBH4. Immobilization by
electrostatic interactions with laponite clay leads to excellent results in the first run, as a
consequence of the role of the clay as an anion. However most of the reaction takes place in
solution due to leaching of active complex, and the solids are not reusable. Covalent
immobilization to Merrifield’s resin does not allow the high enantioselectivity obtained in solution
to be reached, and heterogeneous catalysts are again not reusable. Only the use of biphasic liquid
systems allows an efficient recovery of the catalyst. The combination of a new ditopic ligand and
1,3-bis(2,2,2-trifluoroethoxy)propan-2-ol as a solvent for the catalyst phase is optimal to recycle
the catalytic system with 90–96% ee for 5 runs.

Introduction

The selective reduction of double bonds in a,b-unsaturated
carbonyl compounds has became an important tool for the
synthesis of organic compounds. Hence, many systems have
been described to improve this selective process.1 The use of
metal hydrides as well as the combination of hydrides, such
as sodium borohydride or aluminium hydrides, and transition
metal salts have allowed the selective reduction of double bonds
conjugated with electron-withdrawing groups.2 However, there
are very few examples in the literature about the asymmetric
version of this type of reduction.3 One of these examples was
reported by Pfaltz and co-workers who described the use of
semicorrin–cobalt complexes in the enantioselective reduction
of a,b-unsaturated esters and amides with sodium borohydride,
obtaining high enantioselectivities.4 Afterwards, other chiral
cobalt complexes were used in the reduction of acrylamides
with very good results.5 Recently, Reiser and co-workers have
described the use of azabis(oxazoline)–Co complexes, which
proved to be highly efficient and selective in the reduction of
esters, lactams and amides with NaBH4.6

During the last few years, the immobilization of chiral
catalysts7 has emerged as a powerful tool in order to improve the
applicability of enantioselective processes, due to the easier cata-
lyst separation in comparison with the analogous homogeneous
counterparts. However, this is not the only advantage that would

Departamento de Quı́mica Orgánica, Instituto de Ciencia de Materiales
de Aragón and Instituto Universitario de Catálisis Homogénea, Facultad
de Ciencias, Universidad de Zaragoza-C.S.I.C., 50009, Zaragoza, Spain.
E-mail: jmfraile@unizar.es; Fax: +34 976762077
† Electronic supplementary information (ESI) available: Experimental
details for preparation and characterization of heterogeneous catalysts,
and catalytic tests with homogeneous and heterogeneous catalysts. See
DOI: 10.1039/b923137d

justify the use, in some cases, of supported systems prepared by
easy non-covalent immobilization methods.8

It has been shown that immobilized catalysts can afford addi-
tional advantages related to site-isolation or to the possibility
of using them as true multitask catalysts.9 More recently, it
has been shown that the support can be used as an active part
of the enantioselection process,10 leading to catalytic reactions
with improved stereoselectivity11 or even with a reversal in the
stereochemical result in comparison with the behavior of the
same catalysts in solution.12 The easy separation and purification
of the catalyst, as well as the improved activity and selectivity
are clearly desirable objectives of Green Chemistry.

In this paper, we describe the efforts carried out in the recycling
of azabis(oxazoline)–cobalt complexes, used as catalysts for
the reduction of ethyl (E)-3-phenylbut-2-enoate with NaBH4

(Scheme 1), through immobilization on solid supports and the
use of liquid–liquid biphasic systems.

Scheme 1 Conjugated reduction of ethyl (E)-3-phenylbut-2-enoate
with NaBH4.

Results and discussion

Assessment of the ligand effect

In a first set of experiments, three azabis(oxazoline) (azabox,
2, Fig. 1) and two bis(oxazoline) ligands (box, 1, Fig. 1) were
tested in the homogeneous enantioselective reduction of ethyl
(E)-3-phenylbut-2-enoate (Table 1), in order to compare them
with the results reported in the literature with other substrates.

This journal is © The Royal Society of Chemistry 2010 Green Chem., 2010, 12, 435–440 | 435
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Table 1 Results obtained in the conjugated reduction of ethyl (E)-3-
phenylbut-2-enoate with NaBH4 catalyzed by CoCl2 complexesa

Entry Ligand Yield (%)b e.e. (%)c

1 — <5 n.d.
2 1a 14 8 (S)
3 1c 21 27 (R)
4 2a 82 91 (S)
5 2b 22 14 (R)
6 2c 83 72 (R)

a Reaction conditions: 1 mmol of ethyl (E)-3-phenylbut-2-enoate,
0.025 mmol (2.5 mol %) of CoCl2, 0.028 mmol (2.8 mol %) of ligand,
4 ml EtOH–diglyme (1 : 1), 2.5 mmol NaBH4, 24 h, rt. b Determined by
gas chromatography. c Determined by gas chromatography (b-cyclodex
column).

Fig. 1 Chiral bis(oxazoline) (box, 1) and azabis(oxazoline) (azabox, 2)
ligands.

As can be seen, when the reaction was carried out without a
chiral ligand, the yield was less than 5%, confirming the result
obtained by Reiser et al.6 The use of the bis(oxazoline) complexes
(1a–CoCl2 and 1c–CoCl2) did not lead to good results either,
although box(i-Pr) (1c) performed slightly better than box(Ph)
(1a), mainly in enantioselectivity (27% ee vs. 8% ee). In good
agreement with previous results,6 the use of azabis(oxazoline)
ligands leads to a great increase in activity and enantioselectivity
(91% ee with 2a and 72% ee with 2c) with respect to the
results obtained using bis(oxazoline) ligands bearing the same
substituents. However, the results with azabox bearing tert-butyl
groups (2b) were not so satisfactory (22% yield, 14% ee).

Immobilization by cation exchange

Given the results obtained in solution, only complexes 2a–CoCl2

and 2c–CoCl2 were supported by electrostatic interactions onto
laponite. This clay was chosen due to its good behavior in
other enantioselective reactions catalyzed by bis(oxazoline)–
Cu complexes.13 Immobilization was carried out by cationic
exchange (Scheme 2) using the sodium form of the laponite14

and ethanol as solvent instead of the frequently used methanol

Scheme 2 Cation exchange process of 2c–CoCl2.

to prevent possible stability problems of NaBH4.15 Solids were
characterized by cobalt analysis, elemental analysis and FT-IR
spectroscopy.

FT-IR spectra of immobilized species (see the ESI†) show the
C=N band at around 1670 cm-1, shifted from the position at
1638 cm-1 of the free ligand, together with the typical bands of
the complex in the skeletal region of 1400–1600 cm-1. Metal and
elemental analyses are gathered in Table 2. The cobalt loading
(around 0.15 mmol g-1) is in good agreement with previous
results of exchange obtained with related copper complexes
and the same support.16 As can be seen, the ligand : Co
ratio (calculated from N analysis) was higher than 1 in all
cases. Decomplexation/ligand adsorption phenomena, and/or
deproportionation of oligomeric species may account for this
ratio.

The results of the conjugated reduction of ethyl (E)-3-
phenylbut-2-enoate with NaBH4 (Scheme 1), promoted by
laponite-based catalysts are gathered in Table 3. The immobi-
lized 2a–Co(II) complex showed an activity (entry 1) similar to
that obtained in homogeneous phase with slightly lower enan-
tioselectivity. However, 2c–Co(II) immobilized onto laponite led
to much better results (entry 3) than those obtained in solution,
with quantitative yield and improved enantioselectivity (95% vs.
72% e.e.). Laponite has proven to be a less coordinating anion
than chloride,13 and this might be the origin of this effect. In fact,
experiments in solution with ligand 2c and Co(BF4)2 showed
97% e.e., enantioselectivity noticeably improved from 72% e.e.
obtained with CoCl2. It is worth mentioning that these are the
best results obtained in this reaction with azabox(i-Pr) ligand
(2c), proving the importance of the cobalt counter-ion on the
catalytic performance.

The recoverability of laponite catalysts was very poor
(entries 2 and 4), with a considerable drop in activity and

Table 2 Characterization of the different complexes immobilized onto laponite by cationic exchange

Ligand Starting Co salt N/mmol g-1 Co/mmol g-1 ligand : Co B/mmol g-1 Cl/mmol g-1

2a CoCl2 1.95 0.16 4.1 — 0.11
2c CoCl2 1.00 0.15 2.2 — 0.06
2c Co(BF4)2 0.96 0.20 1.6 0.054 —

436 | Green Chem., 2010, 12, 435–440 This journal is © The Royal Society of Chemistry 2010
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Table 3 Results obtained in the conjugated reduction of ethyl (E)-3-
phenylbut-2-enoate with NaBH4 promoted by chiral cobalt complexes
immobilized onto laponitea

Entry Ligand Co precursor Run Time/h Yield (%)b e.e. (%)c

1 2a CoCl2 1 24 83 81 (S)
2 2 24 12 43 (S)
3 2c CoCl2 1 24 100 95 (R)
4 2 24 16 n.d.
5 1 3 95 92 (R)
6 2 3 19 35 (R)
7 2c Co(BF4)2 1 72 100 92 (R)
8 2 72 46 68 (R)
9d 1 24 53 88 (R)
10 2 168 19 55 (R)

a Reaction conditions: 1 mmol of ethyl (E)-3-phenylbut-2-enoate,
2.5 mmol NaBH4, 0.025 mmol (2.5 mol %) of catalyst, 4 ml EtOH–
diglyme (1 : 1), rt,. b Determined by gas chromatography. c Determined
by gas chromatography (b-cyclodex column). d Catalyst filtered after
30 min of reaction.

enantioselectivity. Shorter reaction times (entry 5) allowed the
same results to be obtained in the first run but it did not
prevent any deleterious effects of the prolonged contact with
the borohydride solution. The analysis of the recovered solids
(up to 0.04 mmol g-1) showed a great decrease in Co content.

Filtration experiments after 30 min of reaction showed an
important contribution of homogeneous reaction (80% yield,
90% e.e.) and the complete deactivation of the solid. The
analysis of the freshly prepared catalysts (Table 2) showed that a
considerable amount of chloride remained on them, probably
due to the incomplete exchange of the highly coordinating
chloride anion (Scheme 2).

The same type of solid was prepared by exchange of 2c–
Co(BF4)2. The analysis (Table 2, entry 3) showed a similar
cobalt loading (0.20 mmol g-1), a ligand : Co ratio closer to the
theoretical value, and a significantly lower amount of remaining
anion from the boron analysis. As expected, the use of Co(BF4)2

reproduced the good results obtained in homogeneous phase
(Table 3, entry 7) and allowed a better recovery of the catalyst
achieving a moderate activity and selectivity (Table 3, entry
8). Although the analysis of the recovered catalyst showed an
elevated lixiviation (60% of the Co content in the fresh catalyst),
the leaching was somewhat lower than that obtained when
chloride was used as starting counterion.

The same filtration experiment at short reaction time (30
min) showed again the presence of active chiral complex in the
solution (quantitative yield, 91% e.e.). However, the lixiviation
level was lower than in the case of using CoCl2, since the
recovered solid showed significant activity (53% yield) and
enantioselectivity (88% e.e.) (Table 3, entry 9).

The cobalt leaching might be due to two different mecha-
nisms: back-exchange with Na from NaBH4 and formation of a
neutral Co species.

Although the reaction mechanism is unknown, some reactions
of Co(II) complexes with NaBH4 under stoichiometric condi-
tions have been described and can be considered as models. In
most cases, a reduction takes place, leading to the formation
of CoIX,17 CoI(BH4),18 or CoIH19 complexes. The formation of
a mixed CoIIH(BH4) complex has been also described.20 The
formation of any of those types of complexes with azabox ligands
would account for the observed cobalt leaching.

Covalent immobilization

Taking into account the results obtained with complexes immo-
bilized by electrostatic interactions, the grafting of the complex
through covalent bonds seemed to be a good alternative, as
the cationic or neutral character of the intermediates would
not be an issue in such case. A chloromethylated polystyrene
(Merrifield’s resin) was activated by treatment with NaBr under
biphasic conditions to obtain the corresponding bromomethy-
lated polymer, which was used to alkylate the imino central
bridge of azabox leading to the immobilized ligands 3a and
3c (Scheme 3).9,21 The cobalt complexes were prepared from
different precursors and in different solvents (Table 4). Ligand
and cobalt contents were analyzed (Table 4) and the immobilized
complexes were characterized by IR spectroscopy.

Scheme 3 Covalent immobilization of azabox.

In the spectra of immobilized complexes (ESI), the band
at 1665 cm-1 is present together with that of the free ligand
at 1645 cm-1, in agreement with the rather low complexation
level obtained in all cases (22–66% of the immobilized ligand,
Table 4).

Table 4 Characterization of the different complexes immobilized onto Merrifield’s resin by covalent bond

Catalyst Co salt Solvent N/mmol g-1 Azabox/mmol g-1 Co/mmol g-1 N : Co

3a-CMe CoCl2 MeOH 2.34 0.78 0.17 13.8
3c-CMe CoCl2 MeOH 2.49 0.83 0.46 5.4
3c-BEt Co(BF4)2 EtOH 2.46 0.82 0.27 9.1
3c-BTHF Co(BF4)2 THF 2.41 0.80 0.53 4.5

This journal is © The Royal Society of Chemistry 2010 Green Chem., 2010, 12, 435–440 | 437
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Table 5 Results obtained in the conjugated reduction of ethyl (E)-3-
phenylbut-2-enoate with NaBH4 promoted by chiral cobalt complexes
immobilized onto Merrifield’s resin

Entry Catalyst Solventa NaBH4
b Time/h Yield (%)c e.e. (%)d

1 3a–CMe EtOH–dig 2.5 24 17 15 (S)
2 3c–CMe EtOH–dig 2.5 24 13 4 (R)
3 4c–Co(BF4)2 EtOH–dig 2.5 24 98 91 (R)
4 4c–Co(BF4)2 EtOH–

dig–THF
2.5 24 99 89 (R)

5 3c–BEt EtOH–dig 1.0 72 30 32 (R)
6 3c–BEt EtOH–

dig–THF
1.0 72 25 46 (R)

7 3c–BTHF EtOH–
dig–THF

1.3 72 69 67 (R)

reuse 168 14 34 (R)

a Reaction solvent: dig. = diglyme. All the mixtures contain the
same amount of each solvent (v/v). b mmol of NaBH4 per mmol of
substrate. c Determined by gas chromatography. d Determined by gas
chromatography (b-cyclodex column).

These complexes were tested in the conjugated reduction of
ethyl (E)-3-phenylbut-2-enoate with NaBH4 (Scheme 1), and the
results are gathered in Table 5.

The supported complexes prepared with CoCl2 in methanol
gave rise to very poor results, both in yield and enantioselectivity
(entries 1 and 2). The role of substitution in the central imine
bridge was discarded by testing the analogous homogeneous
ligand 4c (Scheme 3), able to achieve excellent results (entry
3). A new solid prepared with Co(BF4)2 in ethanol (32%
e.e., entry 5) excludes an important role of methanol traces.
Trying to improve polymer swelling, THF was added to the
reaction mixture, leading to slightly better enantioselectivity
(46% e.e., entry 6). The problem of swelling in complexation
of the supported ligands were solved by carrying out the
complexation with Co(BF4)2 also in THF. In agreement with
this hypothesis, the cobalt loading was much higher than that
obtained in ethanol (Table 4) and the catalytic performance was
also improved, with higher yield and enantioselectivity (67% e.e.,
entry 7).

It can be seen that the immobilized catalyst, even under
optimized conditions, does not reach the high performance of
the homogeneous catalyst (entry 4), and moreover it is not
recyclable, in spite of the lack of cobalt leaching from the
polymer (0.51 mmol g-1).

Biphasic liquid systems

Given the limitations of supported catalysts regarding enantios-
electivity, leaching, and/or recovery, the use of biphasic liquid
systems22 was considered as an interesting alternative. As water is
detrimental for this reaction, ionic liquids23 were first considered
to carry out the reduction in solution, allowing the final extrac-
tion of the products with an immiscible solvent. The chosen
solvent was 1-butyl-3-methylimidazolium hexafluorophosphate
[bmim][PF6].

The first tests with complex 2c–Co(BF4)2 in [bmim][PF6]
showed the need for a proton source to complete the catalytic
cycle. Hence, ethanol was used as proton donor together with
the ionic liquid. Ethanol had to be evaporated before extraction
of the reaction product with hexane. In such case a remarkable

Table 6 Results obtained in the conjugated reduction of ethyl (E)-3-
phenylbut-2-enoate with NaBH4 promoted by chiral cobalt complexes
in alternative solvents

Entry Catalyst Solventa Run Yield (%)b e.e. (%)c

1 2c-Co(BF4)2 [bmim][PF6] 1 51 81 (R)
2 2c-Co(BF4)2 BTFEP 1 89 88 (R)
3 5c-Co(BF4)2 [bmim][PF6] 1 75 85 (R)
4 2 67 82 (R)
5 3 60 77 (R)
6 4 44 61 (R)
7 5 48 40 (R)
8 5c-Co(BF4)2 BTFEP 1 99 96 (R)
9 2 91 95 (R)
10 3 41 96 (R)
11 4 41 96 (R)
12 5 48 90 (R)

a Reaction solvent. In all cases the same volume of EtOH is added to act
as proton donor. b Determined by gas chromatography. c Determined by
gas chromatography (b-cyclodex column).

51% yield with 81% ee was obtained (Table 6, entry 1), but the
catalyst phase was not recoverable.

In view of those results in ionic liquid solution and the
incompatibility of the reaction with water, a new type of
solvent was considered. O-Alkylated glycerol derivatives24 are
interesting solvents that are currently being studied as potential
alternatives to “classical” harmful organic solvents.

Among the large amount of solvents (around 75) prepared,
characterized and tested in our group,24 BTFEP (1,3-bis(2,2,2-
trifluoroethoxy)propan-2-ol) was chosen because of its good
behavior in catalyzed oxidation reactions.25

In this case results with 2c–Co(BF4)2 were improved up to
89% yield and 88% ee (Table 6, entry 2), but again the catalyst
phase was not recoverable. In both media the formation of a large
amount of a black solid was observed. This seems to indicate that
the cobalt complex is broken and an inactive cobalt derivative,
probably cobalt boride, is formed. A possible solution will be
the use of a more stable complex.

In view of those results, a ditopic azabis(oxazoline) 5c (Fig. 2)
was prepared by alkylation of 2,2¢-iminobis[(4S)-4-isopropyl-
4,5-dihydro-1,3-oxazole] with 1,4-di(bromomethyl)benzene26

and it was tested as a ligand.

Fig. 2 Chiral ditopic azabis(oxazoline) 5c ligand.

As can be seen in Table 6, results with this ligand are clearly
better than those obtained with azabox in the same solvent. In
[bmim][PF6] 85% e.e. was obtained in the first reaction along
with 75% yield, and recoverability was excellent in the second
run, but a decay in catalytic activity and enantioselectivity
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was observed from the third run (entries 3–7). The higher
stability of the complex was demonstrated by the slower
formation of the black residue, only observable after the second
reaction.

On the contrary the complex 5c–Co(BF4)2 shows an excellent
performance in BTFEP, 99% yield and 96% ee. Interestingly,
the catalyst solution is recoverable with no significant drop
in enantioselectivity up to the fifth run. However activity is
reduced to 40–50% yield from the third run but it remains
stable. This is probably due to the unavoidable slow formation
of CoB particles, detected in the form of black powder, which
significantly reduces the true amount of catalyst after the second
recovery. In any case these results represent the first recyclable
system for this reaction, showing that the biphasic liquid system
using a glycerol derivative is the most suitable method of
recovery in this case.

Experimental

Representative procedure for the biphasic conjugated reduction of
ethyl (E)-3-phenylbut-2-enoate

A suspension of the corresponding ligand (0.025 mmol) and
the cobalt salt (0.028 mmol) in anhydrous solvent (ionic liquid
or BTFEP) (1 ml) was stirred for 15 min under an inert
atmosphere. After this time, a solution of ethyl (E)-3-phenylbut-
2-enoate (1 mmol) in ethanol (1 ml) was added, and the
mixture was cooled to 0 ◦C. NaBH4 (2.5 mmol) was slowly
added in portions and, after the addition was completed,
the reaction mixture was stirred 24 h at room temperature
under inert atmosphere. The resulting crude was evaporated to
eliminate the ethanol, and extracted with hexane (3 ¥ 2 ml).
The combined organic layers were washed with H2O (3 ¥
10 ml), dried with anhydrous MgSO4 and concentrated under
vacuum. The results were analyzed by HPLC. After extraction
the catalyst solution in ionic liquid or BTFEP was evaporated to
eliminate the remaining hexane and it was reused under the same
conditions.

Conclusions

Azabox–Co complexes can be immobilized on solids by either
electrostatic interactions or covalent bonding. In the first case
the solid anion plays a role, as it happens in solution, leading to
an improvement in the catalytic performance. However, a large
amount of active complex is leached to the solution, and hence
the reaction mostly takes place in homogeneous phase. As a
consequence the catalysts are not reusable. Complexes formed
on Merrifield’s resin are much less active and enantioselective
than the homogeneous counterparts.

The best method for recycling is the use of a liquid–liquid
biphasic system. Both ionic liquids and fluorinated glycerol
derivatives are good media to perform the reaction, but again the
catalytic medium is not recoverable, unless a new ditopic ligand
containing two azabis(oxazoline) moieties is used. In such case
the glycerol derivative BTFEP is more efficient, mainly regarding
the enantioselectivity, which is maintained at 90–96% ee for five
consecutive runs.
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Socuéllamos and H. Werner, Chem.–Eur. J., 2004, 10, 2997.
17 M. Aresta, M. Rossi and A. Sacco, Inorg. Chim. Acta, 1969, 3,

227.
18 D. G. Holah, A. N. Hughes, B. C. Hui and K. Wright, Can. J. Chem.,

1974, 52, 2990; E. J. Corey, N. J. Cooper, W. M. Canning, W. N.
Lipscomb and T. F. Koetzle, Inorg. Chem., 1982, 21, 192; D. J.
Wink and N. J. Cooper, J. Chem. Soc., Dalton Trans., 1984,
1257.

19 C. A. Ghilardi, S. Midollini and L. Sacconi, Inorg. Chem., 1975, 14,
1790; D. G. Holah, A. N. Hughes, S. Maciaszek, V. R. Magnuson
and K. O. Parker, Inorg. Chem., 1985, 24, 3956.

20 M. Nakajima, T. Saito, A. Kobayashi and Y. Sasaki, J. Chem. Soc.,
Dalton Trans., 1977, 385.

This journal is © The Royal Society of Chemistry 2010 Green Chem., 2010, 12, 435–440 | 439

D
ow

nl
oa

de
d 

by
 L

om
on

os
ov

 M
os

co
w

 S
ta

te
 U

ni
ve

rs
ity

 o
n 

30
 O

ct
ob

er
 2

01
0

Pu
bl

is
he

d 
on

 2
6 

Ja
nu

ar
y 

20
10

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/B

92
31

37
D

View Online

http://dx.doi.org/10.1039/B923137D


21 H. Werner, C. I. Herrerı́as, M. Glos, A. Gissibl, J. M. Fraile, I. Pérez,
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Palladium-guanidine complex immobilized on SBA-16: a highly active and
recyclable catalyst for Suzuki coupling and alcohol oxidation†
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By immobilizing a mixture of a palladium-guanidine complex and guanidine on the mesoporous
cage-like material SBA-16 via a one-pot silylation, we have successfully prepared a new solid
catalyst for Suzuki coupling and the aerobic oxidation of alcohols. The structure and composition
of the solid catalyst were characterized with N2 sorption, XRD, TEM, FT-IR and solid state
NMR. The coordination state of the palladium-guanidine complex supported on the solid catalyst
was preliminarily investigated with XPS and UV-vis spectroscopy. This catalyst afforded fast
conversions for the Suzuki coupling of various aryl bromides and arylboronic acids in a 50%
aqueous ethanol solution at 50 ◦C even at loadings of 0.01–0.001 mol%, and the TOF (turn-over
frequency) for the Suzuki coupling of bromobenzene and arylboronic acids could be up to
45 700 h-1 under mild conditions. A satisfactory yield was obtained even after the catalyst was
reused several times. The developed solid catalyst combined with the mild conditions investigated
represents one of the most efficient heterogeneous systems for the Suzuki coupling of bromides.
Furthermore, it was found that the solid catalyst could also work well for the aerobic oxidation of
benzylic alcohols and cinnamyl alcohol, affording over 99% selectivity. The catalyst could be
reused 15 times without a significant decrease in activity and selectivity.

Introduction

Pd-catalyzed reactions, such as Suzuki coupling and alcohol
oxidation, are of significant importance in modern chemical
transformations.1 Various palladium complex catalysts for these
reactions have been successfully established.2 These metal com-
plexes, however, suffer from practical problems such as catalyst
separation, catalyst recycling and product contamination. To
address these problems, palladium complexes as well as Pd
nanoparticles have been immobilized on various supports such
as silica, alumina, zeolites, organic polymers and dendrimers
to create heterogeneous catalysts because these heterogeneous
systems are easy to handle, recover and are “green” processes.3

Although significant efforts and advances have been made
along this line, the development of highly recyclable and active
heterogeneous catalytic systems that could work well under mild
conditions still remains a major challenge in view of the practical
applications.

Our previous investigations and other groups’ reports revealed
that it was possible to improve the recyclability and activity of
the immobilized catalyst by choosing a suitable support and
ligand to be grafted on the support.4 For both the Suzuki

aSchool of Chemistry and Chemical Engineering, Shanxi University,
Taiyuan, 030006, China. E-mail: hqyang@sxu.edu.cn;
Fax: +86-351-7011688; Tel: +86-351-7018371
bFine Chemical Engineering Centre of Education Ministry, Shanxi
University, Taiyuan, 030006, China
† Electronic supplementary information (ESI) available: Textural
parameters, base screening and XRD patterns. See DOI:
10.1039/b919175e

coupling and alcohol oxidation, it was found that the supported
molecular catalysts were converted to palladium nanoparticles
as the reaction proceeded.3g,4a,5 Driven by the high surface
energy, the palladium nanoparticles on the support are prone to
aggregate and agglomerate into less active larger particles, and
the recyclability of the immobilized catalyst was thus discounted.
Accordingly, limiting the growth of Pd naonoparticles into the
less active larger particles (even Pd black) is one of the key
factors for improving the recyclability. Among various supports
for efficiently preventing the growth of metal nanoparticles,
mesoporous materials are very promising because of their
regularly arranged pore structure on a mesoscopic scale. More
interestingly, different to the widely used channel-like meso-
porous materials MCM-41 and SBA-15, the recently synthesized
SBA-16 (cubic, Im3m) is one of the new ordered mesoporous
materials with cage-like structures.6 This mesoporous cage-like
material has tunable cage sizes (4–10 nm) and pore entrance
sizes (generally less than 4 nm). The isolated nanocages are
three-dimensionally interconnected by the pore entrances. Such
isolated nanocages of SBA-16 could not only accommodate
metal complexes and particles formed in situ during the catalytic
reaction, but also limit the growth of metal nanoparticles by the
spatial restrictions. Meanwhile, the smaller pore entrances may
inhibit the motion of metal nanoparticles, thereby preventing
undesired agglomeration. In our very recent study, it has been
demonstrated that the cage-like SBA-16 exhibited a much better
capability to prevent the growth of metal nanoparticles than
the channel-like SBA-15 as well as amorphous silica, and the
recyclability of the complex catalyst immobilized on SBA-16
was significantly improved.4a

This journal is © The Royal Society of Chemistry 2010 Green Chem., 2010, 12, 441–451 | 441
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Recently, a palladium-tetramethylguanidine complex was
found to be active in the Suzuki reaction.7 Compared with
the well-established phosphine, N-heterocyclic carbene and
palladacyclic complex system, the palladium-guanidine complex
is air-stable, inexpensive, has low toxicity and is easily accessible
via chemical synthesis. Such advantages could make guanidine
a potential ligand for practical applications. However, to the
best of our knowledge, there has been no report about the
heterogeneous palladium-guanidine complex catalyst.

This work aims to develop a more active and recyclable
heterogeneous catalyst for Suzuki coupling and the aerobic
oxidation of alcohols. By grafting a mixture of the palladium-
guanidine complex and guanidine on SBA-16 via a one-pot
silylation, we have successfully prepared a new solid catalyst.
This catalyst afforded fast conversions for the Suzuki couplings
of various aryl bromides and arylboronic acids in an aqueous
ethanol solution at 50 ◦C even at catalyst loadings of 0.01–
0.001 mol%. The turnover frequency (TOF) for the Suzuki
coupling of bromobenzene and phenylboronic acid could be
up to 45 700 h-1 under mild conditions. Furthermore, it was
found that the solid catalyst could also work well for the aerobic
oxidation of alcohols with over 99% selectivity.

Results and discussion

Catalyst preparation and characterization

The process for the preparation of the catalyst Pd-G/SBA-
16-G is schematically depicted in Scheme 1. To form a cova-
lent linkage with the mesoporous cage-like material SBA-16,
tetramethylguanidine was first subjected to a derivation with
chloropropyltrimethoxysilane, leading to 1,1,3,3-tetramethyl-
2-(3-trimethoxysilylpropyl)-guanidine (G), as described in the
Experimental. Then, an excess of G was coordinated with PdCl2,
resulting in a G solution containing the Pd-G complex. The Pd-
G complex and residual G in this solution were grafted onto

Scheme 1 Schematic descriptions for preparing the solid catalyst Pd-
G/SBA-16-G and the model for the reused catalyst.

SBA-16 through a one-pot silylation. After being thoroughly
washed with organic solvents, a solid catalyst denoted as Pd-
G/SBA-16-G was obtained. The Pd content of the catalyst
Pd-G/SBA-16-G, determined by ICP-AES, is 0.86 wt%. The
N and C contents of the catalyst Pd-G/SBA-16-G determined
by combustion chemical analysis are 3.58 wt% and 9.28 wt%,
respectively. The determined atom ratios of Pd, C and N on
the solid catalyst were, broadly, in agreement with the ratios
expected.

In order to obtain the structural information about the solid
catalyst on a mesoscopic scale, N2 sorption and powder X-ray
diffraction (XRD) were used to characterize Pd-G/SBA-16-
G. The N2 sorption isotherms and pore size distribution plots
for SBA-16 and Pd-G/SBA-16-G, are displayed in Fig. 1 and
Fig. 2, respectively. The textural parameters determined by the
N2 sorption are listed in the ESI, Table S1.† SBA-16 exhibits
a type-IV isotherm pattern with an H2 hysteresis loop, which
is characteristic of the mesoporous cage-like structure. Similar
to the parent material SBA-16, Pd-G/SBA-16-G also shows a
type-IV isotherm with an H2 hysteresis loop, indicating that the
catalyst Pd-G/SBA-16-G still maintains a good mesoporous
cage-like structure. It is worthwhile to note that the specific
surface area, pore volume and pore size of the parent SBA-16

Fig. 1 N2 sorption isotherms of SBA-16 and Pd-G/SBA-16-G.

Fig. 2 Pore size distributions of SBA-16 and Pd-G/SBA-16-G.
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undergo a significant decrease after grafting the mixture of the
Pd-G complex and G (ESI, Table S1).† The significant decrease
in these textural parameters may point out a fact that the Pd-G
complex and G were introduced into the interior of SBA-16,
as expected. The XRD patterns of SBA-16 and Pd-G/SBA-16-
G are displayed in the ESI, Fig. S1.† Like the parent material
SBA-16, Pd-G/SBA-16-G also shows a strong diffraction peak
at small angles, further confirming that the periodic mesoporous
structure of SBA-16 remained roughly intact during the course
of preparing the catalyst.

The composition of the catalyst Pd-G/SBA-16-G was deter-
mined by FT-IR and solid state NMR. The FT-IR spectra of
SBA-16 and Pd-G/SBA-16-G are shown in Fig. 3. Compared
with the FT-IR spectrum of the parent material SBA-16, the
FT-IR spectrum of Pd-G/SBA-16-G clearly exhibited three
new peaks at 2943, 1590 and 1410 cm-1, which correspond
to the stretching vibrations of the C–H and C=N, and the
bending vibration of C–H, respectively. Meanwhile, the intensity
of the peak at 960 cm-1 (related to the bending vibration of
Si–OH on SBA-16) significantly decreases after grafting with
Pd-G complex and G. This can be explained by a fact that the
Si–OH groups on the SBA-16 surface were consumed due to
the silylation. These results indicate that the Pd-G complex
and G were successfully immobilized on SBA-16. Fig. 4 and
Fig. 5 show the 29Si MAS NMR and 13C CP-MAS NMR
spectra of Pd-G/SBA-16-G, respectively. In Fig. 4, the solid
state NMR spectrum of Pd-G/SBA-16-G shows a “T3” band
at ca. -63 ppm, indicating that the Pd-G complex and G were
immobilized on SBA-16 through a condensation reaction of the
surface silanols with silane derivatives. In Fig. 5, the carbon
chemical shifts for the catalyst Pd-G/SBA-16-G are broadly in
agreement with those values for G in solution (liquid state NMR,
see Experimental).

Fig. 3 FT-IR spectra of SBA-16 and G-Pd/SBA-16-G.

In order to get an insight into the coordination state of the Pd
complex on the solid catalyst, UV-vis and X-ray photoelectron
spectroscopy (XPS) experiments were performed. The UV-vis
spectra for the Pd-G complex in solution and Pd-G/SBA-16-G
are displayed in Fig. 6. In order to elucidate the coordination
state of the complex in solution and on the solid surface, G in

Fig. 4 29Si MAS NMR spectrum of G-Pd/SBA-16-G.

Fig. 5 13C CP-MAS NMR spectrum of G-Pd/SBA-16-G.

solution and SBA-16-G (G grafted on SAB-16) as references
are also included in Fig. 6A and Fig. 6B, respectively. As shown
in Fig. 6A, the Pd-G complex in dichloromethane exhibits two
new absorption bands around 370 and 445 nm compared with
G in dichloromethane. These two bands, attributable to the
ligand to metal charge transfer transitions (LMCT), may be
characteristics of the Pd-G complex. In Fig. 6B, Pd-G/SBA-16-
G also shows two new absorption bands in comparison with the
only G grafted on SBA-16 (SBA-16-G), indicating that there is
a coordination interaction between PdCl2 and G on the solid
catalyst surface. A further comparison of the UV-vis spectra
of Pd-G/SBA-16-G (Fig. 6B) and that of Pd-G complex in
solution (Fig. 6A) shows that they have similar absorption bands
in the range of 350–700 nm. The similar absorption bands may
suggest that Pd exist on the solid catalyst surface in a coordinated
fashion, which is similar to the Pd-G complex in solution.

Fig. 7 presents the XPS elemental survey scans of surface of
the solid catalyst. The peaks corresponding to silicon, oxygen,
carbon, nitrogen, palladium and chlorine are clearly observed.
Fig. 8 displays the Pd binding energy of PdCl2 and Pd-G/SBA-
16-G. PdCl2 exhibits two peaks centered at 342.6 and 337.3

This journal is © The Royal Society of Chemistry 2010 Green Chem., 2010, 12, 441–451 | 443
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Fig. 6 UV-vis spectra. (A): Pd-G complex and G in dichloromethane; (B) Pd-G/SBA-16-G and SBA-16-G (diffuse reflectance).

Fig. 7 XPS spectrum of the elemental survey scan of G-Pd/SBA-16-G.

Fig. 8 XPS spectra of G-Pd/SBA-16-G and PdCl2.

eV, which are assigned to Pd 3d3/2 and Pd 3d5/2, respectively.
Compared with PdCl2, the Pd 3d3/2 and Pd 3d5/2 peaks for
Pd-G/SBA-16-G significantly shift to 340.8 and 335.5 eV,
respectively. The remarkable decrease in Pd binding energy
implies that there is a strong coordination interaction between

Pd and G. These results are in agreement with the UV-vis
observations.

The above characterization experiments confirm that the Pd-
G complex and G were successfully immobilized onto SBA-16
through a covalent linkage, the catalyst Pd-G/SBA-16-G still
maintains its unique pore structure of the parent material SBA-
16, and the Pd-G complex immobilized on the solid catalyst
surface has a coordination state similar to the Pd-G complex in
solution.

The Suzuki reaction

The catalytic activity of Pd-G/SBA-16-G was first tested using
Suzuki coupling. Previous studies have showed that solvents and
base had remarkable influences on the reactivity of the Suzuki
reaction.7,8 We are interested in using water as a medium for
the Suzuki coupling because using water as solvent represents a
green, safe and cost-effective process. Our preliminary screening
of solvent reveals that the presence of ethanol could efficiently
promote the Suzuki reaction in water and 50% aqueous ethanol
was the best choice for the reaction medium.4a,7,9 After the reac-
tion medium was chosen, we screened a range of representative
bases. ESI, Table S2† lists the results of the Suzuki coupling
of bromobenzene and phenylboronic acid in the presence of
various bases. As shown in Table S2,† under the same conditions,
NaOAc afforded a low conversion. KF, KHCO3 and NaHCO3

gave moderate conversions. K3PO4 and K2CO3, Na2CO3 and
other hydroxide bases afforded good to excellent conversions.
Among the bases investigated, K3PO4 was found to be the best
choice in view of the highest conversion.

With the optimized solvent and base in hand, we investigated
the activity of Pd-G/SBA-16-G for various substrates. All the
reactions were carried out at 50 ◦C in air using a 50% aqueous
ethanol solution as a reaction medium. The corresponding
results are summarized in Table 1. Using bromobenzene and
phenylboronic acid as reactants, Pd-G/SBA-16-G at a loading
of 0.1 mol% Pd (with respect to bromobenzene) afforded
biphenyl in 95% yield within 20 min and a TOF ca. 2850 h-1

(Table 1, entry 1). Encouraged by so high an activity of the
developed catalyst, we decided to explore the potential of
the catalyst Pd-G/SBA-16-G at a lower loading. When the
catalyst loading was decreased to 0.01 mol%, within 35 min

444 | Green Chem., 2010, 12, 441–451 This journal is © The Royal Society of Chemistry 2010
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Table 1 Suzuki coupling of various bromides with phenylboronic acid in the presence of the catalyst Pd-G/SBA-16-Ga

Entry Substrate Product Pd/mol% t/min Yieldb (%) TOFc/h-1

1 0.1 20 95 2850

2 0.01 35 99 17 000

3 0.002 100 99 29 700

4 0.001 130 99 45 700

5 0.01 50 99 11 880

6 0.01 40 79 11 850

7 0.01 35 99 16 970

8 0.01 40 97 14 550

9 0.01 50 98 11 760

10 0.01 60 93 9300

11 0.01 90 94 6270

12 0.01 100 93 5580

13 0.01 35 88 15 085

14 0.1 180 8 —

a The reaction was carried out at 50 ◦C in air. b Isolated yield. c TOF is calculated according to the following equation: TOF = Nproduct/(Npalladium ¥ t),
where N denotes molar numbers, and t denotes reaction time (h).

Pd-G/SBA-16-G still gave biphenyl in 99% yield and
TOF reached 17 000 h-1 (Table 1, entry 2). The activity
of the developed solid catalyst is nearly comparable to its
homogeneous counterpart (Pd-tetramethylguanidine complex,

97% yield within 20 min). Further reducing the catalyst
loading down to 0.002 mol%, 99% yield was achieved within
100 min and TOF was up to 29 700 h-1 (Table 1, entry 3). When
the catalyst loading was further decreased to 0.001 mol%, 99%

This journal is © The Royal Society of Chemistry 2010 Green Chem., 2010, 12, 441–451 | 445
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Table 2 Suzuki coupling of arylboronic acids with bromobenzene in the presence of the catalyst Pd-G/SBA-16-Ga

Entry Substrate Product t/min Yieldb (%) TOFc/h-1

1 35 95 16 280

2 35 84 14 400

3 120 79 3950

4 300 98 1960

5 75 99 7920

6 100 99 5940

a The reaction was carried out with 4 mmol of halide, 4.4 mmol of phenylboronic acid, 4.4 mmol of K3PO4·3H2O, 0.01 mol% Pd with respect to
bromobenzene (5 mg), 4 mL of water and 4 mL of ethanol at 50 ◦C in air. b Isolated yield. c TOF is calculated according to the method used in
Table 1.

yield could be still obtained within 130 min and TOF was
45 700 h-1 (Table 1, entry 4). The activity of the developed
catalyst is much higher than that of the N-heterocyclic carbene
palladium complex grafted on SBA-16 (reported in our very
recent study) under the same conditions.4a To the best of
our knowledge, this finding represents one of the best cases
for Suzuki coupling of bromobenzene using an immobilized
catalyst under mild conditions.10

In order to verify the high activity of Pd-G/SBA-16-G, we
examined its activity towards other substrates with variation of
different substituents. These results are included in Table 1. At
a catalyst loading of 0.01 mol%, Pd-G/SBA-16-G also afforded
a satisfactory yield for bromides containing –CH3 and –OCH3

groups within 40–50 min (Table 1, entries 5 and 6). For other
bromides with substituents such as –CHO, –CN, –COCH3 and
–NO2 complete conversions were observed and 93–99% yields
for the corresponding biaryl products were also achieved within
one hour under mild reaction conditions (Table 1, entries 7–
10). With regard to 2-substituted bromides, it took a slightly
longer time to complete the reaction, probably due to steric
hindrance, but TOFs still exceeded 5500 h-1 (Table 1, entries 11
and 12). Additionally, Pd-G/SBA-16-G showed high activity
towards iodobenzene but low activity towards chlorobenzene
(Table 1, entries 13 and 14).

Pd-G/SBA-16-G also showed a high activity for the Suzuki
couplings of other arylboronic acids with different substituents.
The results are listed in Table 2. For p-methylphenylboronic
acid and p-methoxyphenylboronic acid, satisfactory yields could
be obtained within 35 min (Table 2, entries 1 and 2). For

arylphenylboronic acid with electron-withdrawing groups such
as –Cl and –CF3, good yields were still afforded although a
longer time was required to complete the reaction (Table 2,
entries 3 and 4). When these substituents changed to the o-
position, a longer time was needed to achieve excellent yields
compared with p-substituted phenylboronic acids (Table 2,
entries 5 and 6). The prolonged reaction time may reflect the
steric hindrance effects.

The recyclability of Pd-G/SBA-16-G was investigated with
consecutive Suzuki coupling reactions. Due to the unavoidable
loss of solid catalyst during the course of recovery and washing,
the reaction scale was amplified 5 times to ensure catalyst quality
to perform the several consecutive recycling reactions, as de-
scribed in the Experimental. The recycling results of the catalyst
Pd-G/SBA-16-G are summarized in Table 3. The catalyst Pd-
G/SBA-16-G gave complete conversion of bromobenzene, and
99% yield was still achieved within 35 min under the scale-up
conditions. The determined palladium content in the product
from the first reaction cycle was below 0.1 ppm. After the
first reaction cycle, the catalyst could be recovered by simple
centrifugation and filtration. After being washed and dried,
the recovered catalyst was directly used for the next reaction
cycle. For the second reaction cycle, biphenyl in 99% yield
was still obtained within 40 min. From the second to sixth
reaction cycle, 84–91% yield were achieved although a longer
reaction time was needed to complete the reaction. For the
seventh reaction cycle, 77% yield could be attained within 15 h.
Although the activity of Pd-G/SBA-16-G was decreased during
the consecutive recycling reactions, it still represents one of

446 | Green Chem., 2010, 12, 441–451 This journal is © The Royal Society of Chemistry 2010
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Table 3 Recyclability test of the catalyst Pd-G/SBA-16-G in the Suzuki reactiona

Cycle 1 2 3 4 5 6 7

t 35 min 40 min 100 mim 3 h 5.5 h 12 h 15 h
Yield (%) 99 99 97 87 84 91 77

a The fist reaction cycle was carried out with 40 mmol of halide, 44 mmol of phenylboronic acid, 44 mmol of K3PO4·3H2O, 0.05 mol% Pd with respect
to bromobenzene (246 mg), 40 mL of water and 40 mL of ethanol at 50 ◦C in air. For the following reaction cycles, the recovered catalyst was weighed
again and the fresh solvent and substrates was added, but the molar ratios of substrates and solvent to Pd remained the same to the first run.

the most durable catalysts in view of the low catalyst loading
(0.05 mol%) employed in the recycling test. The loss in activity
is mainly due to the collapse of pore structure, which leads to
the inability to limiting the growth of Pd nanoparticles into less
active larger particles.

The aerobic oxidation of alcohols

Selective oxidation of alcohols to carbonyl compounds is one
of the most important transformations in the synthesis of fine
chemicals. Currently, of particular interest in this field is the use
of molecular oxygen as oxidant because it represents a green
and facile chemical process in contrast to the use of toxic and
expensive stoichiometric metal oxidants.11 Encouraged by the
obtained results in the Suzuki reaction, we attempted to examine
the catalytic performances of Pd-G/SBA-16-G in the aerobic
oxidation of alcohols.

Selected examples are listed in Table 4. The oxidation reac-
tions were conducted in toluene under air or O2 atmosphere
using K2CO3 as a base. The catalyst Pd-G/SBA-16-G shows
moderate activity in the oxidation of benzyl alcohol in air.
Within 8 h, 48.5% conversion for benzyl alcohol was obtained at
80 ◦C and the selectivity for benzaldehyde was more than 99%
(Table 4, entry 1). When the reaction was carried out in an O2

atmosphere, which was introduced by using an O2 balloon under
an atmospheric pressure, complete conversion of benzyl alcohol
was achieved within 8 h (Table 4, entry 2). No by-products (e.g.
carboxylic acid) were observed. When the reaction temperature
was increased to 100 ◦C, the reaction proceeded faster, and
nearly complete conversion of benzyl alcohol was observed
within a shorter time (Table 4, entry 3). The catalyst Pd-G/SBA-
16-G also showed good activity towards the oxidation of other
benzyl alcohol containing substituents such as methyl, methoxy
and nitro groups (Table 4, entries 4–6). Carboxylic acids were not
detected for all these substrates investigated. Interestingly, the
catalyst Pd-G/SBA-16-G is also active for the oxidation of less
reactive a, b-unsaturated alcohols like cinnamyl alcohol. 93.9%
conversion and more than 99% selectivity could be obtained at
the catalyst loading of 1 mol% (Table 4, entry 7). For secondary
and heterocyclic alcohols, the catalyst Pd-G/SBA-16-G also
shows satisfactory activity (Table 4, entries 8 and 9).

Further experiments were performed to verify the catalyst
recyclability. The results of the recycling tests of the oxidation
of benzyl alcohol are displayed in Fig. 9. After the first reaction
cycle, the catalyst Pd-G/SBA-16-G was recovered by a simple
filtration, washed with toluene and acetone, and eventually dried

Fig. 9 Recycling test of G-Pd/SBA-16-G. The reaction time for the fist
to eighth cycle was 8 h, and the reaction time for the ninth to fifteenth
cycle was 11 to 14.5 h.

for the next cycle. For the second reaction cycle, Pd-G/SBA-16-
G still furnished a complete conversion and over 99% selectivity
within the same reaction time as the first reaction cycle (8 h).
From the third to seventh reaction cycle, over 99% conversion
was achieved without any prolonged time and 99% selectivity
was maintained. For the eighth cycle reaction, although the
activity of the reused catalyst began to decrease, 97% conversion
was still obtained within 8 h. From the ninth to fourteenth
reaction cycle, above 93% conversions were still afforded within
a slightly prolonged time (11–13.5 h). For the fifteenth reaction
cycle, 95% conversion was obtained within 14.5 h. The total
TON (turnover numbers) for fifteen cycles was up to 3700.
Interestingly, the selectivity for benzaldehyde was maintained
over 99% throughout all the reaction cycles. These results are
very encouraging in view of the previously reported results.4g,12

The impressive recyclability of the catalyst may be partially
attributable to the unique pore structure of SBA-16. To confirm
the role of the pore structure, TEM was employed to characterize
the fresh catalyst Pd-G/SBA-16-G and the catalyst Pd-G/SBA-
16-G that had been used twice. Their TEM images are shown
in Fig. 10. For the fresh catalyst, Pd-G/SBA-16-G, the (100)

This journal is © The Royal Society of Chemistry 2010 Green Chem., 2010, 12, 441–451 | 447
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Table 4 The aerobic oxidation of alcohols in the presence of the catalyst Pd-G/SBA-16-Ga

Entry Substrates Product Pd mol% T/◦C t/h Conv. (%) Selectivity (%)

1b 0.4 80 8 49 > 99

2c 0.4 80 8 > 99 > 99

3c 0.4 100 7 99 > 99

4c 0.4 100 6 98 > 99

5c 0.4 100 7 > 99 > 99

6c 0.4 110 20 91 > 99

7c 1 100 24 94 > 99

8 1 110 24 79 78

9 1 110 24 99 > 99

a The reactions were carried out with alcohol (2 mmol), K2CO3 (2 mmol), the catalyst Pd-G/SBA-16-G and toluene (2 mL) under atmospheric
pressure of O2 or air. b In air. c In an O2 atmosphere that was introduced by an O2 balloon under atmospheric pressure.

Fig. 10 TEM images for the fresh catalyst G-Pd/SBA-16-G (A) and
the catalyst G-Pd/SBA-16-G used two times (B). The bar is 50 nm.

projection corresponding to a cubic Im3m structure was clearly
observed (Fig. 10A). After the catalyst had been used twice, the
cage-like structure of the catalyst was still observed and fine
Pd particles appeared (Fig. 10B). Interestingly, the Pd particles
with sizes of only a few nanometres were dispersed in the cages

of SBA-16. This observation is in agreement with the previous
reports that Pd nanoparticle was formed once the catalytic
reaction started.3g Due to the high surface area and surface
energy, the unstable nanoparticles are prone to aggregation and
agglomeration into larger particles. Owing to the spatial restric-
tion of the isolated nanocages and smaller pore entrances of
SBA-16, the growth of Pd nanoparticles is efficiently prevented,
as shown in Scheme 1. The Pd nanoparticles stabilized by the
nanocages of SBA-16 may account for the high recyclability.

Conclusions

By grafting a mixture of a palladium-guanidine complex and
guanidine on SBA-16 via a one-pot silylation, a new solid
catalyst for the Suzuki coupling reaction and the aerobic oxida-
tion of benzyl alcohols was successfully prepared. This catalyst
can afford complete conversions of various aryl bromides and
arylboronic acids in an aqueous ethanol solution at 50 ◦C even
at catalyst loadings of 0.01~0.001 mol%, and the TOF for the
Suzuki coupling of bromobenzene and phenylboronic acid is up

448 | Green Chem., 2010, 12, 441–451 This journal is © The Royal Society of Chemistry 2010
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to 45 700 h-1 under mild conditions in air. The developed solid
catalyst combined with the mild conditions represents one of
the most efficient heterogeneous systems for the Suzuki reaction
of aryl bromides. Furthermore, it was found that the catalyst
could work well for the aerobic oxidation of benzylic alcohols
and cinnamyl alcohol under an atmospheric pressure of O2,
affording over 99% of selectivity. This catalyst could be reused
15 times without a significant decrease in activity and selectivity.

Experimental

Reagents and materials

Pluronic P123 copolymer (EO20PO70EO20), Pluronic copolymer
F127 (EO106PO70EO106) and PdCl2 were purchased from Sigma
Company. Various arylboronic acids were obtained from Beijing
Pure Chemical Co. Ltd. (3-Chloropropyl)trimethoxysilane was
purchased from Jianghan Fine Chemical Company (China,
distilled). 1,1,3,3-Tetramethylguanidine, aryl bromides and most
of other reagents were obtained from Shanghai Chemical
Reagent Company of Chinese Medicine Group.

Mesoporous cage-like material SBA-16 was synthesized ac-
cording to a modified method.6 A mixture of Pluronic F127
(EO106PO70EO106, 7.42 g) and Pluronic P123 (EO20PO70EO20,
1.19 g) were used as the templates. After the mixed templates
were completely dissolved in a solution of 300 mL of distilled
water and 52.5 g of concentrated hydrochloric acid (36%), the
solution was further stirred at 308 K for 4 h. 28 mL of tetraethyl
orthosilicate was added dropwise to the solution. After being
stirred for 40 min, the resulting suspension was transferred into
autoclaves. The autoclaves were placed under static conditions
at 308 K for 24 h. Afterwards the temperature of the autoclaves
was raised up to 373 K and kept at that temperature for 32 h.
After the hydrothermal treatment, the precipitated solid was
isolated by filtration and dried at 373 K for 24 h, yielding white
solid powders. This powdered sample was then subjected to
calcination at 825 K for 10 h and the mesoporous cage-like
material SBA-16 was eventually obtained.

Preparation of 1,1,3,3-tetramethyl-2-(3-
trimethoxysilylpropyl)-guanidine (G)13

In a dry flask, 1,1,3,3-tetramethylguanidine (17.39 g, 0.151
mol) and xylene (1.8 mL) were mixed together. After being
evacuated and purged with N2 five times, the system was
heated up to 120 ◦C and maintained at this temperature for
2 h, and then (3-chloropropyl)trimethoxysilane (14.93 g, 0.076
mol) was added dropwise over 2 h. After being stirred at
120 ◦C for 7 h under an N2 atmosphere, the resulting mixture
was allowed to cool down to room temperature. The formed
salt precipitates 1,1,3,3-tetramethylguanidine·HCl was filtrated
out. The filtrate liquid was distilled under reduced pressure
and 1,1,3,3-tetramethyl-2-(3- trimethoxysilylpropyl)-guanidine
was thus obtained (yield: ca.18%). 1,1,3,3-tetramethyl-2-(3-
trimethoxysilylpropyl)-guanidine was denoted as G hereafter.
1H NMR (CDCl3, 300 MHz, ppm): d 0.63 (m, 2 H, SiCH2); 1.57
(m, 2 H, SiCH2CH2); 2.58–2,73 (m, 12 H, NCH3); 3.05 (m, 2 H,
CH2N=C); 3.55 (s, 9 H, CH3O). 13C NMR (CDCl3, 300 MHz,
ppm): d 6.55 (SiCH2); 24.78 (SiCH2CH2); 39.75 (NCH3); 50.5
(CH3O, CH2N=C); 160.65 (N=C(N(CH3)2)2.

Preparation of a G solution containing Pd-G complex (Pd-G)

In a dried flask, PdCl2 (0.032 g) was added to 1,1,3,3-
tetramethyl-2-(3- trimethoxysilylpropyl)-guanidine (G, 0.5 g).
The system was evacuated and purged four times with N2. The
mixture was stirred at 55 ◦C for 12 h and was then cooled to
room temperature, affording a red liquid, which was named as
G solution containing the Pd-G complex.

One-pot immobilization of Pd-G complex and G on SBA-16

The above G solution containing the Pd-G complex was diluted
with 10 mL of dry toluene. Into this solution, 1.6 g of SBA-16
was added under a N2 atmosphere and the mixture was stirred
at 80 ◦C for 8 h. On cooling, the solid material was isolated by
filtration, and repeatedly washed with toluene, dichloromethane
and acetone in sequence, and then dried under vacuum overnight
to give the yellowish solid catalyst Pd-G/SBA-16-G. The Pd
content of Pd-G/SBA-16-G determined by ICP-AES is 0.86
wt%. The N and C contents of Pd-G/SBA-16-G determined
by combustion chemical analysis are 3.58 wt% and 9.28 wt%,
respectively.

Typical procedures for the Suzuki reaction

A mixture of bromobenzene (8 mmol), phenylboronic acid
(8.8 mmol), K3PO4·3H2O (8.8 mmol), ethanol (8 mL), H2O
(8 mL), and Pd-G/SBA-16-G (9.86 mg) were stirred at 50 ◦C
in air. The reaction process was monitored by TLC. After the
reaction, the mixture was cooled down to room temperature and
repeatedly extracted with diethyl ether (8 ¥ 8 mL). The combined
organic layers were concentrated and the resulting product was
purified by column chromatography on silica gel. The product
was confirmed by 1H NMR.

Recyclability tests for the Suzuki reaction were as follows: for
the first run, the mixture of 40 mmol of bromobenzene, 44 mmol
of phenylboronic acid, 44 mmol of K3PO4·3H2O, 0.05 mol% Pd
with respect to bromobenzene (246 mg), 40 mL of water and
40 mL ethanol were stirred at 50 ◦C. The reaction was monitored
by TLC. At the end of the reaction the system was cooled down
to room temperature and repeatedly extracted with diethyl ether.
The obtained catalyst was washed with diethyl ether, water,
methanol and acetone in sequence and dried under vacuum.
The recovered catalyst was weighed again. Fresh solvent and
substrates were added, but the molar ratios of substrates and
solvent to Pd remained the same to the first run.

Typical procedures for the oxidation of benzyl alcohol by O2

Benzyl alcohol (2 mmol), K2CO3 (2 mmol), the catalyst
Pd-G/SBA-16-G (0.4 mol% equiv. to benzyl alcohol, 98.6 mg)
and toluene (2 mL) were combined in a dry flask, and the
mixture was stirred at a given temperature in air or O2 for a
given time. Oxygen gas was introduced into the flask from an
O2 balloon under atmospheric pressure. After the reaction, the
liquid obtained by filtration was diluted with toluene and then
analyzed with GC to determine the conversion and selectivity.

Recyclability tests for the oxidation of benzyl alcohol were
as follows: for the first cycle, the procedure was the same to
the above description. After the first cycle reaction, the solid
catalyst was recovered by centrifugation, and washed repeatedly
with dry toluene and acetone. The recovered catalyst was dried
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under vacuum and was directly used for the next cycle reaction.
For each cycle reaction, 0.2 mmol of K2CO3 (10% equiv. to the
first reaction cycle) was supplied into the reaction system.

Characterization and analysis

Small-angle powder X-ray powder diffraction was performed on
a Rigaku diffractometer (Cu Ka, 40 kV, 30 mA). N2 physical
adsorption was carried out on Micromeritics ASAP2020 volu-
metric adsorption analyzer (before the measurements, samples
were out gassed at 393 K for 6 h). The Brunauer–Emmett–
Teller (BET) surface area was evaluated from the data in
the relative pressure range of 0.05 to 0.25. The total pore
volume of each sample was estimated from the amount ad-
sorbed at the highest P/P0 (above 0.99). Pore diameters were
determined from the adsorption branch using the Barrett–
Joyner–Halenda (BJH) method. FT-IR spectra were collected
on Thermo-Nicolet-Nexus 470 infrared spectrometer. UV-vis
spectra were recorded on the JASCOV-550 UV-vis spectropho-
tometer. Diffuse-reflectance UV-vis spectra were also recorded
on the CARY300 spectrophotometer (Varian Co.). Pd content
was analyzed by inductively coupled plasma-atomic emission
spectrometry (ICP-AES, AtomScan16, TJA Co.). C and N
content analysis was conducted on a vario EL (Elementar).
X-Ray photoelectron spectroscopy (XPS) was recorded on
Perkin-Elmer 5400 ESCA, and C1s line at 284.9 eV was used
as a reference. TEM micrographs were taken with a JEM-
2000EX transmission electron microscope at 120 kV. Solid-
state NMR spectra were recorded on an Infinityplus 300 MHz
spectrometer: for 13C CP-MAS NMR experiments, 75.4 MHz
resonant frequency, 4 kHz spin rate, 4 s pulse delay, 1.0 ms
contact time, hexamethyl benzene as a reference compound; for
13Si MAS NMR experiments, 79.6 MHz resonant frequency, 4
kHz spin rate, 4.0 s pulse delay, TMS as a reference compound.
GC analysis was conducted on SP-6800A equipped with SE-54
capillary column.

The 1H NMR data for the coupling products

Biphenyl (CDCl3, 300 MHz, ppm): d 7.57 (d, 4 H, J =
9 Hz); 7.41–7.46 (m, 4 H); 7.34 (t, 2 H, J = 7.5 Hz).
4-Biphenylcarbaldehyde (CDCl3, 300 MHz, ppm): d 10.07 (s,
1 H); 7.95 (d, 2 H, J = 7.8 Hz); 7.75 (d, 2 H, J = 7.8 Hz),
7.43–7.66 (m, 5 H). 4-Acetylbiphenyl (CDCl3, 300 MHz, ppm):
d 8.06 (d, 2 H, J = 6 Hz); 7.39–7.68 (m, 7 H); 2.67 (s, 3 H). 4-
Cyanobiphenyl (CDCl3, 300 MHz, ppm): d 7.53–7.64 (m, 4 H);
7.50 (d, 2 H, J = 7.8 Hz); 7.35–7.42 (m, 3 H). 4-Nitrobiphenyl
(CDCl3, 300 MHz, ppm): d 8.29 (d, 2 H, J = 8.7 Hz); 7.73 (d, 2
H, J = 8.7 Hz); 7.45–7.62 (m, 5 H). 4-Methylbiphenyl (CDCl3,
300 MHz, ppm): d 7.52 (d, 2 H, 6 Hz); 7.43 (d, 2 H, 6 Hz); 7.37
(t, 2 H, 6 Hz); 7.27 (d, 1 H, 6 Hz); 7.21 (d, 2 H, 9 Hz); 2.34 (s,
3 H). 4-Methoxybiphenyl (CDCl3, 300 MHz, ppm): d 7.55–7.60
(m, 4 H); 7.45 (t, 2 H, J = 7.5 Hz); 7.33 (m, 1 H); 7.00 (d, 2 H,
J = 9 Hz); 3.88 (s, 3 H). 2-Methoxybiphenyl (CDCl3, 300 MHz,
ppm): d 7.48–7.51 (m, 2 H); 7.19–7.36 (m, 5 H); 6.86–6.98 (m, 2
H); 3.66 (s, 3 H). 2-Methoxybiphenyl (CDCl3, 300 MHz, ppm):
d 7.09–7.24 (m, 9 H); 2.14 (s, 3 H). 4-Trifluoromethylbiphenyl
(CDCl3, 300 MHz, ppm): d 7.67 (s, 4 H), 7.57–7.59 (d, J =
6.9 Hz, 2 H), 7.38–7.48 (m, 3 H). 4-Chlorobiphenyl (CDCl3,
300 MHz, ppm): d 7.53–7.56 (m, 4 H), 7.35–7.50 (m, 5 H).
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The epoxidation of styrene in the cetyltrimethylammonium bromide
(CTAB)/H2O/heptane/styrene/H2O2 emulsion system was investigated in the presence of
compressed CO2. It was found that by controlling the CO2 pressure, the emulsion droplets can be
changed in a wide range from micron to nanometre size; accordingly, the conversion was
enhanced significantly with the reduced droplet size. At 5.27 MPa, the conversion in the emulsion
(with droplet size of 39.5 nm) could be about 10 times higher than that in a surfactant-free system
at the same pressure. The effects of other experimental conditions of CTAB concentration,
reaction time, styrene concentration, amounts of H2O2, and alkalinity on the efficiency of the
epoxidation were also studied, and a possible mechanism for the enhanced reaction efficiency with
reduced droplet size was presented. This process has some unique advantages. For example, the
reactant conversion can be easily tuned by controlling the pressure of CO2; CO2 can be used as
bicarbonate source and no additional catalyst was used; CO2 can be easily removed by
depressurization; the separation for the product is simple. It is believed that the CO2-tuned
emulsions can be easily applied to many other chemical reactions.

Introduction

Emulsions have ability to dissolve both polar and non-polar
components in large quantities with the aid of surfactants.
Generally, macroemulsions have large droplet sizes up to tens
of microns. For chemical reactions at water/oil interfaces,1

enlargement of the interfacial area or reduction of droplet
size of emulsion is crucial for accelerating the reaction rate.2

Nanoemulsions are a class of emulsions with droplet sizes on the
nano-scale.3 They have been widely applied in polymerizations.4

However, the application of nanoemulsion in other chemical
reactions is very limited. As far as we know, the only report
was about the lipase-catalyzed reaction of racemic a- and b-
amino acid esters to the respective homochiral free acids in
nanoemulsion.5 Studying the effect of the emulsion droplet size
on chemical reaction by controlling the size from the micron
to nanometre scale continuously is very interesting, but it is
challenging due to the lack of an efficient method for tuning the
emulsion droplet size in such a wide range.

Epoxides and their derivatives are widely used as
intermediates.6 For the epoxidation reaction, H2O2 is a com-
monly used oxidant with innocuous decomposition byproducts
of water and oxygen. Generally, the reaction is promoted by
catalysts. Homogeneous catalysts such as porphyrin,7 salen,8 BI-
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Chemistry, Chinese Academy of Sciences, Beijing, China.
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† Electronic supplementary information (ESI) available: 1H NMR
spectra, SAXS data analysis and nanoemulsion formation with different
styrene concentrations. See DOI: 10.1039/b921538g

NOL ((R)-(+)-1,1¢-bi-2-naphthol) systems9 and heterogeneous
catalysts such as supported porphyrin10 and salen systems11

and silica-supported tantalum complexes12 have been used to
catalyze the reaction. The high cost of the catalysts and the
difficulty of catalyst separation and recovery cause economic
and environmental problems. Recently, an inexpensive and
convenient method to activate H2O2 using bicarbonate ion was
reported.13,14 In this bicarbonate-activated peroxide system, the
active species peroxymonocarbonate ion, HCO4

-, is formed in
the CO2–H2O2–H2O biphasic system in the presence of base
(NaOH or Na2CO3).14 This method is greener and simple
because both H2O2 and CO2 are green agents. However, the
conversion was very low (less than 10%) in the CO2–H2O2–
H2O biphasic system, mainly due to the interphase mass-
transfer limitation.14 Exploring new routes for enhancing the
conversion of epoxidation in CO2–H2O2–H2O system is highly
desirable.

Recently, we found that CO2 could tune the droplet size of
AOT/isooctane/water emulsion from the micron to nanometre
scale15 because the gas can change the properties of the solvent16

and insert into the tail region of the surfactant film. This unique
method to tune the droplet size of emulsions continuously
provides the possibility to study the effect of droplet size of
emulsions on chemical reactions in a wide droplet size range. In
this work, we conducted styrene epoxidation in a cetyltrimethy-
lammonium bromide (CTAB)/H2O/n-heptane/styrene/H2O2

emulsion system in the presence of CO2. CO2 acts not only as a
modulator for the emulsion droplet size, but also as bicarbonate
source to catalyze the reaction. To the best of our knowledge,
this is the first work to study the effect of droplet size of an
emulsion on a reaction in a wide size range from microns to tens
of nanometres.

452 | Green Chem., 2010, 12, 452–457 This journal is © The Royal Society of Chemistry 2010
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Experimental

Materials

The surfactant cetyltrimethylammonium bromide (CTAB),
styrene, hydrogen peroxide aqueous solution (30 wt.%), and
KOH were provided by Beijing Chemical Reagent Company
(A. R. grade). n-Heptane, benzaldehyde and phenylacetaldehyde
were supplied by Beijing Chemical Plant were A. R. grade.
Styrene oxide (98%) was produced by ACROS. CO2 was
provided by Beijing Analytical Instrument Factory with a purity
of >99.99%. Deuterochloroform (CDCl3) (D, 99.8%, contains
0.03% v/v TMS) was purchased from Beijing Tengdayuan
Science and Technology Co., Ltd.

Apparatus and procedures

The high pressure view cell for observing phase behavior of the
H2O/CTAB/heptane/H2O2/styrene and nanoemulsion forma-
tion was similar to that used previously,17 which had a volume of
40 mL. It was also used as the reactor for the styrene epoxidation
reaction. A YKKY A2 digital temperature controller was used
to control the temperature of the water bath. The pressure gauge
used was composed of a pressure transducer (FOXBORO/ICT,
Model 93) and an indicator, which was accurate to ± 0.025 MPa
in the pressure range of 0–20 MPa. In the experiment, a suitable
amount of water, n-heptane, styrene, H2O2 aqueous solution,
KOH, and CTAB (heptane : water (v/v) = 4 : 5, total volume of
emulsion system is 6 mL) were added into the view cell after
the air in the cell was replaced by CO2. The temperature of the
system was controlled at 40.0 ◦C. After thermal equilibrium had
been reached, CO2 was charged into the view cell to the desired
pressure and the stirrer was started. The CO2 in the view cell
was released after a suitable reaction time and the stirrer was
stopped. The reaction mixture separated into two phases. The
upper oil phase was collected. Then the mixture in the view cell
was extracted with heptane (4 ¥ 5 mL) and mixed with the oil
phase. The sample was analyzed by GC (Angilent 4890D) with a
flame ionization detector (FID). An external standard of known
concentrations was used to calibrate the GC for quantification.
The products were confirmed by gas chromatography/mass
spectrometry (GC-MS) (QP 2010). The 1H NMR spectra were
also used to confirm the components of the oil phase, which were
recorded on a Brucker Model Advance DMX 300 spectrometer
in CDCl3 as the solvent. Chemical shift values were reported in
parts per million (ppm) relative to those for tetramethylsilane
(TMS) used as an internal reference standard.

SAXS experiments

SAXS experiments were carried out at Beamline 4B9A at the
Beijing Synchrotron Radiation Facility (BSRF). The data were
collected using a CCD detector (MAR) having a maximum
resolution of 3450 ¥ 3450 pixels. The wavelength used was
1.38 Å, and the distance of sample to detector was 1.873 m. The
detailed description of the spectrometer was given elsewhere.18

The 2-D SAXS images were azimuthally averaged to produce
one-dimensional profiles of intensity, I , vs. wavevector, q,
using the two-dimensional data reduction program FIT2D. The
background from the empty high-pressure SAXS cell was also

collected and the scattering data were normalized and then
subtracted from the corresponding data of empty cell. The high-
pressure SAXS cell was the same as that used previously.19 It
was composed mainly of a stainless steel body and two diamond
windows of 8 mm in diameter and 0.4 mm in thickness. The
cell body was coiled with an electric heater and heat-insulate
ribbon outside, which was electrically heated to ±0.1 K of the
desired temperature by using a temperature controller with a
platinum resistance temperature probe (Model XMT, produced
by Beijing Chaoyang Automatic Instrument Factory). The
X-ray path length of the cell was 1.5 mm and the internal
volume of the cell was 2.7 cm3. The high-pressure pump that
was used to charge CO2 into the system was model DB-80.
The accuracy of the pressure gauge, which composed of a
transducer (FOXBORO/ICT) and an indicator, was ±0.025
MPa in the pressure range of 0–20 MPa. In a typical experiment,
the air in the sample cell was replaced by CO2. The desired
amount of emulsion system was added into the sample cell,
and after the system had reached thermal equilibrium, CO2 was
pumped into the cell until the desired pressure was reached. The
X-ray scattering data was recorded after enough equilibration
time.

SAXS data analysis

Irena is a tool suite for analysis of small-angle X-ray scattering
(SAXS) data within the commercial Igor Pro application.20 The
pair-distance distribution function is an important tool in the
suite. The resulting intensity I(q) at different scattering vectors
q is expressed by eqn (1).

(1)

The Indirect Fourier Transformation method can be used
to determine size, shape, and internal structure of colloidal
particles with high accuracy in the size range of 1 to 100
nanometres.21 This distance distribution function is expressed
by eqn (2).

(2)

The radius of gyration Rg is the normalized second moment
of the distance distribution of the particle around the centre
of its scattering length density distribution. Where p(r) is the
pair-distance distribution function (PDDF). Globular particles
display bell-shaped p(r) functions with a maximum at about
Dmax/2.22 The relation between Rg and p(r) can be expressed by
eqn (3).

(3)

The forward scattering and the radius of gyration can
be readily derived from the p(r) functions following eqn (2)
and (3).
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Results and discussion

Effect of CO2 on the phase behavior of emulsion system

The effect of CO2 on the phase behavior of H2O/CTAB/
heptane/H2O2/styrene emulsion (V heptane/V water = 4 : 5, V total =
6 mL, 0.055 M CTAB, 4.5 M H2O2, 1.5 M styrene, 0.3 M
KOH) was first investigated using the high pressure view cell.15

Fig. 1a–1e show the photographs of the emulsion at different
CO2 pressures. In the absence of CO2, the emulsion was turbid
(Fig. 1a) with droplet size in the micron scale.23 With the addition
of CO2, the emulsion became more and more clear (e.g. Fig. 1b).
When the pressure reached 5.27 MPa, the emulsion became
transparent (Fig. 1c), indicating that the droplet size was in
the nanoscale.15 Given enough time, the transparent system
separated into two phases. This indicates that the transparent
system was a nanoemulsion instead of a microemulsion because
micromeulsions are thermodynamically stable. We define the
pressure where the transparent nanoemulsion is formed as
transparent pressure (PT). The solution was turbid again as
pressure exceeded PT (Fig. 1d and 1e), indicating that the droplet
size of the emulsion became larger again at higher pressure. The
above results show that the droplet size of the emulsion can be
tuned effectively by CO2 pressure.

Fig. 1 Photographs of H2O/CTAB/n-heptane/styrene/H2O2 system
at 40.0 ◦C (V heptane/V water = 4 : 5, V total = 6 mL, 0.055 M CTAB, 4.5 M
H2O2, 1.5 M styrene, 0.3 M KOH) with CO2 pressure of 0 MPa (a),
2.50 MPa (b), 5.27 MPa (c), 5.51 MPa (d), 6.71 MPa (e); (f) represents
photograph of emulsion c after releasing of CO2 for 0.5 h.

After reaction and releasing CO2, the reaction system sepa-
rated into two phases, an oil phase containing the product and
aqueous phase containing the surfactant, as shown in Fig. 1f.
GC-MS analysis indicated that the styrene oxide was the main
product in the reaction, with small amounts of byproducts
benzaldehyde and phenylacetaldehyde. A direct observation
method was used to determine the solubility of CTAB in
heptane. The results showed that the solubility was negligibly
small (<0.01 wt%), which was further proven by 1H NMR
method (Fig. S1).† Therefore, the product could be collected
by extraction using heptane as the solvent, and the surfactant
and NaOH remained in the aqueous phase.

Effect of reaction time on the reaction

The styrene conversion and the product selectivity at 5.27 MPa
with different reaction times are presented in Fig. 2. The styrene
conversion increased with reaction time in the range of 0–7 h,
and then was not changed considerably with reaction time. The
selectivity of styrene oxide decreased slightly with the reaction
time. The selectivity could be larger than 97% at conversion of
70.1%.

Fig. 2 The styrene conversion and the product selectivity with the
reaction time at 40.0 ◦C and 5.27 MPa. The other experimental
conditions: V heptane/V water = 4 : 5, V total = 6 mL, 0.055 M CTAB, 4.5 M
H2O2, 1.5 M styrene, 0.3 M KOH.

Effect of CO2 pressure on the reaction

Fig. 3 shows the effect of CO2 pressure on the reaction in the
emulsion. Styrene oxide was not detectable without CO2. This
is understandable because HCO4

-, which is necessary for the
epoxidation of styrene, can not be formed in the absence of
CO2.13,14 It is interesting that with adding CO2, the conversion
of styrene was gradually increased and reached a maximum
of 70.1% at 5.27 MPa, which is the PT where the droplet
size of the emulsion was the smallest. Then the conversion
decreased with further increasing pressure. In order to explain
this phenomenon, we conducted the reaction in surfactant-
free conditions at different CO2 pressures, while the other
experimental conditions were the same as those for the emulsion
system. As shown in Fig. 3, the conversion of styrene increased
monotonously with increasing CO2 pressure. This is attributed
to the fact that more CO2 was dissolved in the system at higher
pressure, resulting in more HCO4

-, which is favorable to the
epoxidation reaction. At the same pressure, the conversion in the
emulsion system was much higher than that at the surfactant-
free condition, as can be known from Fig. 3. At 5.27 MPa, the

Fig. 3 The styrene conversion and the product selectivity at different
CO2 pressures with CTAB (0.055 M) (a, b) and without CTAB (c, d)
at 40.0 ◦C for 7 h. The experimental conditions: V heptane/V water = 4 : 5,
V total = 6 mL, 4.5 M H2O2, 1.5 M styrene, 0.3 M KOH.
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D
ow

nl
oa

de
d 

by
 L

om
on

os
ov

 M
os

co
w

 S
ta

te
 U

ni
ve

rs
ity

 o
n 

30
 O

ct
ob

er
 2

01
0

Pu
bl

is
he

d 
on

 1
3 

Ja
nu

ar
y 

20
10

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/B

92
15

38
G

View Online

http://dx.doi.org/10.1039/B921538G


conversion in the nanoemulsion could be about 10 times higher
than that in surfactant-free system at the same pressure. This is
mainly due to the enhanced mass transfer in the emulsion. On
the basis of the results above, the occurrence of the maximum
conversion is explained qualitatively as follows.

Changing of CO2 pressure affects the reaction mainly in two
ways. First, more HCO4

- is produced at higher pressure, which
is favourable to the reaction. Second, the droplet size in the
emulsion changes with CO2 pressure. The size decreases with
increasing pressure below 5.27 MPa, and increases with pressure
in the high pressure range, as discussed above. Smaller droplet
sizes should be favorable to the reaction because of the enhanced
mass transfer across the hydrophile/hydrophobe interface. At
pressures below the PT, the conversion increased dramatically
with raising the pressure because both factors should enhance
the conversion. However, when the pressure is higher than the
PT, the droplet size of the emulsion increased with pressure,
which was not favorable to the reaction. Therefore, pressure of
CO2 influenced the conversion in two opposite ways. The effect
of the size change was dominant and the conversion decreased
rapidly with pressure. This indicates that the droplet size of the
emulsion plays a key role for the reaction. At low pressure the
conversion was very low because the droplet size of the emulsion
was large and the concentration of HCO4

- was small.

Effect of CTAB concentration on the reaction

Our experiments in this work showed that the nanoemul-
sion could also be formed at other surfactant concentrations
(0.014 M, 0.028 M, 0.11 M, and 0.17 M). The PT, at which
nanoemulsions were formed, increased slightly with decreasing
surfactant concentration, as shown in Fig. 4.

Fig. 4 Dependence of PT on CTAB concentration in the
H2O/CTAB/heptane/H2O2/styrene/CO2 system at 40.0 ◦C. The ex-
perimental conditions: V heptane/V water = 4 : 5, V total = 6 mL, 4.5 M H2O2,
1.5 M styrene, 0.3 M KOH.

The droplet sizes of the nanoemulsions with different CTAB
concentrations were studied by using small angle X-ray scat-
tering (SAXS). Fig. 5a shows the typical SAXS curves of
the H2O/CTAB/heptane/H2O2/styrene/CO2 nanoemulsions
(V heptane/V water = 4 : 5, V total = 6 mL, 4.5 M H2O2, 1.5 M
styrene, 0.3 M KOH) with different CTAB concentrations at
corresponding PT (Fig. 4). The decrease of the forward scattering
intensity in the small-angle region upon increasing CTAB
concentrations can be taken as evidence of the reduced droplet
size. The gyration radius Rg of the droplets in nanoemulsions
with different CTAB concentrations was obtained from SAXS
curves. As shown in Fig. 5b, the Rg decreased from 55.7 nm

Fig. 5 Dependence of experimental SAXS profiles (a) and the
radius of gyration (Rg) (b) on the CTAB concentration in the
H2O/CTAB/heptane/H2O2/styrene nanoemulsions (V heptane/V water =
4 : 5, V total = 6 mL, 4.5 M H2O2, 1.5 M styrene, 0.3 M KOH) at 40.0 ◦C
and corresponding PT (Fig. 4).

to 32.2 nm with increasing surfactant concentration from
0.014 M to 0.17 M. The distance distribution function of the
nanoemulsion with different CTAB concentrations was also
calculated, which showed that globular droplets were formed
(Fig. S2 and S3).†

In order to study the effect of the droplet size of the nanoemul-
sions on the reaction efficiency, the reaction was also carried out
in the nanoemulsions of different surfactant concentrations at
the corresponding PT. The reaction was conducted in a short
reaction time (1 h), so that the effect of droplet size on the
reaction rate could be clearly shown. As can be seen from Fig. 6a,
the conversion increased with increasing CTAB concentration.
From Fig. 5b and 6a, the dependence of styrene conversion on
the droplet size of the nanoemulsion can be obtained, which
is presented in Fig. 6b. Evidently, styrene conversion increased
significantly as the droplet size was reduced. This indicates that
the droplet size is crucial to the reaction efficiency even the
droplet size is in the nano-size region.

Effects of other experimental conditions on the reaction

The conversion of styrene depended strongly upon amount of
hydrogen peroxide, as can be seen from the data in Fig. 7. The
conversion increased with increasing amount of H2O2, and when
4.5 M of H2O2 was used, 70.1% styrene conversion was achieved.
The selectivity of styrene oxide was nearly unaffected by the
amount of H2O2.

This journal is © The Royal Society of Chemistry 2010 Green Chem., 2010, 12, 452–457 | 455
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Fig. 6 Dependence of conversion and selectivity on CTAB con-
centration (a) and on droplet size (Rg) of the H2O/CTAB/
heptane/H2O2/styrene nanoemuslions (b) at 40.0 ◦C for 1 h. The
experimental conditions: V heptane/V water = 4 : 5, V total = 6 mL, 4.5 M
H2O2, 1.5 M styrene, 0.3 M KOH.

Fig. 7 The styrene conversion and the product selectivity with amount
of H2O2 for 7 h at 40.0 ◦C and 5.27 MPa. Conditions: V heptane/V water =
4 : 5, V total = 6 mL, 0.055 M CTAB, 1.5 M styrene, 0.3 M KOH.

The dependence of styrene conversion and selectivity of
styrene oxide on the amount of KOH at 40.0 ◦C and 5.27 MPa
was shown in Fig. 8. The conversion increased sharply with
increasing amount of KOH, and a conversion of 70.1% could be
reached at 0.3 M of KOH. Then the conversion remained nearly
constant with further increasing amount of KOH.

In this work, it was also found that the nanoemulsion could be
formed with different styrene concentrations (Fig. S4).† Fig. 9
shows the effect of styrene concentration on the reaction in

Fig. 8 The styrene conversion and the product selectivity with amount
of KOH at 40.0 ◦C and 5.27 MPa. Conditions: V heptane/V water = 4 : 5,
V total = 6 mL, 0.055 M CTAB, 4.5 M H2O2, 1.5 M styrene, reaction time
7 h.

Fig. 9 The styrene conversion and the product selectivity with different
styrene concentrations at 40.0 ◦C for 7 h at the respective PT values. The
experimental conditions: V heptane/V water = 4 : 5, V total = 6 mL, 4.5 M H2O2,
0.3 M KOH.

the H2O/CTAB/heptane/H2O2/styrene/CO2 nanoemulsions.
Evidently, the conversion of styrene increased with decreasing
styrene concentrations.

Possible mechanism

On the basis of the above results, the main reasons for the
very highly efficient epoxidation in the nanoemulsion can be
discussed by combination of Scheme 1. In the absence of
CO2, an oil-in-water (O/W) emulsion with large droplet size
is formed (Scheme 1a). H2O2 exists in the aqueous continuous
phase, while the styrene resides in the hydrophobic inner core.

Scheme 1 Schematic illustration for the epoxidation reaction of styrene
without CO2 (a) and in CO2 induced nanoemulsion (b).
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The epoxidation cannot be performed without CO2 due to
the absence of HCO4

-. With the addition of CO2, HCO4
- is

produced and the catalytic reaction occurs through transporting
the substrates and HCO4

- across the oil/water interface, as
shown by Scheme 1b. Meanwhile, the droplet size is decreased
with increasing pressure and interfacial area becomes larger,
which are favorable to the reaction by enhancing the mass
transfer. When the nanoemulsion is formed at PT, the catalytic
reaction is significantly accelerated due to the smallest droplet
size of the emulsion and the largest interfacial surface area.
Therefore, the maximum conversion of styrene is achieved at
this condition. With further increasing CO2 pressure, the droplet
size is increased again and hence the conversion of styrene is
decreased.

Conclusions

In conclusion, the epoxidation of styrene was conducted
in a CO2-controlled emulsion system. By adding CO2, the
droplet size of H2O/CTAB/heptane/H2O2/styrene emulsion
was reduced from micron to nanometre scale and the styrene
conversion was significantly enhanced with the decrease of the
droplet size. At the pressure where the nanoemulsion with the
smallest droplet size was formed, the conversion of styrene
reached a maximum. Study of the effect of CTAB concentration
on the reaction further confirmed that the conversion can be
enhanced by the reduced droplet size of emulsions. From the
practical point of view, this process is advantageous in that the
reaction efficiency can be easily tuned by pressure of CO2, and
CO2 can be used as bicarbonate source and no additional catalyst
is used, and the process is greener. We believe that the concept
of tuning the efficiency of reactions in emulsions using CO2 can
also be used for some other reactions.
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A simple ammonium deep eutectic solvent was used as a dual catalyst and environmentally benign
reaction medium for the bromination of 1-aminoanthra-9,10-quinone, eliminating the need for
volatile organic solvents and concentrated acids like H2SO4 as solvents or catalysts. This simple
ammonium deep eutectic solvent, easily synthesized from choline chloride and urea, is relatively
inexpensive and biodegradable, making it applicable for industrial applications. The deep eutectic
solvent was easily separated and reused without loss of activity, and thus provides a good
alternative for industrial bromination of 1-aminoanthra-9,10-quinone.

Introduction

Halogenated 1-aminoanthra-9,10-quinones are important in-
termediates in the dyestuff industry.1 The halogenation of 1-
aminoanthra-9,10-quinone is difficult as anthra-9,10-quinone
contains two carbonyl groups that deactivate the ring towards
any electrophilic substitution. Several methods can be used to
brominate 1-aminoanthra-9,10-quinone, such as bromination of
1-aminoanthra-9,10-quinone in 20% sulfuric acid at 70–80 ◦C2

and bromination in 70-95% sulfuric acid at a high temperature to
obtain 1-amino-2,4-dibromoanthra-9,10-quinone with or with-
out a catalyst.3 1-Amino-2,4-dibromoanthra-9,10-quinone may
also be obtained by brominating 1-aminoanthra-9,10-quinone
in chloroform.4 Bromination of 1-methylaminoanthraquinone
may be carried out in pyridine solution by treatment with
two moles of bromine.5 These methods, however, all require
drastic conditions involving strong acids, high temperature, and
chlorinated solvents, all of which are environmentally toxic.

Ionic liquids are attracting increasing interest in the context of
green chemistry. Ionic liquids are non-volatile, thermally stable,
and their solvation properties can be varied by changing the
cation and anion. There are limitations to the use of ionic
liquids, however, such as high cost, environmental toxicity, and
high purity requirement. Ionic liquids like (BMIM)PF6 made
from 95% pure 1-butyl-3-methylimidazolium chloride are even
more expensive than pure acetone or toluene. Ionic liquids
were initially introduced as alternative green reaction media
because of their unique chemical and physical properties of non-
volatility, non-flammability, thermal stability, and controlled
miscibility.

6-8 Many ionic liquids, however, are dangerous envi-

Department of Dyestuff Technology, Institute of Chemical Technology,
N. P. Marg, Matunga, Mumbai, 400 019, India.
E-mail: gss@udct.org, gsshankarling@gmail.com; Fax: +91-22-2414
5614; Tel: +91-22-2414 5616
† Electronic supplementary information (ESI) available: Characterisa-
tion of products. See DOI: 10.1039/b923589b

ronmental contaminants, with toxicity similar to or even higher
than that of organic solvents.7 Further, high purity is required
for ionic liquids, as even trace impurities affect the physical
properties of ionic solvents.9

The development of alternative solvents from components
that are inexpensive, non-toxic towards the environment, and
are biodegradable or obtainable from biodegradable resources
is therefore highly desirable to overcome these drawbacks.

Stavber et al.10 reviewed halogenations of organic compounds
in ionic liquids. Regioselective aromatic ring bromination of
aromatics and heteroaromatics has been performed using N-
bromosuccinimide as the brominating agent and tetrabutylam-
monium bromide as a phase transfer catalyst in ionic liquid such
as (BMIM)PF6.11 a-Halogenation of b-dicarbonyl compounds
and cyclic ketones is also possible using N-halosuccinimides
in [BMIM]PF6.12 An ionic liquid such as [BMIM][Br3] with
a tribromide anion functions as both a reagent and solvent.
This tribromide-based ionic liquid has been used for the nuclear
bromination of activated aromatics.13 These methods are also
limited, however, by their toxicity, and the presence of impurities
decreases the activity of the ionic liquids.

We synthesized a deep eutectic solvent composed wholly
of biomaterials referred to as “Bio-ILs” or “Deep Eutectic
Mixture”. Abbott et al.14 published a series of studies on the
low melting point of deep eutectic liquid systems based on
choline chloride ([Ch] [Cl]). These studies suggest that choline
cations can substitute for synthetic cations. Choline is a naturally
occurring biocompatible compound that is not hazardous if it is
released back to nature as choline or its deep eutectic mixture.15

Urea is a compound present in all animals. Because choline
chloride and urea are both inexpensive, processes that use this
deep eutectic solvent are economically viable.

These deep eutectic mixtures have been used as sol-
vents in biologic transformation such as hydrolase catalyzed
biotransformation16 and extraction of glycerol from biodiesel
into a eutectic-based solvent.17 Deep eutectic solvents are used
as electrolytes for dye-sensitized solar cells.18 The ability of deep
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eutectic mixtures to serve as solvents, however, has not been
adequately explored in the field of synthetic organic chemistry
field. Deep eutectic mixtures of urea and a range of quaternary
ammonium salts are liquid at ambient temperatures and have
interesting solvent properties. These mixtures were initially
used for biologic conversion because of their biodegradable
properties.17 Deep eutectic solvents composed solely of bioma-
terials, in particular choline cations combined with propionate,
hydrogen succinate, and hydrogen maleate, are ionic liquids with
strong hydrogen bonding characteristics at room temperature.19

Here, we evaluated the effectiveness of a mixture of choline
chloride and urea (1 : 2) as an environmentally benign solvent
for use in the electrophilic substitution of 1-aminoanthra-9,10-
quinone. The ability to recover and recycle the solvent used in a
reaction is an important aspect to green chemistry.20 Therefore,
in the present study, we also evaluated the recyclability and
reusability of this deep eutectic solvent.

Results and discussion

A deep eutectic solvent was prepared by a previously reported
simple method14a with 100% atom economy (Scheme 1). Choline
chloride (1 mole) was reacted with urea (2 moles) at 80 ◦C. The
resulting molten salt was used directly in reactions without
purification. This method produced no byproducts; therefore
there was no loss during isolation of the solvent.

Scheme 1 Preparation of deep eutectic solvent.

Bromination of an 1-aminoanthra-9,10-quinone derivative
was performed at 50–60 ◦C using molecular bromine (Scheme 2
and Table 1). Monobrominated products 5e, 5f, and 5g were
obtained using 1.5 molar equivalents of bromine. Dibrominated
products 5a, 5b, and 5d were obtained by using 2.5 molar equiv-
alents of bromine. Tetrabrominated product 5c was obtained
by using 4.5 molar equivalents. During the reaction, unreacted
bromine was neutralized with 2 N aqueous Na2CO3 solution.
Deep eutectic solvents are miscible with many other solvents
such as water, methanol, chloroform, and tetrahydrofuran. The
solvent was separated from the product by adding water to the
reaction mixture and filtering the product. The deep eutectic
solvent was separated from the reaction mixture by phase

Scheme 2 Bromination of 1-aminoanthra-9,10-quinone using Choline
chloride : urea (ChCl : urea).

separation between the product and the aqueous phase. The
solvent was recovered easily from the filtrate by evaporating the
water under vacuum. This method used no hazardous chemicals,
e.g., acetic acid, sulfuric acid, or chloroform.

To compare the results obtained using the deep eutectic
solvent and an organic solvent, bromination of 1-aminoanthra-
9,10-quinone was performed using two different solvents
(Table 2). Compared to the reaction using the organic solvent,
the reaction using the deep eutectic solvent was much faster,
requiring only 2 to 3 h for completion. Both yield and purity of
the brominated product were greater in the reaction using the
deep eutectic solvent than the organic solvents such as methanol
and chloroform. Results are summarized in Table 2.

All products were confirmed by melting point assay, FTIR
spectroscopy, 1HNMR spectroscopy, and mass spectrometry.
The purity of the product was checked by HPLC.

The reaction was effectively scaled-up to 5 g based on a
representative reaction of bromination of 1-aminoanthra-9,10-
quinone. Therefore, it is easy to scale-up the reaction on an
industrial scale.

The deep eutectic solvent was recycled based on the rep-
resentative reaction of bromination of 1-aminoanthra-9,10-
quinone. We recycled the deep eutectic solvent five times without
purification. The reactions using recycled deep eutectic solvent
continued to produce excellent results without and a decrease in
the yield or purity as shown in the Table 3.

Experimental

Materials and equipment

All melting points are uncorrected and are presented in degrees
Celsius. FT-IR spectra were recorded on a Bomem Hartmann
and Braun MB-Series FT-IR spectrometer. 1H NMR spectra
were recorded on Varian 400 MHz mercury plus spectrometer,
and chemical shifts are expressed in d ppm using TMS as an
internal standard. Mass spectral data were obtained with a
micromass - Q - TOF (YA105) spectrometer. Common reagent
grade chemicals were procured from SD Fine Chemical Ltd.
(Mumbai, India) and were used without further purification.

Preparation of deep eutectic solvent (choline chloride : urea) 3.10a

Choline chloride (100 g, 71 mmol) and urea (86 g, 140 mmol)
were placed in a round bottom flask and heated to 70 to 80 ◦C,
until liquid began to form. After 15 to 20 min, a homogenous
colorless liquid (186 g, 100%) formed, which was used directly
for the reactions without purification.

Bromination of 1-aminoanthra-9,10-quinone using an organic
solvent.

1-Aminoanthra-9,10-quinone (1 g, 4.48 mmol) was added to the
solvent (dichloromethane or methanol; 7 ml). Bromine (0.6 ml;
11.2 mmol) was slowly added to the reaction mixture. The
reaction mixture was stirred at 50–60 ◦C for 12 h. The reaction
was monitored by TLC. After completion of the reaction, water
was added, and the mixture filtered and dried in an oven to
isolate the product.

This journal is © The Royal Society of Chemistry 2010 Green Chem., 2010, 12, 458–462 | 459
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Table 1 Bromination of 1-aminoanthra-9,10-quinone derivative using deep eutectic solvent (ChCl : Urea)

Entry Amino-anthra-9,10-quinone derivative Brominated Product Yield (%)a HPLC Purity (%) Melting Point

5a 95 97.01 222 ◦C21

5b 87 99.8 249 ◦C

5c 94 97.8 Decomposes >250 ◦C

5d 88 99.3 154 ◦C

5e 84 99.6 176 ◦C

5f 91 98.8 247 ◦C

5g 92 98.9 198 ◦C

a Isolated by filtration. †In Reaction 5a, 5b and 5d, 2.5 equivalent bromine was used. In reaction 5e, 5f, 5g and 7, 1.2 equivalent bromine while in
reaction 5c, 4.5 equivalent of bromine was used. †Reaction time is same for all the reactions i.e. 2-3 h. b In Reaction 5a, 5b and 5d, 2.5 equivalent
bromine was used. In reaction 5e, 5f, 5g and 7, 1.2 equivalent bromine while in reaction 5c, 4.5 equivalent of bromine was used. c Reaction time is
same for all the reactions i.e. 2-3 h.

Table 2 Bromination of 1-aminoanthra-9,10-quinone derivative using organic solvents using 2.5 equivalent of bromine at 20-30 ◦C

Entry Solvent Reaction time (hr.) Yield (%)a HPLC Purity (%)

1 Methanol 10-12 75 95
2 Chloroform 10-12 70 92
3 Deep eutectic solvent 2-3 95 97

a Isolated by filtration.

460 | Green Chem., 2010, 12, 458–462 This journal is © The Royal Society of Chemistry 2010
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Table 3 Recycling of deep eutectic solvent in bromination of 1-
aminoanthra-9,10-quinone at room temperature

Recycle of IL Yield (%)a

Fresh, Non- Recycled 84.3%
First 97.5%
Second 92.7%
Third 93.4%
Forth 94.1%
Fifth 82.0%

a Isolated by filtration.

Typical procedure for the bromination of
1-aminoanthra-9,10-quinone (5a, 5b, 5c, 5d, 5e, 5f, 5g).

1-Aminoanthra-9,10-quinone (1 g, 4.48 mmol) was added to the
deep eutectic solvent (5 ml) with stirring for 15 min, and bromine
(0.6 ml, 11.2 mmol) was slowly added to the reaction mixture. In
the case of 5c, a 4.5-molar equivalent of Br2 was used and in the
cases of 5e, 5f, 5g, 1.1 molar equivalents of Br2 were used. The
reaction mixture was stirred at 50–60 ◦C for 2 to 3 h. During the
reaction, unreacted bromine that was expelled was neutralized
in a trap containing aqueous Na2CO3 solution. The reaction
was monitored by TLC. After completion of the reaction, water
was added, the mixture filtered, and residual product dried in an
oven under vacuum.

1-Amino-2,4-dibromoanthracene-9,10-dione 5a. (1.6 g,
93.2%) An orange colored solid. Melting point (measured)
222 ◦C (from water) (lit, 221 ◦C17); lmax (methanol)/nm 381;
nmax/cm-1 3396(NH), 1670 and 1577 (CO), and 715 (CBr); dH

(400 MHz; DMSO; Me4 Si) 3.4 (2H, s, NH), 7.6-8.4(5H, m,
aromatic); m/z (EI) 380 (M-1) for 80Br. C14H7Br2NO2 calculated
m/z: 380.9

1-Amino-2,4-dibromo-5-chloroanthracene-9,10-dione 5b.
Orange colored solid. Melting point (measured) 249 ◦C from
water; lmax (methanol)/nm 415; nmax/cm-1 3452 and 3307
(NH), 167 and 1635 (CO) and 759 (CBr); dH (400 MHz; DMSO;
Me4 Si) 3.4 (1H, s, NH), 7.6-8.4(5H, m, aromatic); m/z (EI) 414
(M-1) for 80Br. C14H6Br2ClNO2 calculated m/z: 414.9.

1,5-Diamino-4,8-dibromoanthracene-9,10-dione 5c. Brown
colored solid. Decomposes >250 ◦C (from water); lmax
(methanol)/nm 554; nmax/cm-1 3446 and 3319(NH), 1577 and
1560 (CO) and 759 (CBr); dH (400 MHz; CDCl3; Me4 Si) 2.1
(4H, s, NH) 7.5-7.8 (2H, m, C–H); m/z (EI) 553 (M-1) for 80Br;
C14H6Br4N2O2 calculated m/z: 553.7.

2,4-Dibromo-1-(methylamino) anthracene-9,10-dione 5d.
Brown colored solid. Melting point (measured) 154 ◦C
(from water); lmax (Methanol)/nm 395; nmax/cm-1 3458 and
3099(NH), 1672 and 1625 (CO) and 737 (CBr); dH(400 MHz;
CDCl3; Me4 Si) 3.5 (3H, s, NHCH3), 7.4-8.0(5H, m, C–H
aromatic) and 9.9 (1H, s weak, NH); m/z (EI) 396 (M+1) for
80Br; C15H9Br2NO2 calculated m/z: 394.9.

1-Amino-2-bromo-4-methoxyanthracene-9,10-dione 5e. Brown
colored solid. Melting point (measured) 176 ◦C (from water);
lmax (methanol)/nm 411; nmax/cm-1 3434 and 3284 Br (NH),
1659 and 1625 (CO) and 798 (CBr); dH(400 MHz; CDCl3; Me4

Si) 3.9 (3H, s, OCH3), 5.3 (2H, weak s, NH), 7.4-8.4(5H, m C–H

aromatic); m/z (EI) 332 (M+1) for 80Br; C15H10BrNO3 calculated
m/z: 330.9.

N-(1-Amino-2-bromo-9,10-dihydro-9,10-dioxoanthracen-4-yl)
benzamide 5f. Brown colored solid. Melting point (measured)
247 ◦C (from water); lmax (MeOH)/nm 486; nmax/cm-1 3460
and 3252 br (NH), 1670,1627 and 1575 (CO) and 736 (CBr);
dH(400 MHz; CDCl3; Me4 Si) 1.5(2H, weak s, NH2),7.4-8.4
(9H, m, C–H aromatic), 9.6 (1H, s, C–H) and 13.5 (1H, s, NH);
m/z (EI) 421 (M+1) for 80Br; C21H13BrN2O3 calculated m/z:
420.0.

1-Amino-2-bromo-4-hydroxyanthracene-9,10-dione 5g. Brown
colored solid. Melting point (measured) 198 ◦C (from water);
lmax (methanol)/nm 397; nmax/cm-1 3453 and 3306 br (NH),
1670 and 1635 (CO) and 759 (CBr); dH (400 MHz; CDCl3; Me4

Si) 3.4 (2H, s, NH), 7.5-8.4 (5H, m, C–H aromatic); m/z (EI)
318 (M+1) for 80Br; C14H8BrNO3 calculated m/z: 316.9.

Scale-up of bromination of 1-amino-anthra-9,10-quinone and
recycling of choline chloride: urea (deep eutectic solvent).

1-Aminoanthra-9,10-quinone 5 g (22.4 mmol) was added to
deep eutectic solvent (50 ml). The reaction mixture was stirred
for 15 min, bromine (2.9 ml, 56.0 mmol) was added slowly,
and the reaction mixture stirred at 50–60 ◦C for 2 to 3 h.
During the reaction, liberated HBr gas was neutralized using
2 N aqueous Na2CO3 solution. The reaction was monitored by
TLC. After completion of the reaction, 50 ml of water was slowly
added, the mixture was filtered to obtain the product using a
Büchner funnel under vacuum and dried in an oven to afford
an orange-colored solid of 1-amino-2,4-dibromoanthra-9,10-
quinone (8.1 g, 94%). The deep eutectic solvent was recovered
from the filtrate by evaporating the water phase at 80 ◦C under
vacuum. The recycled deep eutectic solvent was used for the next
batch and recycled again.

Conclusion

The present reaction using a readily available and biodegradable
ammonium deep eutectic solvent (choline chloride : urea) pro-
vides an efficient and convenient method for the bromination of
1-aminoanthra-9,10-quinones using molecular bromine without
the use of any other catalyst or organic solvent. This method
offers marked improvements in terms of simplicity, decreased
reaction time, simple reaction conditions, general applicability,
high isolated product yields, and the use of environmentally
benign procedures and solvents. This method also eliminates the
use of hazardous organic solvents and toxic catalysts, and thus
provided a better and practical alternative to the existing proce-
dures. Most significantly, however, this procedure demonstrates
that selectivity and balance among yields are achievable. It is easy
to separate the catalyst and substrate after completion of the
reaction. The halogenated 1-aminoanthraquinones were easily
isolated with high purity. These deep eutectic solvents provide
a good alternative for industrial synthesis of mono or di-bromo
derivatives of 1-aminoanthra-9,10-quinone, as the reaction is
readily scalable.

This journal is © The Royal Society of Chemistry 2010 Green Chem., 2010, 12, 458–462 | 461
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An effective and highly selective decarboxylation approach to convert higher aliphatic esters into
diesel-like paraffins has been developed. The results showed that palladium supported on barium
sulfate was a potent catalyst to transform aliphatic esters into high-energy alkanes in supercritical
hexane at a much lower temperature. Based on the comprehensive analysis to gas and liquid
products, a decarboxylation mechanism was proposed. The methodology described in this paper
provides a new protocol to the utilization of biomass-based resources, especially to the second
generation biodiesel production.

Introduction

Diminishing petroleum reserves and growing concerns about
global warming make biomass-based energy resources an
appealing alternative.1,2 But it requires removal of most, or
all, of the oxygen atoms in the reactant to form energy-rich
molecules having desirable properties for combustion.2 Higher
aliphatic esters, a kind of renewable resource, have widespread
existence in nature, such as in vegetable oils mainly composed of
triglyceride compounds. Although transesterification reactions
of triglycerides from natural oils or fats with methanol or
ethanol to prepare biodiesel have been extensively studied,3 high
oxygen content, as well as poor heating value, high viscosity,
and high cloud point and pour point, of biodiesel limits its
direct application in power plants. In current industrial process
to produce biodiesel, mineral acid or base catalysts, such as
H2SO4, H3PO4, NaOH, KOH or CH3ONa, are needed to
homogeneously catalyze the reversible transesterification reac-
tion, which cause corrosion problems and must be neutralized
at the end of the reaction. Heterogeneous catalysts used for
biodiesel preparation have been developed in recent years, but
they are confronted with problems as well, for instance, they
are not as active as homogeneous catalysts and thus higher
reaction temperature (200–250 ◦C) and pressure are required.4

Additionally, post-treatment of glycerol by-product increases
the production cost. Based on similarity in structure between
higher aliphatic esters and natural diesel, i.e. the long alkyl
chain, diesel-like hydrocarbons known as the second generation
biodiesel can be produced from higher aliphatic esters via
decarboxylation route, though harsh reaction conditions (high
temperature and/or pressure) may be exerted to realize the
conversion.

Institute of catalysis, Zhejiang University, Tianmushan Road 138,
Hangzhou, 310028, China. E-mail: hx215@zju.edu.cn; Fax: +86
571-88273593; Tel: +86 571-88273593
† Electronic supplementary information (ESI) available: Characteriza-
tion of catalysts and analysis of products. See DOI: 10.1039/b917690j

On the other hand, decarboxylation is a standard organic
reaction and has considerable synthetic significance. However,
from the viewpoint of advances in organic synthesis, decarboxy-
lation or decarbonylation reactions of higher aliphatic esters
have lagged far behind those of carboxylic acids, acyl halides
and aldehydes.5

Homogeneously palladium-catalyzed decarboxylation reac-
tions of active allyl esters have been reported in the litera-
ture. For example, Pd-catalyzed decarboxylation of allyl b-
ketoesters was accomplished with Pd(OAc)2 in acetonitrile,6 and
Pd(PPh3)4 was effective to catalyze decarboxylation of allylic
aryl carbonates, allyl a-acetoxymethyl-b-keto carboxylates and
allylic alkynoates.7 But homogeneously palladium-catalyzed
decarboxylation of higher aliphatic esters has not been reported
due to the low reactivity of these esters.

Recently, several groups have made progress in transforming
higher aliphatic esters into hydrocarbons with heterogeneous
catalysts. Murzin et al.8 realized the decarboxylation of stearic
acid, ethyl stearate and tristearine to diesel-like hydrocarbons
over a commercial Pd/C catalyst in a semi-batch reactor under
15–27 bar and 300–360 ◦C. Among the noble metals they
tested, Pd showed a superior decarboxylation activity to Pt,
Ni, Rh, Ir, Ru and Os, especially supported on activated
carbons. They investigated the effect of metal, support, solvent,
temperature, initial concentration and reaction atmosphere on
the decarboxylation reaction of fatty acids and their derivatives.
Resasco and co-workers indicated that decarbonylation of
methylesters to alkenes could occur on stream over CsNaX
catalyst containing conjugated Lewis acid–base pairs with
methanol co-fed.9 According to the literature, decarbonylation
of methyl octanoate was performed with low hydrogen con-
sumption, but at much higher temperature, 425 ◦C. In this
group, decarboxylation and decarbonylation of methylesters
were achieved over Pt/Al2O3 catalyst as well, while yields to-
wards diesel-like hydrocarbons were unsatisfactory.10 Work from
the Krause group was concentrated on hydrodeoxygenation of
aliphatic esters over sulfided NiMo/Al2O3 and CoMo/Al2O3

catalysts, and they argued that the high nucleophilic strength
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of SH- groups was important in the hydrodeoxygenation re-
actions of aliphatic esters.11 Koivusalmi and Jakkula disclosed
a method of manufacturing branched saturated hydrocarbons
from unsaturated fatty acids or fatty acid esters with C1–C5

alcohols in an US patent.12 The process comprised skeletal
isomerization, prehydrogenation and deoxygenation carried out
by decarboxylation or hydrodeoxygenation with conventional
catalysts, i.e. Pd/C and NiMo/Al2O3. However, researchers
knew only a little about the exact decarboxylation mechanism
of higher aliphatic esters, and a catalytic decarboxylation cycle
has not been stated explicitly up to now.

In the present work, we report that decarboxylation of
aliphatic esters can be successfully performed over a Pd/BaSO4

catalyst (Rosenmund catalyst) in supercritical hexane with
high selectivity at a much lower temperature. Catalytic perfor-
mance of Pd/BaSO4 as well as several palladium-based cata-
lysts including Pd/SrSO4, Pd/BaCO3, Pd/CaCO3, Pd/C and
Pd/MWCNTs (Pd metal on multi-walled carbon nanotubes)
was examined using aliphatic acid methyl esters and ethyl
esters as model compounds. A decarboxylation mechanism was
proposed on the foundation of comprehensive analysis to gas
and liquid products.

Results and discussion

Catalyst performance testing

Initially, our studies were carried out by optimizing catalysts
and reaction conditions using methyl stearate as a model
substrate, and the results were summarized in Table 1. Among
the catalysts examined (Table 1, entries 1–6), only Pd/BaSO4

showed excellent activity and selectivity and offered the highest
yield of heptadecane with one carbon atom less than the fatty
acid part of methyl stearate (Table 1, entry 6). Pd/SrSO4

and Pd/BaCO3 were not effective for the present transfor-

mation (Table 1, entries 1 and 2). Pd/CaCO3, Pd/C and
Pd/MWCNTs exhibited high activity but afforded relatively low
yields of heptadecane (Table 1, entries 3–5). In the cases of
Pd/CaCO3 and Pd/BaCO3, some unidentified floccular species
were observed. As could be seen from the results of metal
loading experiments (Table 1, entries 6–9), 5% Pd loading was
suitable. Decreasing the Pd loading sacrificed the activity and
more loading was unnecessary. Temperature was an important
parameter of decarboxylation reactions. As expected, the yield
significantly increased from 62.6% to 96.6% as the temperature
increased from 250 ◦C to 270 ◦C (Table 1, entries 6 and 12).
Further raising temperatures had an adverse effect on the yields
(Table 1, entries 10–11) and hence 270 ◦C was selected for
the following study. As shown in Table 1, decarboxylation
of methyl stearate was almost independent on the hydrogen
pressure in the scope of our test (Table 1, entries 6 and 13–14).
Conversion of substrates and the yield and selectivity of target
molecules hardly varied with the hydrogen pressure raised from
0.8 MPa to 2.2 MPa. However, appropriately higher pressure
of hydrogen was essential to keep the surface of palladium
clean and retard the catalyst deactivation.13 Therefore, 1.6 MPa
of hydrogen pressure was used for the following investigation.
Experiments showed that 20 mL of hexane as solvent provided
the best yield for the product (Table 1, entries 6 and 15–18).
Without the solvent, almost no alkanes could be detected in the
product, though the conversion of methyl stearate was 100%.
We speculated that macromolecules might have been formed
by coupling reactions among intermediates on the surface of
the catalyst. It was assumed that compared with the effect
of organic solvent on chemical reactions the high diffusivity
of supercritical hexane can reduce mass-transfer resistance on
reactions,14 which facilitates contact of hydrogen and esters with
catalysts, and the strong solvent power can yield high solubility
for alkanes, which enhances the desorption of alkanes generated
on the catalyst surface and thus effectively inhibits the coupling

Table 1 Optimization of catalysts and reaction conditionsa

Entry Catalyst P(H2)/MPa Time/h T/◦C Solvent amount/mL Conversion (%) Yield (%)d

1 5%Pd/SrSO4 1.6 3.5 270 20 63.6 16.7
2 5%Pd/BaCO3 1.6 3.5 270 20 88.3 31.6
3 5%Pd/CaCO3 1.6 3.5 270 20 98.9 66.6
4 5%Pd/C 1.6 3.5 270 20 99.3 60.2
5 5%Pd/MWCNTs 1.6 3.5 270 20 98.5 72.0
6 5%Pd/BaSO4 1.6 3.5 270 20 99.5 96.6
7 8%Pd/BaSO4 1.6 3.5 270 20 98.7 95.8
8 2%Pd/BaSO4 1.6 3.5 270 20 94.6 92.8
9 1%Pd/BaSO4 1.6 3.5 270 20 57.4 46.2
10 5%Pd/BaSO4 1.6 3.5 300 20 99.8 89.1
11 5%Pd/BaSO4 1.6 3.5 285 20 99.7 95.6
12 5%Pd/BaSO4 1.6 3.5 250 20 75.9 62.6
13 5%Pd/BaSO4 2.2 3.5 270 20 99.3 94.9
14 5%Pd/BaSO4 0.8 3.5 270 20 99.5 95.7
15 5%Pd/BaSO4 1.6 3.5 270 40 51.3 25.8
16 5%Pd/BaSO4 1.6 3.5 270 30 51.6 37.9
17 5%Pd/BaSO4 1.6 3.5 270 10 99.3 92.6
18 5%Pd/BaSO4 1.6 2.5 270 0 100 0
19b 5%Pd/BaSO4 1.6 8.0 270 20 93.4 87.2
20b 5%Pd/BaSO4 1.6 9.0 270 20 99.3 93.8
21c 5%Pd/BaSO4 1.0 3.5 270 20 58.3 9.60

a Typical reaction conditions, with 0.1 mmol methyl stearate. The safety range: temperature below 300 ◦C and hydrogen pressure below 2.2 MPa.
b The amount of substrate was tripled. c Argon atmosphere. d Yield of heptadecane.
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Table 2 Decarboxylation results of various substrates over palladium
supported on barium sulfatea

Entry Substrate Conversion (%) Sel. (%)b Sel. (%)c

1 Methyl stearate 99.7 98 1.1
2 Methyl palmitate 99.8 98 1.4
3 Methyl laurate 99.0 98 1.2
4 Ethyl stearate 99.6 99 0.9
5 Ethyl octanoate 98.5 98 1.3

a Typical reaction conditions. b Selectivity of 1a. c Selectivity of 2a.

reactions among alkyl intermediates adsorbed on the active
sites of the catalysts to form unidentified macromolecules. But
the presence of an excess of hexane inhibited the conversion
of esters in that decarboxylation of esters was a volume-
expansion reaction. Scale-up experiments indicated that when
the amount of the reactant was tripled, the reaction time should
be lengthened to 9.0 h, and the high yield was also maintained
(Table 1, entries 6 and 19–20). Methyl stearate experienced
a poor reaction route over 5%Pd/BaSO4 catalyst in an inert
atmosphere (Table 1, entry 21). Thus, hydrogen is essential to
successfully complete the decarboxylation procedure. The well-
known mechanism for deoxygenation of esters is hydrogenation,
followed by decarboxylation of fatty acid intermediates. From
the optimized results, decarboxylation of methyl stearate should
be carried out at 270 ◦C using 0.25 mmol of substrate, 20 mL of
hexane and 5%Pd/BaSO4 as catalyst.

(1)

The substrate scope was then extended to methyl palmitate,
methyl laurate, ethyl stearate and ethyl octanoate in the presence
of 5%Pd/BaSO4 catalyst under 1.6 MPa H2 pressure [eqn (1)],
and the results were summarized in Table 2. Pd/BaSO4 was
testified to be a versatile catalyst which showed high activity and
selectivity for decarboxylation of aliphatic acid methyl esters
and ethyl esters. In the cases of aliphatic acid methyl esters as
substrates (Table 2, entries 1–3), main products were alkanes
with one less carbon atom than aliphatic acid counterparts of
methyl esters, denoted as 1a, and alkanes with the same number
of carbon atoms as aliphatic acid counterparts of methyl esters,
denoted as 2a. Selectivity for 1a was more than 98%. The same
principle was obtained when aliphatic acid ethyl esters were
selected as the reactants (Table 2, entries 4 and 5).

Catalyst recycling

In the catalyst recycling reactions, 5%Pd/BaSO4 catalyst was
used to transform methyl stearate into heptadecane for four
cycles consecutively. Although there was a little decrease in the
catalytic activity, high selectivity of 98% to heptadecane was still
preserved (Table 3).

The decrease of catalytic activity of Pd/BaSO4 might result
from the growth of Pd nanoparticles and attendant loss of
surface area and active sites. It has been reported that Pd particle
migration and coalescence was the dominant mechanism for
catalyst sintering,15 meanwhile Ostwald-ripening processes were

Table 3 Catalytic recycling of 5%Pd/BaSO4 catalyst for decarboxyla-
tion of methyl stearatea

Run Conversion (%) Sel. (%)b Yield (%)b

1 99.3 98 92.6
2 94.0 98 90.9
3 90.8 98 88.5
4 84.7 98 82.5

a Typical reaction conditions. b Selectivity or yield of heptadecane.

also inevitable. In the XRD patterns of Fig. 1, 5%Pd/BaSO4

used showed an obviously better crystallization than that of
freshly prepared one, which indicated that the sintering of
the catalyst had taken place under the reaction conditions.
The agglomeration and growth of Pd nanoparticles was also
confirmed by comparing TEM images of freshly prepared and
used Pd/BaSO4 catalysts (Fig. SI16, ESI†).

Decarboxylation mechanism

A plausible mechanism was shown in Scheme 1. Aliphatic
esters underwent two kinds of bond cleavage on palladium:
(1) cleavage of the alkyl-oxygen bond and (2) cleavage of
the acyl-oxygen bond. Aliphatic esters were converted into
1a through decarboxylation route (Cycle 1) accompanied by
decarbonylation reaction (Cycle 3), whereas 2a might derive
from aliphatic acid parts of carboxylic esters by complete
hydrodeoxygenation (Cycle 2) rather than by coupling of R1∑

radical with R2∑ radical, because neither nonadecane nor nonane
could be detected in the corresponding liquid products of ethyl
stearate and ethyl octanoate by GC and GC-MS. When oxidative
addition of esters to palladium occurred accompanied by acyl-
oxygen bond cleavage, acyl-alkyl rearrangement reaction was
inevitable with CO released.

Scheme 1 Plausible decarboxylation mechanism of aliphatic esters.

Methane, carbon monoxide and carbon dioxide were detected
in the gas phase products of methyl esters by GC-MS. The molar
ratio of methane to carbon dioxide was 7.8. In the gaseous
products of ethyl esters, methane, ethane, carbon monoxide and
carbon dioxide were confirmed by GC-MS with a molar ratio of
ethane to carbon dioxide 1.9, and the molar ratio of ethane to
the sum of carbon dioxide and methane was approximate 0.9.
Dumesic and his co-workers reported that H2 and CO2 could
react at low temperatures to form alkanes and water [eqn (2)].16

This conclusion might be suitable for interpreting the result of
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Fig. 1 XRD patterns of freshly prepared and used 5%Pd/BaSO4.

the gaseous products in our reaction system and carbon dioxide
might be consumed in the presence of hydrogen to form methane.

CO2 (g) + 4H2 (g) � CH4 (g) + 2H2O (g) (2)

Trace amounts of ethanol were detected in the liquid prod-
ucts of ethyl esters, whereas no methanol was found in the
corresponding products of methyl esters. To our knowledge,
the decomposition of methanol might occur on (111) facets of
palladium.17

Importantly, high selectivity for decarboxylation products can
be explained by the mechanism proposed above. There exist three
possible routes during the reaction course, two of which (Cycle
1 and Cycle 3) are dominant and offer the same decarboxylated
products (R1-H).

Experimental

All of the chemicals used in the following experiments were of
analytical grade, provided by local suppliers and used without
further purification. Pristine MWCNTs were purchased from
Chengdu Organic Chemicals Co. Ltd., China.

Instrumentation

X-ray powder diffraction (XRD) patterns were recorded on a
D8 ADVANCE X-Ray diffractometer using Cu Ka1 radiation
(l = 0.154056 nm) at 40 kV and 30 mA, over a 2q range
of 10–80◦ at a scanning speed of 6◦ per minute. The phases

were identified using the Power Diffraction File (PDF) database
(JCPDS, International Centre for Diffraction Date). Energy
dispersive spectrometry (EDS) was measured on an S-4700
field-emission scanning electron microscope with an accelerating
voltage of 15 keV. TEM images were obtained on a JEOL JEM-
2010 at 200 kV. Product identifications were using a HP 5973
series GC-MS. Chemical standards were also used to confirm
product identification. Reaction mixtures were analyzed using a
GC system equipped with a HP-5 capillary column and a flame
ionization detector.

Preparation and characterization of catalysts

1%Pd/BaSO4, 2%Pd/BaSO4, 5%Pd/BaSO4, 8%Pd/BaSO4,
5%Pd/SrSO4, 5%Pd/BaCO3, 5%Pd/CaCO3 and 5%Pd/C cat-
alysts were prepared according to the literature procedures,18

and characterized by X-ray diffraction, TEM and EDS. The
theoretical Pd loading in each catalyst was calculated based on
the amount of metal precursor (H2PdCl4).

5%Pd/MWCNTs was prepared according to the literature19

with some modifications: Oxidation of multi-walled carbon
nanotubes was carried out by refluxing pristine MWCNTs in
68% HNO3 at 140 ◦C for 12 h. After filtered, the sample was
washed and dried at 120 ◦C for 12 h. The oxidized carbon
nanotubes (0.25 g) contacted with H2PdCl4 solution by incipient
wetness impregnation technique overnight and dried at 120 ◦C
for 0.5 h. Then the sample was heated in argon at 350 ◦C for 3 h
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and subsequently reduced in hydrogen at 350 ◦C for 3 h. The
final obtained sample was cooled to room temperature in argon
atmosphere. The catalyst prepared was confirmed using X-ray
diffraction, TEM and EDS.

Decarboxylation procedure

In a typical procedure for decarboxylation, methyl stearate
(0.25 mmol), freshly prepared 5%Pd/BaSO4 catalyst (7.5 mol%,
based on Pd) and hexane (20 mL) were added to a 100 mL
stainless steel autoclave. The reaction system was pressured
with hydrogen to 1.6 MPa and heated to react at 270 ◦C for
9.0 h. After the reaction, gas and liquid products were collected
and then detected by gas chromatography (GC) and GC-MS,
respectively. Quantitative calculations of liquid products were
performed using the internal standard method. The reaction
conditions for other cases were performed accordingly.

Catalyst recycling

When the reaction was complete, 5%Pd/BaSO4 catalyst was
deposited at the bottom of the autoclave. The precipitate was
separated by filtration and washed sufficiently with hexane, then
dried in an oven at 70 ◦C for 0.5 h. The catalyst was recovered
and reused in the next run without further activation treatment.

Conclusion

In summary, we disclosed an efficient decarboxylation method
to transform higher aliphatic esters into diesel-like paraffins. Pal-
ladium supported on barium sulfate was testified to be a potent
catalyst to convert aliphatic esters into high-energy alkanes in
supercritical hexane under optimized reaction conditions. High
selectivity for the desired decarboxylates could be explained with
the decarboxylation mechanism proposed which included both
decarboxylation and decarbonylation process. The methodology
described in this paper provides a new protocol to decrease the
oxygen content of biomass-based resources for their utilization
in the future.
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Gärtner and J. A. Dumesic, Science, 2008, 322, 417–421.
3 (a) D. E. Lopez, K. Suwannakarn, D. A. Bruce and J. G. Goodwin,

J. Catal., 2007, 247, 43–50; (b) I. N. Martyanov and A. Sayari, Appl.
Catal., A, 2008, 339, 45–52; (c) M. D. Serio, R. Tesser, L. Pengmei
and E. Santacesaria, Energy Fuels, 2008, 22, 207–217; (d) H. Sun, K.
Hu, H. Lou and X. M. Zheng, Energy Fuels, 2008, 22, 2756–2760.

4 G. W. Huber, S. Iborra and A. Corma, Chem. Rev., 2006, 106, 4044–
4098.

5 (a) Y. Yoshimi, T. Itou and M. Hatanaka, Chem. Commun., 2007,
5244–5246; (b) J. Tsuji and K. Ohno, J. Am. Chem. Soc., 1968, 90,
94–98; (c) J. M. Anderson and J. K. Kochi, J. Am. Chem. Soc., 1970,
92, 1652–1659; (d) D. D. Tanner and S. A. A. Osman, J. Am. Chem.
Soc., 1968, 90, 6572–6574.

6 C. Mercier, G. Mignani, M. Aufrand and G. Allmang, Tetrahedron
Lett., 1991, 32, 1433–1436.

7 (a) R. C. Larock and N. H. Lee, Tetrahedron Lett., 1991, 32, 6315–
6318; (b) J. Tsuji, M. Nisar and I. Minami, Tetrahedron Lett., 1986,
27, 2483–2486; (c) S. H. Sim, H. J. Park, S. I. Lee and Y. K. Chung,
Org. Lett., 2008, 10, 433–436; (d) K. H. Kim, E. S. Kim and J. N.
Kim, Tetrahedron Lett., 2009, 50, 5322–5325.
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D. Yu. Murzin, Ind. Eng. Chem. Res., 2006, 45, 5708–5715.

9 T. Sooknoi, T. Danuthai, L. L. Lobban, R. G. Mallinson and D. E.
Resasco, J. Catal., 2008, 258, 199–209.

10 P. T. Do, M. Chiappero, L. L. Lobban and D. E. Resasco, Catal.
Lett., 2009, 130, 9–18.

11 E. M. Ryymin, M. L. Honkela, T. R. Viljava and A. O. I. Krause,
Appl. Catal., A, 2009, 358, 42–48.

12 E. Koivusalmi and J. Jakkula, US Pat., 7 459 597, 2007.
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Heterogeneous catalysis cannot be easily applied to solids such as cellulose. However, by
mechanically grinding the correct catalyst and reactant, it is possible to induce solid–solid
catalysis or mechanocatalysis. This process allows a wide range of solids to be effectively utilized
as feedstock for commercially relevant compounds. Here we show a set of structural and physical
parameters important for the implementation of catalysts in mechanocatalytic processes and their
application in the catalytic depolymerization of cellulose. Using the best catalysts, which possess
high surface acidities and layered structures, up to 84% of the available cellulose can be converted
to water-soluble compounds in a single pass. This approach offers significant advantages over
current methods - less waste, insensitivity to feedstock, multiple product pathways, and scalability.
It can be easily integrated into existing biorefineries - converting them into multi-feedstock and
multi-product facilities. This will expand the use of non-food polysaccharide sources such as
switch grass.

1. Introduction

Lignocellulosic biomass represents a rich source of feedstock for
fuels1 and chemicals; major work in developing this resource is
underway. Biological sources such as switch grass, corn stover,
bagasse, and other agricultural waste are largely underutilized.
Most lignocelluosic biomass is processed in one of three ways:
acid hydrolysis, enzymatic hydrolysis, and pyrolysis.2,3 New
biological4,5 and chemical6 approaches seek to circumvent the
drawbacks associated with these processes.

Catalytic processing of these materials is an important topic.
Although efficient catalysts have been developed for a wide
range of heterogeneous systems, they are not suitable for solid-
solid catalysis. A major difficulty with these solids is mass
transport. High surface area structures suited to liquid and
gas systems do not work as efficiently in solid systems. Two
typical structures, porous solids and supported particles have
limitations when applied to solid systems. Porous solids have
pore sizes too small to accommodate molecules much larger
than 30 Å; and supported particle systems still require some
method to overcome the solid-solid diffusion barrier.

Biochemical pathways are also important in processing these
polymers. However, enzymes have limited pressure/temperature
regimes in which they can function and are not as robust as
inorganic solids.

There are two issues that need to be addressed in order
to realize effective catalysis in solid-solid reactions. The solid-
solid diffusion barrier (mass transport) must be overcome and
the catalyst must be structured to allow access to catalytic
sites. Currently, most catalytic depolymerization involves solvent
systems to overcome this diffusion barrier.7-10

University of Central Florida, Department of Chemistry, P.O. BOX
162366, Orlando, FL, 32816, USA, rblair@mail.ucf.edu; Fax: +1
407-823-2252; Tel: +1 407-823-0639

We have found that it is possible to overcome diffusion in
a solid–solid reaction by using mechanical force without the
addition of solvents. This phenomenon is often referred to as
mechanocatalysis or tribocatalysis. Little work has been done
on this phenomenon.11-14 In fact, recent work has focused on
using traditional heterogeneous catalysts (such as zeolites) in
mechanochemical processes.15-21 This approach ignores the ag-
gressive nature of mechanical processing. Effective mechanocat-
alysts must be mechanically robust, and possess sites that are
physically accessible and chemically active.

Mechanocatalytic processes require no external heat. All
of the energy for the reaction comes from the pressures and
frictional heating provided by the kinetic energy of milling
media moving in a container. Although there is a large body
of work examining mechanochemical syntheses,22-39 to date
no one has examined the properties required for an effective
mechanocatalyst.

In a mechanocatalytic system, it is important that intimate
contact between the catalyst and reactant be maintained.
Although most biomass processing facilities utilize some form
of attrition technology, it is usually in the form of hammer mills,
disk mills, or roller mills. These technologies are being actively
researched,40-42 but they do not allow good interaction between a
solid catalyst and the material being treated. Pebble (or rolling)
mills, shaker mills, attrition mills, and planetary mills are a few
examples of mills that effectively “push” the catalyst into contact
with the material being treated (biomass).43

Experimental

Reagents

Pure microcrystalline cellulose (Avicel, Brinkmann) was utilized
to investigate the performance of different solid catalysts.
The natural cellulose sources Z. mays indurata (flint corn),
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Prunus stone, paper, aspen wood, and mixed biomass were col-
lected from local sources. The grasses: A. gerardii (Big Bluestem),
S. scoparium (Little Bluestem) and P. virgatum (Switchgrass)
were supplied by Agricol Corporation (Madison, WI). All
natural cellulose sources were dried at room temperature to a
moisture content of <10% and cut to 2 cm or smaller pieces.

The materials kaolinite (Edgar Plastic Kaolin, Axner Pot-
tery), delaminated kaolinite (Kaopaque 10, IMERYS), alu-
minium phosphate (Fisher Scientific), aluminium oxide (J.T.
Baker), talc (Nytol 100HR, Axner Pottery), Y-type zeolite
(HS-320, Hydrogen Y, Wako Chemicals), bentonite (Asbury
Carbons), vermiculite, quartz, muscovite mica, silicon carbide
(-325 mesh, Electronic Space Products International), graphite
(grade TC306, Asbury Carbons), and aluminium sulfate (Fisher
Scientific) were used as received. Layered silicates were H+

exchanged by soaking in 1 M hydrochloric acid for 12 h, filtering
and dried at 80 ◦C overnight. Chemically delaminated kaolinite
was prepared by intercalating with urea and deintercalating by
washing with water.44 The super acid was prepared by stirring
aluminium oxide (J.T. Baker) in 2.5 M H2SO4 followed by
calcination at 600 ◦C.45

Mechanical processing

Various amounts of cellulose and catalyst were ground using a
rolling mill (custom), mixer mill (SPEX Certiprep, Metuchen,
NJ), or attrition mill (Union Process Inc., Akron OH). Initial
catalyst assessment was performed using a mixer mill. Typically,
2 grams of a 1 : 1 mixture of catalyst and cellulose were ground in
a 65 mL vial (1.5¢¢ ID ¥ 2.25¢¢ deep) made of 440C steel, utilizing
three 0.5¢¢ balls made of the same material as the milling vial.
Attrition milling experiments were performed by Union Process,
Inc. in a 1-SD attrition mill run at 350 rpm with a 1.5 gallon
tank, 40 lbs of 0.25¢¢ chrome steel (SAE 52100) balls as the
milling media, and 1200 g of a 1 : 1 mixture of cellulose and
catalyst. Rolling mill experiments were performed in a custom
rolling mill constructed of 316 stainless steel with a diameter of
1.37¢¢ and a length of 4.93¢¢. The mill was charged with 25 0.5¢¢
balls made of 440C steel and 2 g of a 1 : 1 mixture of cellulose
and catalyst.

Gravimetric analysis

The extent of hydrolysis was monitored gravimetrically. Con-
version of cellulose to water-soluble oligosaccharides was de-
termined by stirring 0.1 g of the reaction mixture in 30 mL
of water. Any oligosaccharide with a degree of polymerization
<5 will be solvated.46 The production of water-soluble products
was measured by filtration through a 47 mm diameter Whatman
Nuclepore R© track etched polycarbonate membrane filter with a
pore size of 0.220 mm. The residue was dried in a 60 ◦C oven for
12 h and then weighed.

Gas chromatography with mass sensitive detection

GC-MS analysis was performed on an Agilent 6850 GC with
an Agilent 19091-433E HP-5MS column (5% phenyl methyl
siloxane, 30 m ¥ 250 mm ¥0.25 mm nom.) coupled with a
5975C VL mass selective detector. Saccharide composition was

analyzed by silanizing47 the product. Dehydration products were
extracted with 60 ◦C chloroform and analyzed by GC-MS.

Thin layer chromatography

Thin layer chromatography was used to assess the composition
of the hydrolysis product. Solutions were spotted onto cellulose
plates and developed with a 20 : 7 : 10 mixture of n-butanol,
acetic acid, and water. The plates were stained with a 3% urea
and 1 M phosphoric acid in n-butanol saturated water solution.

Discrete element modeling

Discrete element models of the milling process were generated
using EDEM (DEM Solutions Ltd.).

Degree of polymerization

The degree of polmerization of the insoluble cellulose residue
was determined using viscometry according to the method
outlined in ASTM D 4243.

Results

Three milling modes were investigated for the mechanocatalytic
depolymerization of cellulose—shaking, rolling, and stirring.
Fig. 1 illustrates solubilization achievable in a SPEX shaker
mill. No appreciable solubilization was realized on samples of
microcrystalline cellulose milled without a catalyst.

Fig. 1 Solubilization of cellulose as a function of milling time in a
SPEX 8000D mixer mill. Catalysts were milled with microcrystalline
cellulose in a 1 : 1 ratio. The most rapid solubilization was measured
using 1 : 1 aluminosilicates such as kaolinite.

The catalyts’ chemical and physical properties effect on
conversion efficiency was studied by choosing materials with
specific structural and chemical properties. Fig. 2 summarizes
the solubilization results for cellulose mechanocatalytically
treated for two hours in a shaker mill.

A shaker mill was chosen to assess catalyst efficacy since
cellulose hydrolysis is observed after as little as 6 min of milling.
This mode is a high-energy process with the possible realization
of localized high pressures. After 3 h of milling, up to 84% of the
cellulose can be converted to water-soluble fractions allowing
rapid assessment of catalysts parameters.

The layered silicate mineral kaolinite was determined to
be a good mechanocatalyst and the composition of the sol-
ubilized fraction produced was analyzed utilizing thin layer

This journal is © The Royal Society of Chemistry 2010 Green Chem., 2010, 12, 468–474 | 469
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Fig. 2 Mechanocatalytic activity for a sample of compounds inves-
tigated. Catalysts were milled with microcrystalline cellulose in a 1 : 1
ratio for 2 h. Layered compounds with a surface acidity, H0, <-3.0,
as determined by dicinnamalacetone gave the best yields. The catalytic
efficiency of kaolinite was improved through physical delamination and
proton exchange (*).

chromatography and gas chromatography with mass sensitive
detection. Both methods confirmed that depolymerization oc-
curs rapidly with no oligosaccharides larger than n = 2 detected
even after 30 min of treatment. The three major water-soluble
components detected were levoglucosan, fructose, and glucose.
The degree of polymerization of the insoluble residue was
measured and found to decrease linearly with time.

The variation in product composition was studied as a
function of milling mode and time. A study of the energy input
through milling, and its effect on products, was investigated
using a variable speed rolling-mill. Models were developed using
discrete element methods (EDEMTM, DEM Solutions Ltd.) to
estimate the compressive forces achieved during milling. These
models indicate that, in a 10 s period, a shaker mill can produce
9 impacts with forces between 400 and 3000 N; an attrition mill
can produce 9 impacts between 400 and 2000 N; a rolling mill
at 30 rpm generates 4 impacts between 60 and 110 N; and at
100 rpm, 10 impacts between 60 and 130 N.

High-energy processing in a shaker mill resulted in the
production of levoglucosan, fructose and glucose with a ratio
of 9 : 1 : 4.3 after 30 min of treatment and a ratio of 4.6 : 1 : 4.1
after two hours of treatment. The product distribution was
similar for samples prepared in an attrition mill. Low-speed
processing in a rolling mill (30 rpm) resulted in no measurable
catalytic activity; increasing the rotation velocity to 100 rpm
resulted in 13.2 ± 0.8% solubilization after 96 h of treatment.
The product consisted of levoglucosan, fructose, and glucose
in a 1 : 1 : 5.8 ratio. With continued high energy milling the
levoglucosan fraction decreased and other dehydration products
were observed - levoglucosenone and 5-hydroxymethyl furfural
(HMF), as well as the retro-adol condensation product furfural
(Fig. 3). This result is encouraging since HMF is of interest for
use as a fuel or chemical feedstock.1,48,49

Discussion

Milling alone (without a catalyst present) is not sufficient
to hydrolyze the glycosidic bond in cellulose. Acidic solids
such kaolinite (Al2Si2O7·2H2O), alumina super acid, alu-
minium phosphate (AlPO4), alumina (Al2O3), Y-type zeolite,

Fig. 3 Cellulose can be mechanocatalytically converted to glucose and,
with prolonged treatment, into a variety of products. The formaldehyde
produced was not observed with the analytical techniques utilized.

and bentonite (Al2Si4O11·H2O) showed good catalytic abil-
ity. Low-acidity solids such as talc (H2Mg3(SiO3)4), vermi-
culite ((MgFe,Al)3(Al,Si)4O10(OH)2·4H2O), quartz (SiO2), mica
(KF)2(Al2O3)3(SiO2)6(H2O), silicon carbide (SiC), graphite (C),
and aluminium sulfate (Al2(SO4)3) were less effective. The
hardness of the catalyst did not play a role in the efficiency
of the depolymerization. Both kaolinite and talc are soft, but
kaolinite is a much more efficient catalyst. Silicon carbide and
aluminium oxide are both very hard, but silicon carbide showed
little or no catalytic ability. The use of harder catalysts resulted in
undesirable wear on the container and milling media. The most
effective catalyst is the layered mineral kaolinite. Kaolinite is
an aluminosilicate consisting of aluminium-containing (as AlO6

units) layers covalently bound to silicon-containing (as SiO4

units) layers as in a 1 : 1 ratio. These layers are held together
by hydrogen bonds from protons on open Al–O–Al sites to
open Si–O–Si sites. The structurally similar bentonite has each
aluminium-containing layer covalently bound above and below
by a silicon-containing layer in a 2 : 1 configuration; this prevents
the active sites from interacting with the cellulose (Fig. 4). The
role of aluminium in the active sites was confirmed by comparing
the catalytic ability of quartz and aluminium phosphate. These
compounds are isostructural; substituting the SiO4 units in
quartz with AlO4 and PO4 units, as in aluminium phosphate,
results in an increase in active sites and the observed increase in
catalytic ability.

Layered compounds are effective mechanocatalysts because
the layers are typically held together by weak forces such as
hydrogen bonding and van der Waals forces. These bonds can be
easily broken via mechanical processing (grinding or rubbing).50

The result is a material with a high specific surface area (SSA)
that is only dependent upon the number of layers in each particle.

SSA
rdhardsphere

solid

=
3

(1)
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Fig. 4 The structures for the 2 : 1 smectite bentonite (left) and 1 : 1
smectite kaolinite (right). The octahedra are AlO6 units and the
tetrahedra are SiO4 units. The sheets in bentonite are charged due to an
Al : Si imbalance. The sheets are held together by ionic forces between
the sheets and a cation (dark sphere). The sheets in kaolinite are held
together by hydrogen bonds from protons on the Al layer to the oxygens
on the Si layer.

SSA
n nf tdlayered

solid

=
+ −

2

1( )
(2)

Eqn (1) and 2 give the specific surface areas (SSA) in area/unit
mass for hard spheres and layered materials where n = the
number of layers, dsolid = the density of the solid, r = the
radius of the particle, t = the interlayer spacing, and f = the
ratio of the layer thickness to the interlayer spacing. Eqn (1)
is derived from the surface area of a solid sphere (4pr2) and
the mass of the sphere as determined by its density (mass =
4/3 pr3dsolid). Eqn (2) is derived from the surface area of a
fragment using its length and width (2lw) and the mass of
n layers using the material’s density and interlayer spacing
(mass = lw(n+nf-1)tdsolid). This derivation assumes both sides
of the sheet are catalytically active. For kaolinite, only one side
of the sheet (the AlO6 side) is catalytically active. This results
in a SSA half of that predicted by eqn (2). Using the d solid =
2.599 gcm-3, t = 2.892 Å, and f = 1.561 for kaolinite, we find
that reducing it to a collection of single aluminosilicate sheets
(through delamination) would result in an active specific surface
area of 852 m2 g-1. This would be equivalent to 1.35 nm spherical
particles. Structures consisting of 5 layers would have a specific
surface area equivalent to 10.2 nm particles (113 m2 g-1). It has
been suggested that mechanochemical processes are dependent
on the area of surface sites available.15 This is in line with our
observation that layered materials are the ideal structure for
mechanocatalysts. Delamination of kaolinite to single sheets has
been observed during grinding.51 In fact, it is not unreasonable
to expect delamination to single layers; this has been observed
in talc.15

It is important to note that anhydrous kaolinite showed a
decrease in catalytic ability. This is due to the fact that water is
required to break the cellulose glycosidic bond.

Kinetics and depolymerization mechanism

Concentrations in chemical reaction are typically expressed
in terms of moles/l. In a solventless, solid-solid reaction this

expression is meaningless. If percent composition is used, the
resulting expression does not accurately reflect the consequences
of increasing the milling load without increasing the vessel size
(which results in a decrease in reaction rate). We have found that
reaction rates can be examined by expressing the concentration
of reactants and products in terms of mass/free volume.52 Here
the free volume is the volume of the milling container not
occupied by balls, reactants, or products. This value is calculated
by converting the masses of the reactants, products, and milling
media to volumes based on the materials’ densities. This volume
is subtracted from the container volume to give a free volume.
This approach indirectly incorporates the motions available to
the milling media. The milling media, for the same mode of
milling, in systems with large free volumes will have a greater
mean free path than in systems with small free volumes.

We determined the reaction order by generating kinetic plots.
Although attrition is quite rapid in a SPEX mill, finely ground
cellulose (Avicel) and catalysts were used to minimize the effect
of initial particle size. The reaction cannot be zeroth order
since reaction rate would be independent of concentration. The
concentration of the reactants directly affects the free volume
and, subsequently, the motion of the milling media. Higher
concentrations result in less motion. In the most severe case
the concentration would be so high that no media motion
is allowed. A zeroth order model would predict yield in this
case - an unphysical prediction. Fig. 5 compares a first and
second order plot in this system. The differentiation between
first and second order behavior is a little more subtle. Both
kinetic plots can be fit to lines representing initial and final
kinetics. Although the first order plot gives slightly better linear
correlation coefficients, a second order model more accurately
describes the data. For example, using H+ exchanged, physically
delaminated kaolin the linear correlation coefficient for the
initial kinetics is -0.9986 for first order kinetics and 0.9974 for
second order kinetics. In the final kinetic region this coefficient
is -0.9969 for first order kinetics and 0.9952 for second order
kinetics. The important feature is the data point near the
intersection of the two regression lines (inset Fig. 5). It does not
fall on the first order curve that would be generated by the sum
of the two linear fits. It does fall on the curve generated by the
two linear second order fits. This behavior was observed for all
catalysts listed in Table 1 which summarizes the rates observed
in several systems. The uncertainties reported are the standard
deviations in the slope of the second-order plot calculated
using linear regression. The uncertainty in the time change
was determined by propagating these uncertainties through the
equation describing the intersection of these lines. Second order
behavior has also been observed in the hydrolysis of the glucose
dimer cellobiose in super critical water.53

It was confirmed that the process was catalytic by performing
turnover studies using kaolinite and cellulose in a shaker
mill. Two hours of milling time resulted in loss of catalytic
efficiency over 5 turnovers. One hour of milling resulted in no
loss in catalytic efficacy over 8 turnovers. Although extended
milling can induce significant defects in the crystal structure
of the catalysts, the active sites on these catalysts are surface
protons and should be unaffected by the defect structure
of the solid. Prolonged milling may, instead, result in the
formation of insoluble polymerization products. In particular,

This journal is © The Royal Society of Chemistry 2010 Green Chem., 2010, 12, 468–474 | 471
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Table 1 Second-order rates observed in the catalytic depolymerization of cellulose in a SPEX shaker mill. The column labeled “time change”
indicates when the rate changes

Initial Rate (second order) L g-1 h-1 Second Rate (second order) L g-1 h-1 Time Change (hours)

Kaolinite, physically delaminated, H+ exchanged 0.0522 ± 0.0022 0.1460 ± 0.0058 1.21 ± 0.14
Kaolinite, H+ exchanged 0.0464 ± 0.0017 0.0836 ± 0.0054 1.08 ± 0.29
Kaolinite, chemically delaminated 0.0433 ± 0.0013 0.0902 ± 0.0035 1.13 ± 0.15
Kaolinite, physically delaminated 0.0330 ± 0.0013 0.0832 ± 0.0027 1.16 ± 0.11
Kaolinite 0.03240 ± 0.00085 0.0825 ± 0.0056 0.75 ± 0.17
Bentonite 0.0268 ± 0.0015 0.00639 ± 0.00018 1.86 ± 0.18
Aluminium oxide 0.01147 ± 0.00050 0.00230 ± 0.00016 1.383 ± 0.049
Talc 0.00943 ± 0.00014 0.00415 ± 0.00026 3.567 ± 0.029

Fig. 5 A first (left) and second (right) order plot of the hydrolysis of cellulose in a SPEX shaker mill. Both plots show strong linear relations, but the
data point near the intersection of the two fit lines (insets) indicates that a second-order process is the more accurate description. The catalyst used
was H+ exchanged, physically delaminated kaolinite.

furfural polymerizes when heated in the presence of an acid.
These insoluble by-products would interfere with the interaction
between the catalyst and the reactant. Limiting the milling time
limits the production of these by-products.

In order to understand the mechanism of cellulose depoly-
merization, the degree of polymerization (DP) of the insoluble
residue was measured. This can be compared to the change in DP
observed in acid and enzyme hydrolysis. The three approaches
to depolymerization - acid, enzymatic, and mechanocatalytic
proceed by quite different kinetics and mechanisms. By examin-
ing the change in degree of polymerization of the residue with
respect to the fraction of oligomers with a DP<5 (or degree of
solubilization) the role of these factors can be reduced and the
approaches can be compared.

Fig. 6 shows the change in DP as a function of degree
of solubilization. Values for acid hydrolysis were simulated
using a model that all bonds have an equal probability of
cleavage.54 Change in DP from enzyme hydrolysis was taken
from the literature.55 It can be seen that mechanocatalytic
depolymerization does not follow a mechanism like acid or
enzyme hydrolysis. Mechanocatalytic hydrolysis does not ran-
domly cleave cellulose chains like acid hydrolysis. Initially,
depolymerization more closely matches the enzymatic process.
The accessibility of surface sites gives rise to the evolution of
the degree of polymerization in enzyme hydrolysis.56 Similarly,
mechanocatalysis is dominated by two processes - attrition and
hydrolysis. During the initial milling time, cellulose particles are
being broken down physically and chemically. There are three
main chemical reactions occurring. The reactions are: hydrolysis

Fig. 6 Change in the degree of polymerization for the insoluble residue
of cellulose hydrolysis as a function of degree of solubilization. The
dotted line represents a model where hydrolysis only occurs at the ends
of the polymer chain.

catalyzed by the catalyst’s surface protons, dehydration by the
catalyst, and retro-aldol condensation due to the localized high
pressures. The surfaces of these particles are accessible to the
catalyst. At a certain point, attrition slows and only the end units
of the cellulose chain are accessible. This results in a change
in DP that coincides with a model where only the ends of
a polymer chain are allowed to react (dashed line in Fig. 6).
For the layered catalysts, bentonite, talc, and kaolinites the
rate changes (Table 1) when solubilization is between 30 and
40%. This corresponds to the region in Fig. 6 where the DP of
the residue matches an end-only hydrolysis model and further
corroborates the second-order model.
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Industrial applicability and economics

In order for mechanocatalysis to be an effective industrial tool,
it must be effective for real world materials. We tested the con-
version efficiency for a wide range of relevant cellulose sources.
Fig. 7 illustrates the efficiency observed in the depolymerization
of cellulose after two hours of milling in a mixer mill. Initial
particle size was kept to less than 2 cm. In all cases, the cellulose
source and catalyst were reduced to fine powders in 5 to 10 min
due to the vigorous nature of the attrition process. Agricultural
wastes from corn (corn stover), wood (aspen), and fruit (Prunus
stone) production were examined; all showed improved water
solubility after mechanocatalytic treatment. Commercial and
residential waste such as paper and mixed waste from clearing
land can also be efficiently treated. The grasses A. gerardii
(Big Bluestem), S. scoparium (Little Bluestem) and P. virgatum
(Switchgrass) are crops that are of interest for use as a biomass
source. It should be noted that 90% of a corn kernel’s mass can
be converted to soluble matter in a single pass.

Fig. 7 Unlike current approaches to cellulose hydrolysis, mechanocat-
alytic hydrolysis is relatively insensitive to feedstock.

Our survey experiments have utilized a SPEX mixer mill,
which allows us to rapidly assess the viability of catalytic
materials and develop kinetic models for cellulose conversion.
We have found that the reaction goes as a second-order
process in cellulose. However, this technology is not scalable
without significant redesign.57 Rolling-mode and stirring-mode
are among the scalable approaches. Utilizing our DEM model,
it was determined that rolling mills do not develop the high
pressures encountered in a shaking mill. Processing in a rolling
mill produced a product composed primarily of glucose. This
suggests that the forces that occur during the milling process
are directly related to the composition of the soluble fraction
produced. Low forces result in no observable solubilization;
increasing the rotational velocity of the roller mill results in
compressive forces and a measurable yield of sugars. The
most energetic process, shaking-mode, results in an increase in
the levoglucosan fraction. This implies that there is a critical
energetic region favorable for the production of fructose and
glucose.

Attritors are scalable, can be run in a batch or continuous
mode, and can produce compressive forces similar to those
achieved in a shaker mill (0.4 to 3 GPa, as predicted by out DEM
models). We performed a limited number of kilogram-scale tests
using a small Union Process attritor. Fig. 8 illustrates the energy
costs associated with the two milling technologies. The dashed
line is the energy obtainable from the ethanol produced from

Fig. 8 The energy consumed to produce 1 gram of glucose from 1 gram
of cellulose treated in a shaker mill, 1 kg of cellulose treated in an attritor,
and modeled consumptions for 100 kg in a large attritor. The dashed
line is the energy released by burning the ethanol produced from 1 gram
of glucose.

one gram of glucose. It can be seen that the SPEX mill is an
energy intensive process. Switching to an attritor allowed the
process to be scaled-up by 1000 fold; the result was nearly
a 46-fold decrease in the energy consumption as expressed in
kJ/gram glucose produced. It was found that conversion in a
small attritor required a 4-hour initiation time before the rate
became appreciable. The kinetic data from this batch was used,
in conjunction with the behavior observed in the shaker mill, to
develop a predictive model for a 100 kg batch. The gray trace in
Fig. 8 shows the projected energy consumption for an attritor
with a 150 hp motor and fast reaction kinetics. It is important to
note that the four-hour induction period must be eliminated for
this approach to produce glucose at an energy cost lower then
the energy released by burning the ethanol prepared from the
glucose. This process is energy positive for 0.9 h of milling with
a predicted conversion efficiency of 20.2%.

Conclusions

The natural layered structure of clays is ideally suited for use
as a catalyst in milling processes. We have shown that layered
structures are particularly suited to mechanocatalytic processes.
This opens up a new area for catalyst synthesis. A new set of
catalysts based on this paradigm could be synthesized to take
advantage of the unique conditions in a ball mill. Using this
idea, it may be possible to depolymerize other biopolymers such
as chitin or protein as well as synthetic polymers such as nylon,
polyethylene terepthalate, polycarbonate, and polylactic acid.

The observation of the glucose dehydration products levoglu-
cosan, levoglucosenone, and 5-hydroxymethyfurfural as well as
the retro-aldol condensation product furfural suggest that it will
be possible to design mechanocatalysts for the direct conversion
of cellulose into these compounds. In fact, many of the synthetic
pathways utilized to produce derivatives from these compounds
should be directly accessible through solventless milling.

Mechanocatalytic processing of materials has significant
advantages over current methods. The best catalyst so far,
kaolinite, costs around $80/ton and can be reused. Any catalyst
waste produced is innocuous and there are no toxic solvents
needed. Additionally, no heating or high-pressure equipment is

This journal is © The Royal Society of Chemistry 2010 Green Chem., 2010, 12, 468–474 | 473
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required, simplifying plant design. Mechanocatalytic conversion
of cellulose is insensitive to lignin and hemicellulose content
allowing any cellulosic biomass source to be utilized. This is an
improvement over methods that utilize edible biomass (such as
corn) for ethanol production.
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This manuscript is dedicated to the memory of Glenn T. Blair
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Telomerization of butadiene with starch in water: role of the surfactants

Julien Mesnager,a,b,c Claude Quettier,c Anne Lambin,c Franck Rataboul,a,b Alain Perrarda,b and
Catherine Pinel*a,b

Received 2nd November 2009, Accepted 14th December 2009
First published as an Advance Article on the web 27th January 2010
DOI: 10.1039/b922781d

Nowadays, the preparation of bio-based polymers remains a challenging issue. The modification
of starch by hydrophobic chemical substitutions results in an innovative material. We introduced
the hydrophobic part of the derivative via catalytic butadiene telomerization using exclusively
water as solvent in the presence of surfactants. In this paper, we describe the influence of the
nature of the surfactant on the reaction, CTAB (cetyltrimethylammonium bromide) giving the
best reactivity. Moreover, some physicochemical properties of modified starches are evaluated
showing their hydrophobic behaviours.

Introduction

Starch is an abundant and inexpensive natural polymer that is
widely used as a raw material in the paper, textile and pharma-
ceutical industries. For such applications, the hydrophobic or
hydrophilic character of starch must be tuned, for example for
its introduction into polymer matrices. Hydrophobic starches
are prepared by formation of an ether or ester from anhydride
acetic, fatty acid derivatives or Michaël type addition with routes
using un-friendly stoichiometric reagents and base reactants.1-3

The telomerization of butadiene with alcohols is a green route
for the production of ethers catalyzed by palladium complexes.
This reaction is 100% atom efficient. Recent studies report the
development of new catalytic systems highly efficient for the
telomerization of butadiene or isoprene with polyols such as
ethylene glycol, glycerol, mono or disaccharides.4-19 Recently,
our group has introduced a catalytic route based on this
telomerization reaction to increase the hydrophobic character of
starch (Scheme 1).20-23 We recently reported an efficient method
operating under mild conditions (low temperature and butadi-
ene pressure) under heterogeneous conditions: the hydrosoluble
complex was efficient enough to modify the solid starch.23 In
this last study, the reaction was performed at 50 ◦C in water with
dimethyl-isosorbide (DMI) as a green co-solvent and in the pres-
ence of the water-soluble Pd-catalyst [(p-allyl)Pd(TPPTS)2]Cl
[TPPTS = tris(m-sulfonato)phenyl phosphine trisodium salt,
Fig. 1]. Particularly, we showed that the introduction of Na2SO4

allowed the reaction to be performed at 50 ◦C without provoking
swelling of starch granules. Hydrophobic starch can thus be
easily separated from the reaction medium by simple filtration
which is classically applied in starch processes. DMI was also
introduced to prevent the use of alcohol co-solvent.

aUniversité de Lyon, F-69622, Lyon, France
bUniversité Lyon 1; CNRS; UMR 5256, Institut de Recherches sur la
Catalyse et l’Environnement de Lyon, 2 avenue Albert Einstein, F-69626,
Villeurbanne, France. E-mail: catherine.pinel@ircelyon.univ-lyon1.fr;
Tel: 33(4) 7244 5478
cRoquette Frères, 62080, LESTREM Cedex, France

The progress of this kind of reaction is evaluated by the
degree of substitution (DS) that is defined as the average number
of octadienyl chain per anhydroglycosidic unit (AGU) and is
determined by liquid NMR analysis. In our recent study, a
DS of 0.05 was obtained corresponding to a turn over number
(TON) of 550 and 60% conversion of butadiene.23 This DS is high
enough to confer to the materials strong hydrophobic properties
and low enough to process the materials in granular state.

In order to enhance the green character of this transformation,
we wish to avoid the use of an organic solvent. Ideally, the
reaction should be carried out with a neat substrate as recently
reported by the group of Weckhuysen using glycerol as the
solvent and the nucleophile.8 However, this approach is not
possible with solid starch as substrate. Mortreux et al. reported
the telomerization of butadiene with sucrose in aqueous solution
but an excess of telogen is essential to get the reaction at 80 ◦C.24

Moreover, modest activity was reported for the telomerization
of butadiene with starch in pure water as the reaction media
and we envisaged the addition of surfactants to circumvent
this drawback.23 Very few reports are dealing with the use of
surfactants in telomerization.

Here we wish to report the use of surfactants with adjusted
catalytic systems to avoid the use of organic co-solvents with
aqueous mixture without decreasing the efficiency of the reac-
tion. Some physical properties of the modified starch will also
be presented.

Results and discussion

Butadiene telomerization with starch in the presence of
surfactants

Choice of surfactant. Monflier et al. reported the efficient
use of surfactants for butadiene telomerization with water to im-
prove mass transfers in a pure aqueous media.25-27 Indeed, it was
shown that the formation of micelles or colloids increased the
solubilisation of butadiene in the water solution thus playing the
role of the organic co-solvent. In their reports, several neutral,
cationic and anionic surfactants were used in combination with
water-soluble phosphines. The best results were obtained with

This journal is © The Royal Society of Chemistry 2010 Green Chem., 2010, 12, 475–482 | 475
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Scheme 1 Telomerization of starch with butadiene.

Fig. 1 Hydrosoluble phosphine and NHC ligands used for the telomerization of butadiene with starch.

cationic surfactants or neutral ones like C12H25(OCH2CH2)23OH
(DPEG) while anionic surfactants inhibited the reaction.25

As introduced above, we showed in our previous study
that DMI allowed the reaction to proceed with the same
efficiency (DS = 0.05, butadiene conversion = 60–67%) as with
iPrOH, which is the classical co-solvent used for this reaction.
Interestingly, we also showed that, even in pure water, the
reaction was possible but much lower DS and conversion were
obtained due to the negligible solubility of butadiene in pure
water (Table 1, entries 1–3).23

It was estimated that only 2% of introduced butadiene was
solubilized in the solution.28

Table 1 Telomerization of butadiene with starch under various
conditionsa

Entry
Co-solvent/
V mL-1 Surfactant DS

Butadiene
Conv. (%)

1 iPrOH/5 — 0.05 67
2 DMI/5 — 0.05 60
3 — — 0.02 30
4b — CH3CH2(CH2CH2)x-

(OCH2CH2)yOH, DPEG
0.065 87

a 64 g of dry starch, 3.2 g of butadiene (0.15 equiv./AGU), 100 mL of
water, 0.5[(p-allylPdCl]2 + 2TPPTS ([Pd] = 0.4%mol), 8 g of Na2SO4,
1.38%wt of NaOH, 50 ◦C, 24 h. b [DPEG] = 5 ¥ 10-3 mol L-1, AGU =
anhydroglycosidic unit.

Based on the work of Monflier et al., we wish to perform
the telomerization reaction in pure water but in the presence
of a small amount (5 ¥ 10-3 mol L-1) of a neutral surfactant
such as polyethylene-block-poly(ethylene glycol) DPEG (Mn ~
1400). Under these new reaction conditions, we observe that
the introduction of a neutral surfactant leads to a greater
DS and a significantly higher butadiene conversion after 24 h
(Table 1, entry 4), showing the possibility of running even more
efficiently this reaction in the absence of any organic co-solvent.
The use of a surfactant presents the advantage of getting an
organic solvent-free reaction mixture at the end of the reaction
and therefore avoiding a separation step. Under the reaction
conditions reported here (50 ◦C), we did not observe any product
issued from hydrodimerization. We previously checked carefully
for the formation of octadienol during the telomerization of
butadiene with methanol but this product was not detected
(NMR or GC analysis).29 It has to be acknowledged that in
their work, Monflier et al. performed the hydrodimerization at
85 ◦C and in the presence of carbonate (formed in situ from
amine and CO2) that is essential to produce octadienol.25

Then, a comparative study with a series of various neutral and
cationic commercial surfactants was performed. The surfactants
having a range of hydrophilic lipophilic balance (HLB), and
chemical functions have been evaluated. Moreover, anionic sur-
factants have been omitted due to their inefficiency established
by Monflier et al.27 The reactions were run at 50 ◦C, over 6 h
using 0.15 equiv./AGU of butadiene yielding to a DSmax =
0.075. The palladium content based on butadiene was 0.4%mol

476 | Green Chem., 2010, 12, 475–482 This journal is © The Royal Society of Chemistry 2010
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Table 2 Telomerization of butadiene with starch: influence of the nature of surfactanta

Entry Surfactant Mn HLBb DS Butadiene Conv (%)

1 CH3CH2(CH2CH2)x(OCH2CH2)yOH 1400 10 0.05 60
DPEG

2 C18H35(OCH2CH2)nOH (n ~ 20) 1150 15 0.075 100
BRIJ R© 98

3 346 8 0.01 13

SPAN R© 20
4 H-(OCH2CH2)20(OCH2CHCH3)70(OCH2CH2)70-OH Pluronic R© P-123 5800 7-9 0.04 47
5 1982 17 0.075 100

IGEPAL R© CO-890
6 C16H33NMe3Br 364 21.4 0.07 93

CTAB

a 64 g of dry starch, 3.2 g of butadiene (0.15 equiv./AGU), 100 mL of water, [(p-allyl)Pd(TPPTS)2] ([Pd] = 0.4%mol), 8 g of Na2SO4, 1.38%wt of
NaOH, 5 ¥ 10-3 mol L-1 of surfactant, 50 ◦C, 6 h. b Data obtained from Sigma-Aldrich.

corresponding to 0.04%wt based on dry starch. The degree of
substitution of starch and the butadiene conversion are reported
in Table 2.

In these conditions, the neutral DPEG, SPAN R© 20 and
Pluronic R© P-123 surfactants gave low to acceptable results with
DS from 0.01 to 0.05 and butadiene conversion from 13 to
60% (entries 1, 3, and 4). However, the neutral surfactants
BRIJ R© 98 and IGEPAL R© CO-890 as well as the cationic
cetyltrimethylammonium bromide (CTAB) surfactant gave very
good results with DS up to 0.08 corresponding to full butadiene
conversion (entries 2, 5 and 6). It is clear that, in the case of
neutral surfactants, the butadiene conversion tended to increase
with the HLB (hydrophilic lipophilic balance) from 13% (HLB =
8) up to 100% (HLB > 15). It is known that surfactants with
a HLB value greater than 8 are water soluble and are able to
solubilize a hydrophobic compound above the critical micellar
concentration of the surfactant (oil-in-water emulsion).30 Here,
the formation of butadiene/water emulsion during the reaction
has not been checked; however, since the best results were
obtained with HLB > 15, the efficiency of these additives seemed
to correlate with their ability to solubilize butadiene in water.

The nature of the hydrophilic part of the surfactant has
an influence on the performances. Indeed, Pluronic R© P-123
and SPAN R© 20 have a similar HLB value (7–10) but a very
different efficiency corresponding to 47 and 13% butadiene
conversion respectively. The hydrophilic part influences the size
and the geometry of the micelle27 and thus the efficiency of
the transfer. In this way, the block-copolymer Pluronic R© P-
123 appeared to be more efficient compared to SPAN R© 20 that
can be saponified under the reaction conditions,31 and can also
react with butadiene to give the corresponding octadienyl ether

although this by-product could not be identified in the reaction
mixture.27 Concerning the block-copolymer Pluronic R© P-123,
the maximum solubility in water (1%wt) is lower than the molar
concentration we used experimentally (2.4%wt).

The cationic surfactant, CTAB, is almost as efficient as
neutral BRIJ R© and IGEPAL R© surfactants, giving a DS of 0.07
and 93% of butadiene conversion. This surfactant has a low
critical micelle formation temperature (20–25 ◦C) that is fully
compatible with starch modification.

Adjusted catalytic systems. To attempt to run this reac-
tion with a lower palladium concentration, we then studied
the influence of the catalytic complex considering several
ligands and palladium precursors. For that, we used a se-
ries of water soluble phosphines such as TPPMS [mono(m-
sulfonato)phenyl phosphine sodium salt],32 TXTPS [4,6-
dimethyltris(m-sulfonato)phenyl phosphine trisodium salt]33

and P(CH2OH)3, as well as the water soluble N-heterocyclic
carbene 1-(3-sulfonatopropyl)-3-mesityl imidazo-2-ylidene)29,34

(WS-NHC) (Fig. 1). Indeed we showed in one of our recent
studies on telomerization of butadiene with MeOH, the high ef-
ficiency of the water soluble complexes [(p-allyl)Pd(TPPTS)2]Cl
and [(p-allyl)Pd(TPPMS)2]Cl as well as the combination [(p-
allyl)PdCl]2/TXTPS.32

In the present study, these ligands were associated with [(p-
allyl)PdCl]2 or [Pd(OAc)2] as palladium precursors, in combi-
nation with the two surfactants that gave the best results with
TPPTS: the neutral IGEPAL R© CO-890 and the cationic CTAB.
The results are summarized in Table 3.

In the presence of CTAB surfactant, neither the hydrosoluble
phosphine P(CH2OH)3 nor the N-heterocyclic carbene led to a

This journal is © The Royal Society of Chemistry 2010 Green Chem., 2010, 12, 475–482 | 477
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Table 3 Telomerization of butadiene with starch using surfactants: influence of various catalytic systemsa

Entry Catalytic system Surfactant DS Butadiene conv (%) TON TOF/h-1

1 [(p-allyl)Pd(TPPTS)2]Cl IGEPAL R© CO-890 0.03 38b 180 63
0.05 38 330 55

2 [(p-allyl)Pd(TPPMS)2]Cl IGEPAL R© CO-890 0.015 20b 200 33
3 0.5 [(p-allyl)PdCl]2/TXTPS IGEPAL R© CO-890 0.02 27b 270 45
4 [Pd(OAc)2]/3 TPPTS CTAB 0.055 42b 420 53
5 [(p-allyl)Pd(TPPTS)2]Cl CTAB 0.05 38b 370 62
6 [(p-allyl)Pd(TPPMS)2]Cl CTAB 0.08 59 590 74
7 0.5 [(p-allyl)PdCl]2/TXTPS CTAB 0.05 38 380 63
8 [Pd(OAc)2]/3 PPh3 CTAB 0.02 18 180 7
9 0.5 [(p-allyl)PdCl]2/P(CH2OH)3 CTAB 0 0 0 0
10 [Pd(OAc)2]/WS-NHC CTAB 0 0 0 0

a 64 g of dry starch, 0.27 equiv./AGU of butadiene (DSmax = 0.13), 100 mL of water, [Pd] = 0.1%mol, 8 g of Na2SO4, 1.38%wt of NaOH, 0.05 mol L-1

of surfactant, 50 ◦C, 6 h. b 0.15 equiv./AGU of butadiene (DSmax = 0.075).

reaction (entries 9 and 10). We previously observed that for the
butadiene telomerization of methanol, the activity of complex
prepared from hydrosoluble N-heterocyclic carbene decreased
strongly in the presence of water.29 This is probably due to the
low stability of this complex in water medium and the presence
of surfactant should not affect this behaviour. In the case
of the phosphine P(CH2OH)3, the inefficiency was previously
reported for the telomerization of isoprene with ammoniac.35

The conversion achieved with PPh3-based complex is very low
due to its insolubility in water (entry 8). On the other hand,
as far as sulfonated hydrosoluble phosphines were considered,
the monosulfonated TPPMS was more efficient than the two
trisulfonated phosphines TPPTS and TXTPS with DS and
TOF up to 0.08 and 74 h-1, respectively (entries 5–7). The
nature of the palladium precursor did not affect the activity
of the catalytic system and similar results were achieved with
[Pd(OAc)2] or [(p-allyl)PdCl]2 as palladium source (entries 4
and 5). The relative reactivity was affected by the nature of
the surfactant. Indeed, with neutral IGEPAL R©, the complex

chelated to TPPTS ligand more efficiently than TXTPS and
TPPMS-based complexes (entries 1–3), with DS and TOF
up to 0.03 and 63 h-1, respectively. Moreover, the butadiene
conversions achieved in the presence of IGEPAL R© were slightly
lower than those obtained with CTAB (20–38% and 38–59%
respectively).

Considering these results, it seems that an optimized combi-
nation between the surfactant and the ligand exists depending
on the nature of the surfactant (neutral or cationic). Similar
phenomena were previously reported by Monflier et al. for the
hydrodimerization of butadiene.25 Whatever the surfactant, an
oil-in-water emulsion should be formed with high concentration
of butadiene within the hydrophobic inner core of the micelle
and the water soluble palladium complexes should be located at
the micelle-water interface or in the so-called palisade layer. Due
to the size of the starch granules, the reaction has to take place
outside of the micelle by butadiene or complexed-butadiene
diffusion from the inner core, and can be limited by diffusion
phenomenon of the different species (Fig. 2). However, as the

Fig. 2 Schematic representation of interactions between starch and micelles.
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reaction is performed in basic conditions, the starch is partly
negatively charged and should interact closely with micelles
formed from cationic surfactant.

With the system [(p-allyl)Pd(TPPMS)2]Cl/CTAB, we mini-
mized the concentration of catalyst. When 0.04%mol of palla-
dium was introduced, a DS of 0.11 was obtained with a high
conversion of 83% after 24 h of reaction (TOF = 86 h-1).

The influence of reaction time in these conditions showed
that the reaction rate decreased after 4 h (44% of conversion)
(Fig. 3). This could be explained by diffusion limitation of
butadiene in the solution when a significant amount has reacted.
A concentration of 0.01%mol led to a material with a DS of
0.055 and a lower conversion of butadiene (40%) after 24 h.
However, TOF was significantly increased to 167 h-1 (TON =
4000). Under such optimized conditions, the catalytic activity
is even better than that previously achieved in H2O/iPrOH
medium. At this stage, we evaluated the possibility to reuse
the catalytic system in a second run. Indeed, after isolation of
starch by filtration, the filtrate containing salts, surfactant and
the soluble catalytic system, can be engaged in a second cycle.
Unfortunately, under similar conditions, only 5% conversion of
butadiene was achieved. It is noteworthy that efficient recycling
of catalysts in telomerization reactions was previously reported
with ethylene glycol or NH3 as the nucleophile in biphasic
conditions.6,7,35,36 In every case, excess of phosphine (P/Pd >

2) was reported while in the present work, we performed the
reaction in the presence of only 2 equivalents of monophosphine
per palladium. Degradation of the catalyst during the separation
steps could occur and further studies have to be carried out to
study the potential reuse of the catalytic system.

Fig. 3 Influence of reaction time on the conversion of butadiene. 64 g
of dry starch, 0.27 equiv./AGU of butadiene, 100 mL of water, [(p-
allyl)Pd(TPPMS)2]Cl [Pd] = 0.04%mol, 8 g of Na2SO4, 1.38%wt of
NaOH, 0.05 mol L-1 of CTAB, 50 ◦C.

Even low DS’s impart hydrophobic properties to starch as
determined by physicochemical analysis.

Physicochemical properties of starch modified with octadienyl
chains

X-Ray diffraction analysis. We have previously shown that
under mild conditions the texture of native potato starch
was maintained after the reaction.23 In order to check that
the crystallinity was not affected by the transformation, X-
ray diffraction spectra of native and telomerized starch with
different DS were performed. It is clear from Fig. 4 that there is

Fig. 4 X-Ray diffraction patterns of native and modified starches.

no difference between the spectra of the native starch and those
of the substituted starch even with significant DS (DS = 0.8)
indicating that the crystalline structure was not affected by the
reaction conditions.37

Rheological properties. Among the most important func-
tional properties of starches are their thermal and pasting
properties. The pasting behaviour is usually studied by observing
changes in the viscosity of a starch system based on rheological
principles. The viscosity of the modified starches was evaluated
by heating a suspension of the material in water (7% dry basis,
total mass 28 g) for 15 min. Before the analysis, the material was
carefully washed with deionized water to remove the remaining
salts (conductivity < 50 mS) and surfactants.

Indeed, salt and surfactant can have an influence on the viscos-
ity measurements. In the case of starch modified with octadienyl
chains, the viscosity profiles present high swelling temperatures,
no viscosity peak and no retrogradation phenomenon. Viscosity
increases with time of analysis and are much lower than that for
native starch as was already observed.38 The higher the DS, the
lower the viscosity values. High swelling temperatures can be
possibly explained by the presence of hydrophobic chains at the
surface of the material that prevents water molecules to enter
the granules and to diffuse and degrade them. Moreover, the
presence of these groups could also prevent the interaction of
water molecules with the macromolecules after the splitting, thus
avoiding the formation of a gel (no retrogradation).

Surface properties. Hydrophobicity of the materials was
evaluated by measuring the contact angle formed between water
drops and the surface of the modified starch using contact angle
measuring system. The surface free energy of the solid was
measured from the contact angles of a droplet of various probe
liquids (water, ethylene glycol and glycerol) with the surface.
The calculations were done using the Owens–Wendt model
which allows the separation of the polar (specific component g P)
and non-polar contributions (dispersive component g D) of the
surface.39 Higher contact angle values indicate a hydrophobic
surface, while lower contact angles will be measured when
the sample surface is more hydrophilic, and in the case of a
hydrophobic material, the polar component should be low. The
contact angle measurements and the surface free energies of
modified starch are shown in Table 4.

As it can be seen, the DS has a remarkable influence on the
hydrophobic character of the modified starches and as it can
be expected, increasing the DS decreases the polarity of the
surface. For DS > 0.1 contact angles are greater than 90◦ with

This journal is © The Royal Society of Chemistry 2010 Green Chem., 2010, 12, 475–482 | 479
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Table 4 Surface free energies of starches modified by octadienyl groups estimated from Owens–Wendt method

Entry DS g /mN m-1 g P/mN m-1 g D/mN m-1 Polarity (%) Water contact angle/◦

1 0.05 512.5 299.6 212.9 71 45
2 0.1 100.0 74.3 25.7 35 99
3 0.3 59.1 3.3 55.8 6 93

quite a low total surface free energy (entries 2 and 3), indicating
a hydrophobic character of the material and a low wet ability as
previously reported for esterified starches.40,41

In parallel, the water adsorption–desorption isotherms were
determined at 20 ◦C for native and modified starches having
different DS (DS = 0.05, 0.1 and 0.3). For clarity reasons, Fig. 5
shows the complete measurements for native starch (DS = 0) and
one modified starch (DS = 0.3). The water content in samples
is given in g of H2O per 100 g of dried sample as a function of
the relative humidity P/P0 in the vapour phase.

Fig. 5 Water adsorption–desorption isotherms at 20 ◦C of: (�) native
starch; (�) DS = 0.3 modified starch.

All the isotherms develop the same trend. At very low relative
pressures close to 0, the adsorption curves must rise steeply and
then flatten out for a very linear section in a large range of
pressures (0.03 < P/P0 < 0.8) before a significant increase until
saturation. The comparison of the four starches reveals that the
adsorbed water content decreases as the C8H13 group content in
the starch unit increases at any relative humidity. In the course
of desorption, the adsorbed water amount decreases with the
relative humidity as a straight line parallel to the adsorption
branch in the range 0.2 < P/P0 < 0.8. Finally, branching occurs
at a very low relative humidity (< 0.2).

These results are quite comparable to those of Luck et al.,
who studied the water desorption isotherms of cellulose–acetate
membranes with different acetyl contents at 10–40 ◦C.42,43 More
recently, Do et al. developed a new model to describe the
adsorption and desorption branches of water adsorption in
activated carbons, original or acid-treated to make it hydrophilic
by increasing the surface functional groups such as carboxylic
groups.44,45 During adsorption, the model is based on the growth
of water clusters at the functional groups. The desorption
branch resulted from the relaxation of water clusters to form
superclusters because of the presence of neighbouring clusters,
involving a delay of desorption and thus a larger hysteresis.

We evaluated the hydroxylic group contents present in the four
samples and the amount of adsorbed water at particular values
of relative humidity: P/P0 = 0+, 0.805 and 1 (Table 5). The
intercept obtained from the extrapolation of each adsorption
linear region to P/P0 = 0 allows us to assess the content of
water initially adsorbed. As expected, the ratio mol H2O/mol
OH at P/P0 π 0 decreases from 5.5 to 3.1 when the DS increases
from 0 to 0.3, which confirms that the hydrophobic character of
starch increases with DS. Moreover, if we link the linear zones
of adsorption branches up to P/P0 = 0.805 to the growth of
water clusters, which is reasonable given the same values of the
ratios mol H2O/mol OH π 50 at P/P0 = 0.805, the ratios (mol
H2O)P/P0 = 0.805/(mol H2O)P/P0 # 0 leads to a water cluster size of
about 10 molecules, value a little greater than the heptamer size
given by Do. Moreover, it is worth noting that the amount of
water adsorbed at P/P0 = 1 for the four samples corresponds
to that of hydroxylic groups in the fresh samples. This involves
the lack of any porosity in the starches, which is not surprising,
given the very low specific area of such materials determined
from nitrogen adsorption data, i.e. less than 1 m2 g-1.46

As Luck et al. did on the desorption branches, we attempted to
estimate the two constants derived from the BET equation from
the adsorption branches in the range P/P0 = 0–0.4 (Table 5).42

Whatever the DS, the values for one monolayer of water (g
H2O/100 g sample) W m, are very comparable but they have

Table 5 Mass balance on hydroxylic groups and adsorbed water. Constants derived from the BET equation

Sample DS = 0 DS = 0.054 DS = 0.105 DS = 0.3

Mol OH/100 g dry sample 1.85 1.75 1.66 1.38
Mol H2O/mol OH at P/P0 π 0 (¥ 100) 5.5 4.9 5.7 3.1
Mol H2O/mol OH at P/P0 = 0.805 (¥ 100) 50 47 53 53
(Mol H2O)P/P0 = 0.805/(mol H2O)P/P0 # 0 9.1 9.5 9.3 17
Mol H2O/mol OH at P/P0 = 1 (¥ 100) 89 98 108 107
Water amount of one monolayer (gH2 O/100 g
sample) after BET

5.8 5.2 5.5 4.6

BET constant ca 17 16 17 10
E1 - EL (kcal mol-1) 1.7 1.6 1.7 1.3

a c = e[(E1 - EL)/RT ]; water liquefaction heat EL = 10.5 kcal mol-1.

480 | Green Chem., 2010, 12, 475–482 This journal is © The Royal Society of Chemistry 2010

D
ow

nl
oa

de
d 

by
 L

om
on

os
ov

 M
os

co
w

 S
ta

te
 U

ni
ve

rs
ity

 o
n 

30
 O

ct
ob

er
 2

01
0

Pu
bl

is
he

d 
on

 2
7 

Ja
nu

ar
y 

20
10

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/B

92
27

81
D

View Online

http://dx.doi.org/10.1039/B922781D


no physical meaning because of the lack of microporosity.
Nevertheless, the BET constants c lead to the evaluation of
the adsorption heat E1 of the water layer in contact with the
solid, which slightly decreases from 13 to 12 kcal mol-1 when
the DS increases from 0 to 0.3, indicating the most hydrophobic
character of the modified starch.

All these analyses confirmed the hydrophobic character of the
modified starches.

Conclusion

In this study, we have shown that telomerization of butadiene
with starch can be performed in pure water with good yields
if surfactants are present. In all steps (reaction and work-up)
only water was used as the solvent and after optimization
almost complete conversion of butadiene was achieved. The best
activity was achieved using a cationic surfactant such as CTAB
but neutral surfactants having HLB > 15 also displayed high
activities. After optimization, TON up to 4000 was achieved with
a low active starch substrate. Even at low degree of substitution,
the properties of the modified starch were strongly affected
and hydrophobic materials which can be useful for specific
applications were prepared.

Experimental

Generalities

Starches used in this work were food grade quality with
relative humidity content of 20%wt for potato starch and
13%wt for maize starch (Roquette Frères). Experiment amounts
corresponded to wet starch amounts. [(p-allyl)PdCl]2 and
Pd(OAc)2 were purchased from Strem and Aldrich, respectively.
P(CH2OH)3, TXTPS and the surfactants were purchased from
Aldrich. Other sulfonated phosphines were obtained from
Strem, Interchim or as a gift from Emile Kuntz. WS-NHC,29

[(p-allyl)Pd(TPPTS)2]Cl32 and [(p-allyl)Pd(TPPMS)2]Cl32 were
prepared according to the literature. Amounts of NaOH and
Na2SO4 are relative to the weight of dry starch.

Degree of substitution (DS) was defined as the average number
of octadienyl chain per anhydroglycosidic unit (AGU). It was
obtained from 1H NMR (d6 DMSO + CF3CO2H) as the ratio of
protons in the octadienyl chain to the number of C–H protons
in one AGU.20 Maximum DS (DSmax) is 3 for full substitution.
Repeated reactions indicated that the accuracy of DS is 0.01.

Butadiene conversion was calculated as the ratio of exper-
imental DS over the DSmax which would be obtained at full
conversion. For a specific experiment, DSmax is equivalent to
half the number of equivalents of butadiene per AGU.

NMR was performed on a Bruker 250 spectrometer with
deuterated DMSO as solvent with 2 drops of trifluoroacetic
acid to displace the signals of hydroxyl groups to the low field
region. Chemical shifts are referred to SiMe4. XRD spectra were
registered on a Bruker D5005 diffractometer.

Typical procedure of starch telomerization using a surfactant

Starch (80 g, equivalent to 64 g of dry matter, 0.5 mol of AGU)
was suspended in a 70 mL water solution of CTAB (182 mg,
0.5 mmol) with Na2SO4 (8 g). 30 mL of a NaOH solution

(1.38%wt) were slowly added over 10 min to the suspension
under vigorous stirring. The resulting mixture was introduced
in a 300 mL autoclave equipped with a heating mantel and me-
chanical stirring. [(p-allyl)Pd(TPPTS)2]Cl ([Pd] = 0.04%wt) was
added. The system was flushed with argon and cooled to -30 ◦C
using liquid nitrogen. Liquid butadiene (0.3 equiv./AGU) was
condensed and the exact mass introduced was determined by
weighting. After warming to room temperature, the mixture was
heated to 40 ◦C over 10 min and from 40 ◦C to 50 ◦C over 1 h. The
reaction was performed at 50 ◦C under stirring (1800 rpm) for a
specified time. After reaction, the system was degassed, purged
with argon and the solid was recovered by filtration, washed
with distilled water (3 ¥ 100 mL) and wrung. The resulting wet
material was suspended in water and stirred for 30 min. The pH
was adjusted to 5–6 by addition of HCl 10%. The solid was then
filtered, washed with distilled water (2 ¥ 100 mL) and dried to
give a white powder (97%wt/starting starch).

1H NMR (200 Mz, d6-DMSO, 25 ◦C, TMS): d = 5.74–5.49
(3 H), 5.08 (1 H), 5.02–4.91 (2 H), 4.09 (1 H), 3.62 (3 H), 3.34 (2
H), 1.98 (4 H), 1.40 (2 H) ppm. 13C NMR (200 Mz, d6-DMSO,
25 ◦C, TMS): d = 138.5, 133.7, 132.9, 126.9, 114.9, 100.2, 78.9,
73.1, 71.7, 71.7, 60.4, 32.6, 31.1, 27.8 ppm.

Viscosity profiles. The RVA parameters were determined
using the RVA-4 (Newport Scientific Pvt. Ltd., Australia) with
7%wt (dry basis) starch suspensions in deionized water (total
mass 28 g). The temperature profile was set as shown above. The
agitation speed was set up as follows: 100 rpm to 500 rpm for
the first 10 s, 500 rpm to 960 rpm for the next 10 s, 960 rpm to
160 rpm for the next 10 s then 160 rpm until the end of analysis.
In the case of modified starch, the suspension was agitated for
2 h in situ and let to deposit for 8 h before the measurements.

Contact angles. Before analysis, the starch samples were
compressed (1 ton) to form a tablet and dried at 130 ◦C for 4 h
in an oven. The contact angles were measured using a contact
angle meter GBX DIGIDROP apparatus with the WINDROP
software. Droplets (1 mL) were deposited on the surface and the
evolution of the contact angles was monitored using a CCD
camera until equilibrium was reached.

Water adsorption–desorption isotherms. The four samples of
native and modified starches were previously dried at 130 ◦C
under air for 4 h in an oven. About 1 g of each sample
was then placed in a petri cup, weighed and equilibrated
successively over aqueous solutions of sulfuric acid with different
densities in a desiccator at 20 ◦C until equilibrium. The relative
humidity or pressure of aqueous vapour of air in equilibrium
conditions above such acidic aqueous solutions are tabulated.47

The adsorption branch of isotherm was built by contacting each
sample with solutions providing increasing relative humidity
values from 0.032 up to 1 (vapor pressure of water at 20 ◦C: P0 =
17.4 Torr). The desorption branch was drawn by decreasing the
relative humidity P/P0 from 1 down to 0. Once equilibrium was
reached, the equilibrium moisture content of the starch samples
was measured gravimetrically by re-weighing the container and
the content. Equilibrium was verified to be reached for each
relative humidity after three days.

This journal is © The Royal Society of Chemistry 2010 Green Chem., 2010, 12, 475–482 | 481
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Methoxycarbonylation of 1,6-hexanediamine (HDA) by dimethyl carbonate (DMC) was carried
out, using, for the first time, CH3COONa as catalyst. The effects of the solvent, reaction
temperature, reaction time, and catalyst amount, were investigated. A yield as high as 99.0% of
dimethylhexane-1,6-dicarbamate 2 has been obtained at a temperature of 348 K and a reaction
time of 6 h. Mechanistic studies revealed that N-substituted acetamide, as the active intermediate
product, and NaOH were first formed via the reaction between HDA and CH3COONa. A further
reaction between the N-substituted acetamide and DMC generated carbamates and methyl
acetate, via a hexatomic ring intermediate. The CH3COONa catalyst was finally recovered through
the reaction between NaOH and methyl acetate, which thus completed the catalytic cycle.

1. Introduction

Organic carbamates, which are very important starting mate-
rials and/or intermediates, have found versatile applications
in the production of fine and commodity chemicals1,2 and in
organic synthesis.1 Currently, the commercial production of
carbamates is based mainly on the reaction between alcohols
and isocyanates.3 However, this route is not environmentally
friendly, because the industrial production of isocyanates is
associated with a high energy input, toxic phosgene as a raw
material, and the corrosive hydrochloric acid as a side product.2

Several phosgene-free processes for the production of organic
carbamates have been explored,4-8 among which the alkoxycar-
bonylation of amines by alkyl carbonates,4 particularly dimethyl
carbonate (DMC),5 have received considerable attention. This
route appears to be promising, because on the one hand
methanol is obtained as the main by-product and on the other
hand DMC is non-toxic and can be prepared on a large scale by
the oxidative carbonylation of methanol.9,10 In addition, DMC
can be easily handled and is cheap, non-toxic and clean. Thus, if
the methoxycarbonylation reaction between an amine and DMC
is combined with the oxidative carbonylation of methanol, a
green process for the production of organic carbamates, with
“zero emission”, can be achieved.
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In the synthesis of carbamates from amines and DMC, Lewis
acidic catalysts, such as the acetates of Mn, Zr, Sn, Zn and
Pb,4,11-13 the nitrates of Bi and Pb,14,15 the triflates of IIIB metals
(M(OTf)3 with M = Sc, La),16,17 and even CO2,18 were often em-
ployed, providing appreciable yields of carbamates. Because they
can be thermally or catalytically converted into diisocyanates,
which are widely used as precursors in polymer preparation,19

the dicarbamates are of particular industrial interest. Few
papers have dealt with the synthesis of dicarbamate from DMC
and diamines, especially the aliphatic ones, over catalysts such
as Bi(NO3)2,14 M(OTf)3 (with M = Sc, La),16,17 NaOCH3

20

and ionic liquids MIm(CH2)4SO3HTfO.21 We have previously
reported the synthesis of dimethylhexane-1,6-dicarbamate via
the methoxycarbonylation of 1,6-hexanediamine (HDA) by
DMC over a ZnAlPO4 berlinite catalyst.22 In the present paper,
sodium acetate was employed, for the first time, as catalyst for
this reaction and a yield as large as 99.0% of 2 (dimethylhexane-
1,6-dicarbamate) under mild conditions has been obtained.
The sodium acetate catalyst is superior to the other catalysts
already reported in the literature, because it is cheaper, non-
toxic, and much more efficient. In addition, the mechanism of
methoxycarbonylation of HDA by DMC using sodium acetate
as catalyst was examined.

2. Experimental

2.1 Reagents

The reagents involved are as follows: HDA (C.P., Shanghai
Lingfeng Chemicals Company); CH3OH (A.R., Shanghai Lu-
dou Chemicals Company); CH3CN (A.R., Tianjin Kemiou
Chemicals Reagents Company); CH3COONa, DMC, DMF,
CH3COOH, (CH3CO)2O, and acetamide (A.R., China Na-
tional Medicines Chemicals Reagents Corporation Ltd.). Before
use, all the agents were pretreated to remove the water they
contained: CH3COONa was dried at 373 K in a vacuum
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oven and the liquid agents were dehydrated using molecular
sieves 4A.

2.2. Methoxycarbonylation of HDA by DMC

The methoxycarbonylation of HDA by DMC was performed
under a N2 atmosphere in a 250 ml three-neck flask equipped
with a condenser and a magnetic stirrer. A solution was
first prepared by mixing selected amounts of HDA, DMC,
CH3COONa and solvent (CH3OH, CH3CN, or DMC) with
stirring at room temperature, until a small amount of white
floccules appeared. Then, a flow of nitrogen was introduced
to drive out the air contained in the three-neck flask, and
the solution was heated to the desired temperature and kept
at that temperature for the reaction to take place. The white
floccules disappeared within the first 10 min of reaction, and
by prolonging the reaction time, the clear solution turned
gradually into a white emulsion. After a certain reaction time,
a white viscous gel was generated. This gel was cooled to room
temperature and then subjected to GC and GC-MS analysis.

2.3. Analysis of intermediates and products

The product mixtures of methoxycarbonylation of HDA by
DMC were sampled, dissolved into methanol and analyzed
using a Varian Saturn2200-CP3800 GC-MS spectrometer
equipped with two 15 m ¥ 0.32 mm CP-Wax 52CB fused
silica capillary columns, which were linked to a mass detector
for qualitative analysis and to a flame ionization detector
(FID) for quantitative analysis. It was reported14,17 that in the
methoxycarbonylation of HDA by DMC, besides the desired
product 2 (dimethylhexane-1,6-dicarbamate), a few by-products,
such as, 1 (methyl-6-amino-hexyl-1-carbamate) and 3–6, might
be generated. In our work, the desired product 2, the main by-
product 1 and the minor by-product 7 have been identified (ESI:
Fig. S1 and Tables S1 and S2) in all the runs. Occasionally,
depending on reaction conditions, trace amounts of the by-
products 3–6 could also be detected. Since the amounts of
by-products 3–7 identified in our experiments were small, their
selectivities are reported together in this paper. Unless otherwise

mentioned, the conversion of HDA was calculated on the basis
of the initial amount of HDA, the selectivities to products were
calculated on the basis of the amount of HDA converted, and the
yield of 2 was calculated by multiplying the conversion of HDA
with the selectivity to 2 (ESI: Section 2). The thus-obtained yield
of 2 is denoted as GC yield.

To identify the reaction intermediates and products, FT-
IR and 1H NMR spectroscopies were employed. The FT-IR
spectrum was recorded on a Thermo Nicolet Nexus 670 FT-
IR spectrometer equipped with a MCTA detector and a ZnSe
single-bounce attenuated total reflectance (ATR) accessory,
using a 32 scans at 4 cm-1 resolution. The specimen was
prepared via a dip-coating procedure using a KBr disk as
support. The 1H NMR spectrum was recorded on a 400 MHz
Varian INOVA-400 spectrometer, with tetramethylsilane (TMS)
in deuterochloroform (CDCl3) as internal standard.

2.4. Purification and identification of
dimethylhexane-1,6-dicarbamate

After the methoxycarbonylation of HDA by DMC in the
presence of CH3COONa as catalyst, the product mixture was
cooled to room temperature and an excess amount of dilute
aqueous HCl solution was added with stirring. The resulting
mixture was allowed to stand until two layers were formed. A
hydrophilic layer contained mainly the catalyst (CH3COONa),
and a hydrophobic layer consisted mainly of the unconverted
reactants and products. After the separation of the hydrophilic
layer, the hydrophobic layer was vacuum-distilled to remove
the DMC, the methanol, and, if any, solvent, yielding a white
solid, i.e., the crude 2. Then, the crude 2 was subjected to re-
crystallization, involving the steps of dissolution in water at ca.
353 K, aging at room temperature for 2 h, filtration and washing
with cold water. The re-crystallization procedure was repeated
five times, and after drying in vacuo, the purified 2 was finally
obtained. The percentage of the weight of purified 2 relative
to that of 2 predicted theoretically by the stoichiometry of the
reaction was then obtained and denoted as isolated yield of 2.

1H NMR and GC-MS were employed to identify the purified
2 and the results are as follows: 1H NMR (ESI: Fig. S2),
d = 1.33 (m, 4H; -CH2CH2CH2CH2CH2CH2-), 1.48 (m, 4H;
-CH2CH2CH2CH2CH2CH2-), 3.14 (q, 4H; -NHCH2-), 3.66 (s,
6H; -OCH3) and 4.79 (broad, 2H; -NHCO-); GC-MS (ESI: Fig.
S3 and Table S3), m/z = 232, 201, 173, 158, 144, 130, 116, 114,
102, 99, 88, 74, 59, 56 and 44.

3. Results and discussion

3.1 Methoxycarbonylation of HDA by DMC

Table 1 presents the results of methoxycarbonylation of HDA by
DMC in the absence and presence of various solvents (methanol,
DMC, or CH3CN), using CH3COONa as catalyst, a reaction
time of 10 h and a reaction temperature of 348 K. All the
batches consisted of 100 mmol HDA, 200 mmol (16.8 ml) DMC,
24.4 mmol (2 g) CH3COONa and 50 ml solvent. Except the
batch that employed DMC as solvent, all other batches had a
stoichiometric molar ratio of DMC/HDA (= 2) required for the
methoxycarbonylation of HDA by DMC. It was found that in
the absence of solvent, the conversion of HDA, the selectivity to
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Table 1 Effect of solvent on methoxycarbonylation of HDA by DMC using CH3COONa as catalysta

cHDA
c Si

d(%) Y2,GC
e Y2,isolated

f

Solvent (%) 1 2 3–7 (%) (%)

CH3OH 100 2.6 96.1 1.3 96.1 87.2
DMC 98 3.9 93.6 2.6 91.7 81.5
CH3CN 97 20.4 80.7 2.0 78.3 62.8
Noneb 74 29.2 65.8 5.0 48.7 21.9

a HDA: 100 mmol; DMC: 200 mmol (16.8 ml); CH3COONa: 2.0 g (24.4 mmol); solvent: 50 ml; reaction time: 10 h; reaction temperature: 348 K. b No
solvent was employed. c cHDA: conversion of HDA. d Si: selectivity to component i in the products mixture e Y 2, GC : GC yield of 2. f Y 2, isolated : isolated
yield of 2.

2 and the yield of 2 were only 74.0, 65.8 and 48.7%, respectively.
When a solvent was employed, the conversion of HDA, the
selectivity to 2 and the yield of 2 increased to above 97.0, 80.7 and
78.3%, respectively. This indicates that the solvent stimulated
the methoxycarbonylation of HDA by DMC. The stimulation
by the solvent was in the order CH3OH > DMC > CH3CN >

no solvent. Though the isolated yields of 2 were lower than the
GC ones, due to the loss of 2 during re-crystallization, they
still remained in the order CH3OH > DMC > CH3CN > no
solvent. The above observation is useful, because DMC is, on
the one hand, one of the main raw materials employed in the
synthesis of 2, and on the other hand, is currently manufactured
via the reaction between methanol and CO2.9,10 Consequently,
the product mixture (DMC + CH3OH) obtained during the
DMC synthesis can be directly employed in the synthesis of 2.
The use of DMC or methanol as solvent is consistent with the
“green chemistry rule”, to pursue a synthesis process using as
little solvent and operational steps as possible.23

The above result reveals that both methanol and DMC
are good solvents for the methoxycarbonylation of HDA by
DMC. Since methanol is also a by-product and DMC is one
of the reactants of the methoxycarbonylation of HDA by
DMC, it is kinetically favorable for the amount of methanol
to be reduced and that of DMC increased. Therefore, in
the following experiments, as illustrated by Fig. 1–3, batches
consisting of 50 mmol HDA, 200 mmol (16.8 ml) DMC and
20 ml CH3OH, which have a higher molar ratio of DMC/HDA
and a lower amount of methanol than those used in Table 1,
were employed. One can consider that in these experiments
the methoxycarbonylation of HDA by DMC takes place in the
presence of DMC and methanol as co-solvents. These reactions
were conducted at 348 K for 6 h, using 0.6 g (7.3 mmol) of
CH3COONa as catalyst. By changing the reaction temperature,
reaction time and amount of CH3COONa, the effects of these
factors were investigated.

Fig. 1 presents the effect of reaction temperature. One can see
that the selectivity to 3–7 is much lower than those to 1 and 2 at
all temperatures tested. With increasing reaction temperature,
the selectivity to 3–7 increases only slightly. This occurs because
the activation energy for N-methylation is much larger than that
for methoxycarbonylation.17 The selectivity to 2 first increases,
attains a maximum at 348 K, followed by a slight decrease, with
increasing reaction temperature. The change of the selectivity to
1 with temperature exhibits the opposite trend, compared to that
to 2. This indicates that the activation energy for the formation of
2 is higher than that for 1. The decrease in the selectivity to 2 and

Fig. 1 Effect of reaction temperature on HDA conversion, yield of
2 and selectivities to reaction products. Reaction conditions: HDA,
50 mmol; CH3COONa, 0.6 g; DMC, 200 mmol; time, 6 h; CH3OH,
20 ml. (Legend: (�) HDA conversion; (�) yield of 2; (�), (�) and (�),
selectivities to 2, 1 and 3–7, respectively.)

Fig. 2 Effect of reaction time on HDA conversion, yield of 2 and
selectivities to reaction products. Reaction conditions: HDA, 50 mmol;
CH3COONa, 0.6 g; DMC, 200 mmol; temperature, 348 K; CH3OH,
20 ml. (Legend: (�) HDA conversion; (�) yield of 2; (�), (�) and (�),
selectivities to 2, 1 and 3–7, respectively.)

This journal is © The Royal Society of Chemistry 2010 Green Chem., 2010, 12, 483–490 | 485
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Fig. 3 Effect of amount of catalyst on HDA conversion, yield of
2 and selectivities to reaction products. Reaction conditions: HDA,
50 mmol; DMC, 200 mmol; time, 6 h; temperature, 348 K; CH3OH,
20 ml. (Legend: (�) HDA conversion; (�) yield of 2; (�), (�) and (�),
selectivities to 2, 1 and 3–7, respectively.)

the increase of that to 1 at temperatures higher than 348 K may
be due to the decomposition of 2 to 1, because 1 is the primary
and 2 the secondary product in the methoxycarbonylation
of HDA by DMC.14 With increasing temperature, both the
conversion of HDA and the yield of 2 increase. At temperatures
≥348 K, the conversion increases to and is maintained at 100%,
however, the yield of 2 decreases, as a result of the decrease of
the selectivity to 2. Consequently, the optimum temperature for
the production of 2 via the methoxycarbonylation of HDA by
DMC is around 348 K.

Fig. 2 outlines the effect of reaction time. One can see that for
all reaction times tested, the selectivity to 3–7, which increases
very slightly with increasing reaction time, was much lower
than those to 1 and 2. By prolonging the reaction time, the
selectivity to 2 increases, attaining a maximum at 6 h, followed
by a decrease. The selectivity to 1 exhibits, however, the inverse
trend, compared to that to 2, with increasing reaction time. This
occurs because 2 is a secondary product formed via the further
reaction of 1. Both the conversion of HDA and the yield of 2

increase rapidly when the reaction time increases up to 6 h. The
further increase of reaction time results in an approach towards
a HDA conversion of 100%, but by a decrease of the yield of
2, caused by the decomposition of 2 to 1. Consequently, the
optimum reaction time is 6 h.

Fig. 3 presents the effect of the amount of CH3COONa. One
can see that in the presence of this catalyst, the conversion of
HDA, the yield of 2 and the selectivity to 2 increase but the
selectivity to 1 decreases, compared to those in the absence of
this catalyst. The selectivity to 3–7 is much lower than those to 1
and 2 and almost unchanged in the absence or in the presence of
various amounts of catalyst. When 0.6 g (7.3 mmol) of catalyst
is employed, a 100% conversion of HDA is achieved. With a
further increase of the amount of catalyst in the range of 0.6 to
1.0 g (12.2 mmol), the conversion of HDA remains 100%, the
selectivity to 2 increases and that to 1 decreases. These results
indicate that the catalyst stimulates the formation of both 1 and
2, with 1 as the primary product and 2 as the secondary one via
the further reaction of 1. After HDA was completely converted,
the increase of the amount of catalyst stimulated the conversion
of 1 to 2, because HDA is no longer available for the formation
of 1. When the amount of catalyst is higher than 1.0 g, the
selectivity to 2 decreases slightly and that to 1 increases. This
occurs most likely because the decomposition of 2 to 1 becomes
predominant, when 1 is no longer available for the formation
of 2. Consequently, the optimum amount of catalyst is 1.0 g
(12.2 mmol).

Table 2 presents the results of methoxycarbonylation of HDA
by DMC in the absence and in the presence of CH3COONa
as catalyst; for comparison, the results obtained with other
catalysts reported in the literature are also included. One can
see that both the conversion of HDA, the selectivity to 2 and
the yield of 2 are small in the absence of the catalyst but large
in its presence. CH3COONa appears to be the most efficient
catalyst for the methoxycarbonylation of HDA by DMC under
comparable reaction conditions, exhibiting a 100.0% conversion
of HDA and a 99% yield of 2 at 348 K in 6 h.

3.2. On the reaction mechanism

It is known that the methoxycarbonylation of amines by DMC is
the result of a SN2 nucleophilic attack by amines on the carbonyl

Table 2 Methoxycarbonylation of 1,6-hexanediamine by DMC with various catalysts

Batch composition Reaction conditions Si
b(%) Y 2

c

Catalyst and its quantity HDA/mmol DMC/mmol CH3OH/ml T/K Time/h cHDA
a(%) 1 2 3–7 (%)

None 50.0 200.0 20.0 348 6 16.0 51.9 25.6 22.5 4.1
CH3COONa (1.0 g/
12.2 mmol)

50.0 200.0 20.0 348 6 100.0 0.9 99.0 0.1 99.0

Bi(NO3)3 (0.12 mmol)14 3.5 21.0 3.0 353 18 100.0 11.0 84.0 5.0 84.0
NaOCH3 (28.2 mmol)20 392.0 2875.0 123.8 343 1 99.5 N Ad 98.9 N A 98.4
MIm(CH2)4SO3HTfO
(3.26 mmol 1 wt% ionic
liquids)21

400.0 820.0 0 353 4 100.0 N A 95.0 N A 95.0

Sc(OTf)3 (0.295 mmol)17 11.3 59.4 0 293 144 100.0 N A 88.0 N A 88.0
ZnAlPO4 (1.0 g)22 200.0 1600.0 0 353 8 99.0 3.9 88.6 7.5 87.7

a cHDA: conversion of HDA. b Si: selectivity to component i in products mixture. c Y2: yield of 2; all the rows in this column are GC yields, except the
second row from bottom, which is isolated yield. d N. A.: not available.

486 | Green Chem., 2010, 12, 483–490 This journal is © The Royal Society of Chemistry 2010
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carbon of DMC. Whereas a significantly higher basicity of the
amine than that of the leaving group (methoxyl) is required,4,24-26

methoxycarbonylation depends mostly upon the reactivity of
DMC. The factors that increase the electrophilicity of carbonyl
carbon promote this reaction. An electron-withdrawing effect
exerted on the carbonyl group facilitates its reaction with
a nucleophilic amine.4,24,27 Lewis acidic catalysts were often
employed to promote the methoxycarbonylation of amines by
DMC. For example, over the Lewis acidic catalyst ZnAlPO4,22

dimethylhexane-1,6-dicarbamate is formed via a catalytic cycle,
which involves the activation of DMC due to the coordination
of the carbonyl oxygen with Zn(II) and the nucleophilic attack
by the amino group of HDA on the carbonyl carbon of the
activated DMC. The absence of acidity in the CH3COONa
catalyst suggests that a different mechanism may be involved in
the methoxycarbonylation of HDA by DMC over this catalyst.
Mason and Charles19 found that the organic diisocyanate
is formed via the reaction between diphenyl carbonate and
an organic diformamide at temperatures higher than 473 K.
The organic diformamide can be employed as such or can
be generated in situ by reacting the corresponding diamine
with formic acid. Besides the diisocyanate, byproducts such as
dicarbamate, mixed isocyanate/carbamate and phenyl formiate
are also obtained. While the mechanism was not provided by the
authors, the carbamate was most likely the key intermediate in
the formation of isocyanate from formamide and carbonate,
because the thermolysis of the carbamate yields isocyanate.
For the methoxycarbonylation of HDA by DMC, catalyzed by
CH3COONa, it is suggested that the N-substituted acetamide,
RNHCOCH3, is formed in situ via the reaction between HDA
and CH3COONa and further contributes to the formation of
carbamate by reacting with DMC. The following experiments
provide evidence in this direction.

Experiment A: Identification of reaction intermediates and
products via a two-step reaction for the methoxycarbonylation
of HAD by DMC using CH3COONa as catalyst. A mixture of
HDA (50 mmol), CH3COONa (1.0 g/12.2 mmol) and CH3OH
(20 ml) was first subjected to reaction at 337 K for 1 h. Chemical
analysis and FT-IR identified that N-substituted acetamide
(ESI: Fig. S4 and Table S4) and NaOH (ESI: Section 5) were
formed via this reaction. Then, 200 mmol (16.8 ml) of DMC
were added to the above products mixture for further reaction.
After heating to 348 K and being kept at this temperature for
reaction for 5 h, the product mixture was analyzed by GC
and GC-MS and the results revealed that the conversion of
HDA was 100% and that the selectivities to 1, 2 and 3–7 were
0.9%, 99% and 0.1%, respectively. The product mixture was also
vacuum-distilled until a white powder was generated. The FT-
IR characterization of the white powder indicated the presence
of mainly 2, much less 1 and very little 3–7 (ESI: Fig. S5 and
Table S5). The above results indicate that both the N-substituted
acetamide and NaOH were formed as intermediates, which were
consumed during the formation of carbamates, by the reaction
between HDA and CH3COONa.

Experiment B: Role of the reaction intermediates N-substituted
acetamide and NaOH. A mixture of HDA (10 mmol),
CH3COONa (0.8 g/9.8 mmol) and CH3OH (20 ml) was first
subjected to reaction at 337 K for 4 h. Then, the formed

NaOH in the form of white floccules was removed by centrifugal
separation. The supernatant liquid was characterized by FT-
IR and the results indicated the presence of the N-substituted
acetamide, HDA and acetate (the spectrum was similar to that
of Fig. S4 in ESI and for this reason is not provided). To the
above supernatant liquid, an excess amount of DMC was added.
The resulted mixture was heated to 348 K for further reaction,
and after 6 h, the product mixture was vacuum-distilled. A
white powder was finally obtained and characterized by FT-
IR, which indicated the presence of di-carbamate and mono-
carbamate (the spectrum was similar to that of Fig. S5 in ESI
and therefore is not given). The above results indicate that the
N-substituted acetamide plays the role of an active intermediate
and that NaOH is not a catalyst for the formation of carbamates
during the methoxycarbonylation of HDA by DMC, since the
separation of NaOH from the reaction system did not stop the
formation of carbamate.

One may argue that a part of NaOH was dissolved into the
above supernatant liquid, and after the addition of DMC to the
supernatant liquid, this residual NaOH catalyzed the methoxy-
carbonylation reaction. To clarify this issue, we conducted an
experiment, which can be described as follows. HDA (10 mmol),
DMC (40 mmol) and NaOH (0.4 g/10 mmol) were dispersed
into CH3OH (20 ml) with stirring at room temperature. Then,
the mixture was heated to 348 K and kept at that temperature
for 6 h. After cooling to room temperature, a few white
floccules appeared. The floccules were recovered by centrifugal
separation and identified to be NaOH. The GC-MS analysis of
the supernatant liquid indicated the presence of HDA, DMC
and methanol; no other component could be identified. This
result confirms the conclusion that NaOH is not a catalyst for
the formation of carbamates via the methoxycarbonylation of
HDA by DMC.

Experiment C: Methoxycarbonylation of acetamide by DMC in
the absence of any catalyst. Acetamide (50 mmol) was mixed
with DMC (200 mmol/16.8 ml) and methanol (20 ml) with
stirring at room temperature, and then the temperature was
raised to 348 K and kept at that temperature for reacting for 6 h.
After that, the reaction mixture was vacuum-distilled, resulting
in a white powder, which was characterized by FT-IR (ESI: Fig.
S6 and Table S6). The results revealed the presence of methyl
carbamate (CH3OCONH2), besides the unconverted acetamide.
It indicates that an amide such as the acetamide can interact
directly with DMC to generate carbamate.

Experiment D: Methoxycarbonylation of HDA by DMC
using either CH3COOH or (CH3CO)2O as catalyst. DMC
(200 mmol/16.8 ml) and methanol (20 ml) were first mixed
and then HDA (50 mmol) was added with stirring at room
temperature, resulting in a clear solution. After that, CH3COOH
(0.8 g/13.3 mmol) was added, and it was found that a white
fume burst out and a few small white crystals appeared in the
solution, releasing a large amount of heat. The crystals were
sampled and identified to be N-substituted ammonium acetate,
which is formed via the neutralization reaction of CH3COOH
with HDA, as shown by eqn (1):

CH3COOH + H2N(CH2)6NH2 →
CH3COOH3N(CH2)6NH2 (1)

This journal is © The Royal Society of Chemistry 2010 Green Chem., 2010, 12, 483–490 | 487
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Scheme 1 Possible mechanism for the methoxycarbonylation of HDA by DMC using CH3COONa as catalyst.

After the batch (HDA + DMC + CH3COOH + CH3OH)
was heated to 348 K and kept at that temperature for 6 h,
neither 1 nor 2 could be identified. When the CH3COOH in the
(HDA + DMC + CH3COOH + CH3OH) batch was replaced
by (CH3CO)2O and heated at 348 K for 6 h, again, neither 1
nor 2 could be identified. This occurred because though the N-
substituted acetamide may be formed via the ammonolysis of
(CH3CO)2O by HDA (eqn (2)), this reaction is competing with
both the alcoholysis of (CH3CO)2O by methanol (eqn (3)) and
the neutralization of HDA by CH3COOH (eqn (1)):

H2N(CH2)6NH2 + (CH3CO)2O →
CH3COHN(CH2)6NH2 + CH3COOH (2)

CH3OH + (CH3CO)2O → CH3COOCH3 +CH3COOH (3)

Reactions (1) and (3) proceed at much higher rates than
reaction (2), thus transforming HDA mainly into the N-
substituted ammonium acetate. Thus, not enough N-substituted
acetamide remained available for the formation of carbamates
(1 and 2). The above results indicate that, neither CH3COOH
nor (CH3CO)2O play the role of catalyst in the methoxycar-
bonylation of HDA by DMC, since the acidic environment
they provided rapidly transformed HDA into the N-substituted
ammonium acetate instead of N-substituted acetamide.

Summing up the results of experiments A to D, one can con-
clude that during the methoxycarbonylation of amines by DMC,
CH3COONa plays the role of a catalyst. The N-substituted
acetamide, RNHCOCH3, and NaOH are first formed via the
reaction between HDA and CH3COONa. NaOH does not play
the role of a catalyst but provides an alkaline environment that
ensures the conversion of HDA to N-substituted acetamide
instead of N-substituted ammonium acetate. The observation
that an alkaline environment is favorable to the methoxycar-
bonylation of amines by DMC has already been reported in
the literature.4,9 The N-substituted acetamide constitutes the
key intermediate product and its further reaction with DMC
results in the formation of the carbamates 1 and 2. A possible
mechanism, shown in Scheme 1, for the methoxycarbonylation
of HDA by DMC, with CH3COONa as catalyst, is proposed,
and more details are provided in Schemes 2–4.

In the methoxycarbonylation of amines by DMC, an acidic
catalyst was usually employed to activate the DMC. However,
the nucleophilicity of the amine is potentially reduced by the
interaction between the basic amine and the acidic catalyst. In
the methoxycarbonylation of amines by DMC, in the presence
of the basic CH3COONa catalyst, N-substituted acetamide is
first formed via the reaction between HDA and CH3COONa.

Scheme 2 Possible mechanism for the formation of N-substituted
acetamide via the reaction between HDA and CH3COONa.

As shown in Scheme 2, in the absence of a solvent, CH3COONa
may exist as an equilibrium among a few resonant structures,
e.g., a1, a2 and a3. The positively charged carbon of a3 is attacked
by the nucleophilic HDA, generating the intermediate b. The
ring-opening and rearrangement of b results in N-substituted
acetamide and NaOH. Due to the large strain of the tetratomic
ring, the equilibrium among a1, a2 and a3 may be displaced to
a1 and a2, generating less a3 and in turn less b and N-substituted
acetamide. While N-substituted acetamide has been identified as
the active intermediate product for the formation of carbamates,
a relatively low yield of carbamates is expected in the absence
of a solvent. When a polar non-protic solvent, e.g., CH3CN, is
employed, a3 can be stabilized by the dipole–dipole interactions
between solvent and a3. As a result, the yield of carbamates
is increased. When a non-polar non-protic solvent, e.g., DMC,
is employed, a higher yield of carbamates than for the polar
non-protic solvent CH3CN is obtained. This occurs because,
whereas no stabilization of a3 is provided by the solvent, the
increase in the amount of DMC, as one of the reactants of
the methoxycarbonylation, promotes the reaction in the right
direction. When a polar protic solvent is employed, e.g., CH3OH,
a hexatom-ringed intermediate c may be formed between a3 and
CH3OH. The higher stability of c than a3 results in a higher yield

488 | Green Chem., 2010, 12, 483–490 This journal is © The Royal Society of Chemistry 2010
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Scheme 3 Possible mechanism for the formation of carbamate via the reaction between N-substituted acetamide and DMC.

Scheme 4 Possible mechanism for the formation of 3–7 during the
methoxycarbonylation of HDA by DMC using CH3COONa as catalyst.

of carbamates when CH3OH is employed as solvent rather than
CH3CN.

The formation of carbamates is a result of the reaction
between the N-substituted acetamide and DMC. As shown in
Scheme 3, the N-substituted acetamide is expected to exist as
an equilibrium between the resonant structures Ia and Ib. With
the proton of Ib transferred to the carbonyl oxygen of DMC, the
DMC becomes activated and the negatively charged N in the Ib

becomes more active in the nucleophilic attack on the carbonyl
carbon of the DMC. This results in the formation of a hexatomic
ring intermediate II. The ring-opening and rearrangement of II

generates the intermediate IIIa and the methoxyl group (CH3O-),
both driven by the resonance between IIIa and IIIb. The positive
charge of the carbon in IIIb enables its attack by CH3O-,
resulting in the intermediate IV. Due to the hydrogen bonding
between N, O and H in IV, a tetratomic ring intermediate
V is formed, and the ring-opening and rearrangement of V
generates the carbamate 1 and the methyl acetate. The reaction
between methyl acetate and NaOH, which occurs concomitantly
with the formation of the N-substituted acetamide through
the reaction between HDA and CH3COONa, recovers the
CH3COONa catalyst and produces the byproduct CH3OH.
Similar steps and intermediates are expected to occur for the
reaction between 1 and DMC, in the presence of CH3COONa as
catalyst, to produce the desired product 2. We tried to react N,N¢-
dimethyl formamide (DMF) with DMC, but no carbamates (1
and 2) could be identified. This probably occurred because no
hydrogen atom can be provided by DMF for the formation of
a hexatomic ring intermediate, and for this reason, it cannot
generate carbamates. This indicates that the formation of the
intermediate II in the above steps is essential.

The formation of the N-alkylated byproducts 3–7, identified
in the present work, may be a result of a nucleophilic attack of the
amino groups of the amines on the methoxyl carbon of DMC,
as shown in Scheme 4. Because of the ambident electrophilicity,
DMC may react with nucleophiles not only at the carbonyl
group but also at the methyl moiety.17 When a Lewis acidic

This journal is © The Royal Society of Chemistry 2010 Green Chem., 2010, 12, 483–490 | 489
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catalyst was employed in the methoxycarbonylation of amines
by DMC, the carbonyl in DMC was activated by the catalyst,
inducing a positive charge on the carbonyl carbon and further
on the methoxyl carbon.15 The nucleophilic attack of the amines
on the positively charged carbons results in the formation of
both carbamates and N-alkylated amines. High selectivities to
N-alkylated amines were also achieved at relatively high reaction
temperatures.17 In the present work, the basic CH3COONa
catalyst promotes the methoxycarbonylation of amines by DMC
via a mechanism very different from that of the Lewis acidic
catalysts. Carbamates are formed as a result of the reaction
between DMC and the N-substituted acetamides, which are
generated by reacting amines with CH3COONa. It is expected
that the positive charge of the methoxyl carbon of DMC in
the presence of a basic catalyst will be smaller than that for
a Lewis acidic catalyst. This might be another reason for the
extremely low selectivity to 3–7 observed in our work, besides the
relatively low reaction temperature (lower than 360 K) employed
compared with that used in the literature for N-alkylation of
amines.

4. Conclusion

It is demonstrated, for the first time, that CH3COONa is a
very effective catalyst for the production of dimethylhexane-
1,6-dicarbamate (2) via the methoxycarbonylation of HDA by
DMC, when CH3OH or even DMC itself is used as solvent. At a
temperature of 348 K and reaction time of 6 h, a 100% conversion
of HDA with a 99% selectivity to 2 could be achieved. It is shown
that the catalytic cycle of the methoxycarbonylation of HDA by
DMC with CH3COONa as catalyst consists mainly of three
steps: the formation of the N-substituted acetamide and NaOH
via the reaction between HDA and CH3COONa, the generation
of carbamates and methyl acetate via the reaction between the
N-substituted acetamide and DMC, and the regeneration of the
CH3COONa catalyst, releasing methanol as a byproduct, via
the reaction between the NaOH and methyl acetate. The yield
of carbamates is affected largely by the solvent, most likely due
to the different stabilities of the reaction intermediates, which
depend on the nature of the solvent.
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New hydrogen carbonate precursors for efficient and byproduct-free
syntheses of ionic liquids based on 1,2,3-trimethylimidazolium and
N ,N-dimethylpyrrolidinium cores†
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Two new hydrogen carbonate IL precursors, 1,2,3-trimethylimidazolium and
N,N-dimethylpyrrolidinium hydrogen carbonate salts, were synthesized and their structures
confirmed by NMR and single-crystal X-ray diffraction. These salts were also evaluated for
application in the syntheses of ILs by reacting them with a variety of acids and [NH4][ClO4], which
resulted in the clean and quantitative formation of a family of 1,2,3-trimethylimidazolium- and
N,N-dimethylpyrrolidinium-based salts. Synthetic protocols for the formation of the hydrogen
carbonate salts involved simple alkylation reactions of the chosen neutral amines with dimethyl
carbonate, and later conversion of the formed methyl carbonate anion-based salts to hydrogen
carbonate salts. The reactions proceed in one step at temperatures close to room temperature
using only water. The new organic salts with the chosen anions are formed with only gaseous
byproducts (CO2, H2O, and in the case of [NH4][ClO4], NH3), thus eliminating further purification
steps. This generalized synthetic protocol for the formation of hydrogen carbonate IL precursors
may be used as a cleaner, contaminant-free (halides and metal ions) route to many classes of ILs.

Introduction

One of the most challenging problems faced by researchers
working with ionic liquids (ILs, defined as salts which melt below
100 ◦C1), is difficulty in the reliable and reproducible preparation
of pure compounds. Unfortunately, current methods for prepa-
ration of various ILs often involve multi-step synthesis, complex
purification, and very often result in formation of undesirable
and difficult to remove halide- or metal-containing species,
including byproducts from metathesis reactions, incomplete
ion exchange, or contamination from clean-up columns.2–5

Thus, improved techniques for IL synthesis and purification
would drive the end product cost down and provide higher
purity materials and consistency between batches, even between
different suppliers.

Limited examples of imidazolium- or other cation-based
halide-free synthesis of ILs are present in the literature; the most
commonly known are replacements for haloalkyl alkylating
agents like dialkyl sulfates6,7 and dialkyl carbonates.8 More
recently, the use of alkane sulfonates9 and alcohols in Mitsunobu
alkylation reactions10 for the synthesis of halide-free alkylated
IL materials were reported. These salts, though halide-free,
were then typically used as precursors for further ion exchange

Center for Green Manufacturing and Department of Chemistry, The
University of Alabama, Tuscaloosa, AL, 35487, USA
† Electronic supplementary information (ESI) available: Tables S1
and S2. CCDC reference numbers 752754–752756. For ESI and
crystallographic data in CIF or other electronic format see DOI:
10.1039/b920003g
‡ Current address: Nuclear Radiation Center, Washington State Univer-
sity, Pullman, WA 99164, USA.

reactions. Ideally, in order to obtain pure IL salts, the synthesis
would have to be carried out directly with routes that are
byproduct-free or that allow facile removal of byproducts by
their evaporation, rather than by extraction.

The preparation of ILs via simple methods that result in
formation of the desired salts and easily separated byproducts
has been investigated for quite some time. Ohno and coworkers11

have suggested using an ion exchange column in order to prepare
hydroxide derivatives of ILs that later could be reacted with acid,
forming the desired product with little but H2O as a byproduct.
In our work we have suggested,12 along with Tommasi and
Sorrentino,13 the use of dialkylimidazolium-2-carboxylates and
decarboxylation reactions in the presence of acids as robust
IL precursors for the formation of pure, byproduct-free ILs.
Utilizing this methodology, our laboratory successfully prepared
the first proof of a stable dialkylimidazolium [HCO3]- salt that
was then shown to easily react with acids.14 Parallel to this
work, recent patent literature has also proposed the usefulness
of a [HCO3]--based IL for the halide-free synthesis of many
ILs through titration with a Brønsted acid,15 and these salts
have also recently appeared in the Sigma-Aldrich catalog.16

Moreover, Zheng et al. report the formation of carbonate-
based tetraalkylammonium salts via the reaction of ammonium
carbonate with two equivalents of dimethyl carbonate, but with
greatly depressed yields in the area of 2–45%.17

Although the utilization of zwitterionic carboxylate precur-
sors and their use in halide-free synthesis of ILs as presented
in our previous report appears attractive,18 certain drawbacks
of the system suggested that further research was needed
toward other “green” IL precursors. While working on the
imidazolium carboxylate zwitterionic systems, a few limitations

This journal is © The Royal Society of Chemistry 2010 Green Chem., 2010, 12, 491–501 | 491
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were recognized, including: (i) the necessity to use heterocyclic
cation cores for formation of zwitterionic carboxylates, (ii)
synthesis of the zwitterionic imidazolium carbonate precursor
is a two-step reaction, where the second step (carboxylation) is
rate-limiting, and often low-yielding, (iii) possible formation of
regioisomeric products during the zwitterion synthesis having
different reactivities in subsequent reactions, and (iv) need for
use of low-volatile polar aprotic solvents such as DMSO for
decarboxylation, which is very hygroscopic and hard to remove
from the reaction mixture.

In our recent publication,14 we focused on the synthe-
sis of a hydrogen carbonate IL precursor by using the
previously described conditions for the decarboxylation of
the 1,3-dimethylimidazolium-2-carboxylate ([1,3-diMeIM-2-
COO]) zwitterion. We have utilized the ability of [1,3-diMeIM-
2-COO] to react with acids in polar solvents, followed by the
zwitterionic decarboxylation, resulting in the formation of a
new salt with a counterion from the acid used in the process.
Carbonic acid (H2CO3) was used to promote the protona-
tion of the 2-carboxylate moiety, initially forming 2-carboxy-
1,3-dimethylimidazolium hydrogen carbonate ([2-(COOH)-1,3-
diMeIM][HCO3]), followed by the Krapcho decarboxylation re-
action, with the [HCO3]- anion serving as the weak nucleophile.
This reaction yielded formation of 1,3-dimethylimidazolium
hydrogen carbonate ([1,3-diMeIM][HCO3]).

We have also noted that that when [1,3-diMeIM][HCO3]
is dissolved in pure MeOH, it slowly converts into [1,3-
diMeIM][MeCO3] (Fig. 1a). As expected, this methyl carbonate
anion in the presence of a strong protic acid could still undergo
the decomposition reaction, forming MeOH, H2O, CO2, and
a new salt. Similarly, Tommasi and Sorrentino19 described
the utilization of 1,3-dialkylimidazolium-2-carboxylates as CO2

carriers for transcarboxylation reactions; for instance, the zwit-
terionic carboxylate was reacted with dry methanol and NaBF4

or NaPF6 to form dialkylimidazolium [BF4]- or [PF6]- salts and
sodium methyl carbonate (Fig. 1b).

Both reactions presented in Fig. 1 suggest the possibility of
forming the [MeCO3]- anion directly from both the zwitterionic
carboxylate precursor, as well as from the [HCO3]- salt in the
presence of dry MeOH. On the other hand, even though limited
to only two literature examples, studies by Pocker et al.20 and
Mori et al.21 helped to clarify the mechanism of the reaction
as outlined in Fig. 1c, and showed that the reverse reaction is
also possible. In the reverse pathway, the [MeCO3]- anion reacts
with H2O and acids, with the consecutive formation of either

the [HCO3]- anion, or alcohol and CO2, depending on reaction
conditions.

Pocker et al.20 investigated the water- and acid-catalyzed
decarboxylation of monosubstituted derivatives of carbonic acid
(Fig. 1c), and concluded that the alkyl carbonate anions behave
similarly to the [HCO3]- anion in the presence of an acid and
decompose to CO2 gas and alcohol, as opposed to CO2 and
H2O as in case of the [HCO3]- anion. Another interesting result
of this investigation was that the reaction of alkyl carbonate
anions with water results in the decomposition of the alkyl
carbonate anion with formation of an alcohol and [HCO3]-

anion. Similar findings have been reported by Mori et al.,21 where
the authors describe the conversion of tetraalkylammonium
methyl carbonate to the corresponding hydrogen carbonate salt
by addition of water. Unfortunately, no experimental data was
presented to support this hypothesis in the patent.

The results from the literature on the behavior of alkyl
carbonates in water or in acids point to the conclusion that
the reactions presented earlier by our group (Fig. 1a) might be
reversible, depending on the solvent used. Thus it is anticipated
that based on the solvent used for the dissolution of [MeCO3]--
or [HCO3]--containing salts, interconversion reactions may be
seen between both anions, with both potentially present at the
same time in equilibrium.

In this work, we have extended our research on the utility
of dialkyl carbonates as alkylating agents to form new [HCO3]-

salt precursors for further halide-free syntheses of other ILs. In
order to obtain [MeCO3]--based salts, we targeted two amines
as prototypes: (i) 1,2-dimethylimidazole, since the carboxylation
reaction at the C2 carbon during the imidazole alkylation
process is prevented due to methyl group substitution (the
carboxylation at C4/C5 position requires higher temperatures
and should not occur with appropriate reaction conditions),
and (ii) N-methylpyrrolidine, which due to lack of aromaticity
or other conjugation, is less likely to undergo any carboxylation
reaction to form a zwitterionic compound.

We report (Fig. 2) the formation of two new examples of
[HCO3]- IL precursors, 1,2,3-trimethylimidazolium hydrogen
carbonate ([1,2,3-triMeIM][HCO3]) and N,N-dimethylpyrro-
lidinium hydrogen carbonate ([N,N-diMePyr][HCO3]) where
the [HCO3]- anion is generated by conversion of the
[MeCO3]- anion in the presence of excess water, and [1,2,3-
triMeIM][MeCO3]. The crystallographic characterization of
highly deliquescent crystals of [1,2,3-triMeIM][HCO3]·H2O and
[N,N-diMePyr][HCO3] was performed in order to further

Fig. 1 Literature examples of possible conversions between [HCO3]- and [MeCO3]- anions depending on the reaction conditions and starting
materials: a) conversion of [HCO3]- anion to [MeCO3]- in the presence of excess MeOH; b) conversion of dialkylimidazolium-2-carboxylate to
dialkylimidazolium [BF4]- salt in the presence of MeOH and inorganic salt; c) conversion of [MeCO3]- anion to [HCO3]- anion in the presence of an
excess amount of H2O.

492 | Green Chem., 2010, 12, 491–501 This journal is © The Royal Society of Chemistry 2010
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Fig. 2 Efficient, three-step synthesis of halide-free imidazolium- and pyrrolidinium-based organic salts; a) alkylation reaction with formation of
[MeCO3]- salts; b) conversion of [MeCO3]- into [HCO3]-; c) reaction of [HCO3]- salt precursor with acid and formation of final product.

validate product formation of the three new IL precursors.
The resulting salts were later used in reactions with several
acids to prove their utility as IL precursors for the fast and
efficient synthesis of imidazolium- and pyrrolidinium-based
organic salts.

Results and discussion

Reactivity of 1,2,3-trimethylimidazolium methyl carbonate
([1,2,3-triMeIM][MeCO3])

The salt 1,2,3-trimethylimidazolium methyl carbonate ([1,2,3-
triMeIM][MeCO3]) was synthesized by alkylation of 1,2-
dimethylimidazole with dimethyl carbonate, at 70 ◦C for
10 days in a sealed pressure tube (Fig. 3a).18 Because of
the possible reaction outcomes (i.e., formation of the desired
[1,2,3-triMeIM][MeCO3] or the 1,2,3-trimethylimidazolium-4-
carboxylate ([1,2,3-triMeIM-4-COO]) byproduct (Fig. 4)), the
correct NMR solvent had to be used in order to provide reliable
proof for the structure of the final product.

Fig. 3 General protocol for the synthesis of a) 1,2,3-trimethyl-
imidazolium methyl carbonate, b) 1,2,3-trimethylimidazolium hydrogen
carbonate, and c) N,N-dimethylpyrrolidinium hydrogen carbonate.

From our experience, we knew that in the case where the
product formed was the [1,2,3-triMeIM-4-COO] zwitterionic
salt, the addition of a strongly polar aprotic solvent in the
presence of trace amounts of water and atmospheric CO2 could
cause the partial decarboxylation reaction and formation of
[1,2,3-triMeIM][HCO3] (Fig. 4, conditions a).14 On the other
hand, the use of pure deuterated MeOD as the NMR solvent
could cause a reaction similar to the one reported by Tommasi
and Sorrentino,19 where transcarboxylation from the zwitterion

Fig. 4 Possible products from the reaction of 1,2-diMeIM with DMC
(highlighted area) and their expected reactivities in the presence of
different deuterated solvents: a) polar aprotic solvent, trace H2O,
atmospheric CO2; b) MeOD; c) D2O.

and formation of [1,2,3-triMeIM][MeCO3] could occur (Fig. 4,
conditions b). Such reactions would interfere with the NMR
results if the real product of the reaction was actually the
anticipated [1,2,3-triMeIM][MeCO3]. Thus, the use of MeOD
as the NMR solvent would prove the formation of [1,2,3-
triMeIM][MeCO3], but could not rule out the possibility of its
formation from the reaction of [1,2,3-triMeIM-4-COO] with the
solvent. Also, the use of deuterated H2O as the NMR solvent
could greatly influence the experiment by possible conversion of
[1,2,3-triMeIM][MeCO3] into [1,2,3-triMeIM][HCO3], similar
to work by Pocker et al.20 In that case, the existence of the
[HCO3]- salt could be proven, but the starting material from
which it came could not (Fig. 4, conditions c). We therefore
analyzed our product using 1H and 13C NMR in deuterated
CHCl3 (chosen for its lower polarity than DMSO), relative
immiscibility with water, low hygroscopicity, and inert character
toward the product.

The results of the NMR analyses in CDCl3 confirmed the
anticipated reaction outcome, the symmetric [1,2,3-triMeIM]+

cation core, by characteristic signals at 2.74 (C2-CH3), 3.94 (N-
CH3), and 7.74 ppm (C4/C5-H) (Table S1a†). Moreover, the
signal at 3.45 ppm has been identified as the CH3O- group of the
[MeCO3]- anion, which is highly suggestive of the formation
of the desired [1,2,3-triMeIM][MeCO3]. The 13C NMR also
confirmed formation of pure [1,2,3-triMeIM][MeCO3], with
[MeCO3]- anion signals appearing at 52.0 and 158.0 ppm
(Table S1b). The other possibility for the assignment of these
signals would be formation of [1,2,3-triMeIM][HCO3] and the
presence of MeOH formed during the decomposition of the
[MeCO3]- anion. However, the signal at 52.0 ppm, due to
its position slightly downfield from the expected position for
MeOH (49.8 ppm), was assigned to the [MeCO3]- anion. A
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shift in the position of the CH3O- signal was expected due
to the electron-withdrawing effect of the carbonate group in
the [MeCO3]- anion. Additionally, in the 1H NMR of [1,2,3-
triMeIM][MeCO3] (Table S1a), a small signal at 3.34 ppm was
present. This was assigned to trace amounts of MeOH, possibly
formed during the slow conversion process of the [MeCO3]-

anion into MeOH and [HCO3]-.
Additional analysis of the same [1,2,3-triMeIM][MeCO3]

sample dissolved in CDCl3, 24 h after the initial NMR exper-
iment confirmed the earlier supposition of slow conversion of
the [MeCO3]- anion into MeOH and [HCO3]-. In addition to
the peaks observed during initial analysis, the signal suspected
to be indicative of MeOH at 3.34 ppm appeared to be much
more distinct (Table S1c). Additionally, 13C NMR of the same
sample (after 24 h) (Table S1d) revealed the appearance of an
additional peak at 49.63 ppm, slightly upfield from the signal
of the methoxy group on the anion, thus again confirming slow
conversion of the [MeCO3]- anion into MeOH and [HCO3]-.
24 h after NMR sample preparation, the ratio of the peak for
MeOH (3.35 ppm) to the peak for [MeCO3]- (3.45 ppm) was
1 : 4.

A heteronuclear multiple bond correlation (HMBC) NMR
experiment was performed to confirm the assumptions about
the presence of the [HCO3]- anion in the product. The goal
of this experiment was to correlate one of the CH3O- signals
(at 3.45 or 3.35 ppm in the 1H NMR experiment) with the
carbon atom of the carbonate group in [MeCO3]-, since only
the [MeCO3]- could result in the appearance of the 3J cross-
peak. In contrast, the hydrogen signal of MeOH was anticipated
to show no 3J-coupling correlation with the carbonate signals
(Fig. 5).

Of the two analyzed peaks at 3.45 and 3.35 ppm (NMR
peaks 4 and 5, Fig. 6) only the peak at 3.45 ppm showed a
cross-peak with the carbonate peak on the 13C NMR scale at
158.03 ppm. This directly indicated the presence of the [MeCO3]-

Fig. 5 Expected cross-peak correlation for the [MeCO3]- anion utilizing
an HMBC NMR experiment.

species in the NMR solution. It was concluded from this NMR
experiment that the starting material, before dissolution in
CDCl3, was pure [1,2,3-triMeIM][MeCO3], which after 24 h
converted approximately 25% of the [MeCO3]- anion to [HCO3]-

and MeOH. This finding is consistent with experimental results
from the NMR experiment carried out in deuterated H2O as
solvent, and as discussed below.

To further investigate [1,2,3-triMeIM][MeCO3] and its pos-
sible conversion to [1,2,3-triMeIM][HCO3] in the presence of
water, as reported by Mori et al.,21 the NMR spectra of the
raw sample, dissolved in deuterated H2O, was analyzed (Table
S1e–g). The first 1H NMR spectrum was taken ~10 min after
dissolution in the NMR solvent and revealed two sets of signals
at 3.37 and 3.54 ppm in a 3 : 1 ratio. As previously rationalized,
the signal at 3.37 ppm was preliminarily assigned to the MeOH
formed from decomposition of the [MeCO3]- anion, and a
signal at 3.54 ppm was assigned to the remaining [MeCO3]-

anion. The same sample was analyzed again after 1 h using
the same NMR protocol and revealed the disappearance of
the signal at 3.54 ppm and only the presence of a signal at
3.37 ppm, corresponding to MeOH being formed during the
decomposition of [MeCO3]- in the presence of D2O. A 13C
NMR of the sample taken after 1 h (Table S1g) clearly shows
(i) all signals present for the imidazolium cation, (ii) a signal at
160.9 ppm assigned to the carbonate group from the anion, and
(iii) a signal at 49.6 ppm assigned to the formed MeOD.

Fig. 6 HMBC NMR (ppm) of [1,2,3-triMeIM][MeCO3] in CDCl3 24 h after initial sample preparation.
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Fig. 7 HMBC NMR (ppm) of [1,2,3-triMeIM][MeCO3] in D2O 10 min after initial sample preparation.

Lastly, one more HMBC NMR experiment (Fig. 7) was
performed to confirm the conversion reaction from [MeCO3]-

to [HCO3]- in the presence of water, and to allow definite
assignment of the observed NMR signals in D2O to the
hypothesized products. Even though the HMBC experiment
does not require a long time for data collection, it was
noticed that over the time of the experiment, the signal at
3.54 ppm almost completely disappeared due to conversion
of [MeCO3]- to MeOH and [HCO3]-. Fortunately, enough
evidence of the cross-peak was found for this signal, and
allowed for its successful correlation with the carbonate peak at
160.9 ppm.

To complete the NMR structural identification of crude
[1,2,3-triMeIM][MeCO3], one further experiment was per-
formed using deuterated MeOH to confirm its identity. In the
1H NMR spectrum, the characteristic peak at 3.24 ppm was
assigned to the CH3O- group of the [MeCO3]- anion. Also the
13C NMR showed the peak for CH3O- at 49.9 ppm adjacent to
the septet for MeOD. All chemical shifts for the sample run in
MeOD are included in Table S1h–i.

Confirmation of the synthesis of [1,2,3-triMeIM][MeCO3]
also came from single-crystal X-ray diffraction analysis (Fig. 8).
An examination of the closest contacts suggests six anions sur-
rounding each cation (and vice versa) in addition to one cation–
cation stacking contact. The closest anion–cation contacts are
the asymmetric and bifurcated contacts between the acidic ring
hydrogen atoms at C4 and C5 with the carboxylate oxygen
atoms of the anions (2.30(2) to 2.40(2) Å). The cation stacking
interactions consist of parallel head-to-tail alignment over the
N1–C2–N3 bond with a separation of 3.60(4) Å, calculated using
centroid-to-centroid distances, where the centroid represents the
center of the three atoms. Interestingly, the opposite face of each
stacked cation pair is oriented toward the methyl-substituted
oxygen in the anions with an O3-to-C2 separation of 2.960(1) Å.

Conversion of [1,2,3-triMeIM][MeCO3] to
[1,2,3-triMeIM][HCO3]

As suggested by the results above, the conversion reaction of
[MeCO3]- to [HCO3]- was attempted using EtOH as a solvent

Fig. 8 Asymmetric unit (left, 50% probability thermal ellipsoids; closest anion–cation contact noted) and packing diagram (right, hydrogen atoms
omitted for clarity) of [1,2,3-triMeIM][MeCO3].

This journal is © The Royal Society of Chemistry 2010 Green Chem., 2010, 12, 491–501 | 495
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and H2O as a reagent (in large excess over any other reactant).
The reaction was stirred overnight at 40 ◦C, after which time
the solvent was evaporated using a rotary evaporator and the
product isolated (Fig. 3b). The NMR spectra of the product
confirmed quantitative conversion to [1,2,3-triMeIM][HCO3],
and the NMR signals were comparable with those for [1,2,3-
triMIM][MeCO3] analyzed in D2O 1 h after initial dissolution,
as described above (Table S1f–g).

In an attempt to reduce the reaction steps and streamline
the process, the same overall reaction was carried out by
addition of wet acetone to [1,2,3-triMeIM][MeCO3] in EtOH
resulting in the formation of [1,2,3-triMeIM][HCO3] directly as
a solid precipitating out of solution. The solid was separated by
centrifugation, the extract concentrated, and another portion
of acetone added to the liquid phase, allowing more of the
product to precipitate. (An additional advantage of this route
is that colored impurities formed in the raw sample of [1,2,3-
triMeIM][MeCO3] are retained in the mother liquor during the
precipitation of pure [1,2,3-triMeIM][HCO3].) The total yield of
the process (after drying the product under high vacuum) was
calculated to be ~91%.

The NMR of [1,2,3-triMeIM][HCO3] was performed in D2O
and MeOD separately (Table S1j–m). The NMR analyses in
D2O confirmed the formation of pure [1,2,3-triMeIM][HCO3],
evidenced by the lack of the distinctive peak for the CH3O-
signal of [MeCO3]- at 59.9 ppm (13C NMR) and 3.2 ppm (1H
NMR). A trace signal for the [MeCO3]- anion at 3.24 ppm was
present in the 1H NMR in MeOD after 1 h, indicating that
back-conversion of [HCO3]- to [MeCO3]- was occurring,14 but
very slowly.

Slow precipitation of the product from solution produced
single-crystals of [1,2,3-triMeIM][HCO3]·H2O suitable for X-
ray diffraction analysis. In the crystal structure (Fig. 9), one
cation, one anion, and one water molecule complete the
asymmetric unit. The [HCO3]- anions form classic head-to-
head hydrogen bonded dimers around crystallographic centers
of inversion, with each anion in the dimers accepting additional
hydrogen bonds from the cation (the acidic proton on C5)

and the water molecule. The strong hydrogen bonds between
the water and anions results in a corrugated 2D network with
the cations residing between the sheets, similar to the crystal
structure of [1,3-diMIM][HCO3]·H2O.14

Formation of N ,N-dimethylpyrrolidinium hydrogen carbonate
([N ,N-diMePyr][HCO3])

The pyrrolidinium core was chosen for study to represent
non-aromatic amines that would not undergo bonding of the
carbonate group to the pyrrolidinium core, and thus not form a
zwitterionic species. Another benefit of working with this cation
core is its wide electrochemical window, thus having potential
for use in electrochemical applications.22 It was anticipated that
in the reaction of N-alkylpyrrolidine and dialkyl carbonate,
only the N,N-dialkylpyrrolidinium alkyl carbonate would be
formed. This could then undergo an anion conversion process,
as described above, with clean formation of the [HCO3]--based
salt and alcohol as the byproduct.

Methylpyrrolidine and 200% excess of DMC were reacted at
90 ◦C for 14 days in a pressure tube. After this time, excess
DMC and any possible unreacted N-methylpyrrolidine were
removed using rotary evaporation; no solid precipitate was
observed. Different solvent systems were tried to separate the
product, [N,N-diMePyr][MeCO3], from the colored impurities
without success. As in the previous experiments, solvents like
DMSO, DMF, trialkylamine, acetone, water, and similar polar
solvents had to be generally avoided due to the possible direct
conversion of [MeCO3]- into [HCO3]- prior the isolation of
[N,N-diMePyr][MeCO3]. Unfortunately, all the tested solvent
systems failed to result in successful isolation of product from
the reaction mixture. The only solvent system that successfully
separated the product from the decomposition products was
found to be acetone. It was also found that the use of acetone
in product purification, as previously presented, facilitated the
conversion of [MeCO3]- to [HCO3]- and MeOH, thus isolation
of a pure [N,N-diMePyr][MeCO3] salt was not possible, and
only a [HCO3]--based salt could be isolated.

Fig. 9 Crystal structure of [1,2,3-triMeIM][HCO3]·H2O (left, 50% probability thermal ellipsoids; depicting the hydrogen bonded anion dimer and
closest cation contact) and packing diagram (right, hydrogen atoms removed for clarity) showing the 2D corrugated sheets interpenetrated with
stacked [1,2,3-triMeIM]+ cations.
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To the oily-red reaction mixture isolated from the rotary
evaporation step above, wet acetone was added, resulting in
the complete dissolution of the reaction mixture, from which,
after 1 h, crystalline product slowly started to appear (Fig. 3c).
This white, solid, crystalline, and very hygroscopic material was
separated from the liquor by centrifugation, and washed twice
with fresh acetone. After drying under high vacuum, NMR and
X-ray diffraction analyses were performed.

The NMR spectra in D2O and DMSO (Table S2) clearly
confirmed that the only isolated product was the [N,N-
diMePyr][HCO3] due to the lack of the CH3O- singlet signal
of the [MeCO3]- anion expected at ~3.4–3.6 ppm. Additionally,
in the NMR spectra in D2O, no MeOD signal was observed,
which proved lack of conversion of [MeCO3]- to [HCO3]- and
MeOH during the NMR experiment. Finally, an HMBC NMR
experiment in D2O ruled out any possibility of the presence of
[MeCO3]-, showing no cross-peaks between 1H NMR signals
and 13C NMR peaks corresponding to the carbonate peak at
~160 ppm; thus it was concluded that the isolated product is
pure [N,N-diMePyr][HCO3], as confirmed by X-ray diffraction.

The crystal structure of the anhydrous [N,N-diMePyr][HCO3]
(Fig. 10) consists of hydrogen-bonded hydrogen carbonate
dimers and discrete cations. Each anionic dimer is surrounded by
eight nearest-neighbor cations, and each cation has four anion
and two cation nearest neighbors.

Utilization of new hydrogen carbonate-based IL precursors in the
synthesis of ILs and other organic salts

In order to show the possible synthetic applications of
[HCO3]--based salts as IL precursors, the newly formed [1,2,3-
triMeIM][HCO3] and [N,N-diMePyr][HCO3] salts were reacted
with a group of organic and inorganic acids (HCl, HNO3, picric
acid), and ammonium perchlorate ([NH4][ClO4]; considered
here as a very weak acid (pKa = 9.2)).23 In all cases but one,
[NH4][ClO4], the pKa values of the acids were lower than that of
H2CO3 (pKa1=6.35),24 thus complete conversion was expected
with the formation of H2CO3 as byproduct. H2CO3, due to its
low stability, was expected to readily decompose to H2O and
gaseous CO2, thus shifting the reaction equilibrium towards
product formation, and after solvent evaporation, to result in
byproduct-free salts.

In the case of the reaction of [HCO3]--based IL precursors
with [NH4][ClO4], a different reaction pathway was expected.

Instead of relying on a lower pKa of the acidic reagent in
comparison to H2CO3, the kinetic equilibrium between [NH4]+ +
[HCO3]- and NH3 + H2CO3 was expected to produce volatile
products which could be removed from the system, shifting the
reaction toward products (Fig. 11, where [X]- = [ClO4]-).

Fig. 11 Reactions of [1,2,3-triMeIM][HCO3] and [N,N-diMePyr]-
[HCO3] with hydrochloric, nitric, and picric acids, as well as ammonium
perchlorate.

All eight product salts were confirmed using 1H and 13C NMR.
In all cases, no remaining signal for [HCO3]- was recorded in the
13C NMR, confirming the anticipated quantitative conversion
of [HCO3]- IL precursors into new salt products.

Thermal analysis of synthesized salts

All synthesized compounds, along with their [HCO3]- IL
precursors, were thermally characterized. Melting points and
decomposition temperatures were analyzed (Table 1) using
differential scanning calorimetry (DSC) and thermogravimetric
analysis (TGA). The results indicated the thermal stabilities of
[MeCO3]- and [HCO3]- salts to be very low, with the lowest
thermal stability recorded for [1,2,3-triMeIM][MeCO3] (onset
temperature for 5% decomposition, T 5%dec, = 104 ◦C). The
[HCO3]- salt of this cation exhibited a similar T 5%dec of 112 ◦C.
In comparison, the thermal stability of [N,N-diMePyr][HCO3]
was substantially higher (T 5%dec= 158 ◦C) than observed for the
imidazolium salts.

All of the analyzed salts formed by the reaction of the IL
precursors with acids exhibited thermal stabilities >200 ◦C.
This increase in stability was expected, since the new products
are composed of stable anions that do not undergo any simple
thermal decomposition, as normally found for [HCO3]- and
[MeCO3]-. The thermal stabilities of the [1,2,3-triMeIM]+-based

Fig. 10 Crystal structure of [N,N-diMePyr][HCO3] (left, 50% probability thermal ellipsoids; depicting the hydrogen-bonded anion dimer and closest
cation contact) and packing diagram (right, hydrogen atoms removed for clarity).
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Table 1 Melting point transitions and decomposition temperatures of
the [1,2,3-triMeIM]+ and [N,N-diMePyr]+-based saltsa

Cation

Anion m.p./◦C
T 5%dec/
◦C m.p./◦C

T 5%dec/
◦C

[MeCO3]- 79 104 n/a n/a
[HCO3]- —c 112d —c 158
[Cl]- 71 205 ~260 a(lit. >350)25 231
[NO3]- 63 259 ~220b 276
[Pic]- 104 224 ~280 b(lit. >310)26 269
[ClO4]- ~220 b(lit >250)27 220 ~280 b(lit. >330)28 254

a Salts melting below 100 ◦C are shown in bold. b Using a standard DSC
protocol, the m.p. was not observed; visual m.p. analysis confirmed
that the salt remains solid until its decomposition temperature, at
which point it melts and decomposes simultaneously, changing to
dark brown in color. c Due to the extreme hygroscopic nature of the
sample, the determination of the m.p. was not possible. d Hydrated salt
decomposition.

salts ranged from 205 ◦C for [1,2,3-triMeIM][Cl], to 258 ◦C for
[1,2,3-triMeIM][NO3]. In the case of the [N,N-diMePyr]+-based
salts, the thermal stabilities ranged between 231 ◦C for [N,N-
diMePyr][Cl] to 276 ◦C [N,N-diMePyr][NO3].

The melting points of the obtained salts were also analyzed;
however, due to the extreme hygroscopic nature of both [HCO3]--
based salts, the determination of the melting point using
DSC did not provide reliable results, and visual melting point
determination was attempted. In each of the [HCO3]--based
samples, placing them directly on a glass slide resulted in fast
moisture absorption and deliquescence of the compounds due
to the water absorbed from the atmosphere. When the glass slide
was placed on the hot-stage apparatus and heated to ~100 ◦C, the
absorbed water appeared to evaporate, leaving a white powder
on the slide. Continuous heating of the sample was carried out to
the decomposition temperature, at which point the compounds
simultaneously melted, evolved gasses, and turned brown in
color.

DSC analyses of the [1,2,3-triMeIM]+ salts, except for the
[HCO3]- and [ClO4]- analogs, exhibited a sharp melting tran-
sition (on heating) and a sharp crystallization transition (on
cooling). The melting points of the [1,2,3-triMeIM]+ salts were
surprisingly low, considering the high symmetry of the cation,
and were between 64 ◦C for [1,2,3-triMeIM][NO3] and 104 ◦C
for [1,2,3-triMeIM][Pic]. The melting transition for [1,2,3-
triMeIM][ClO4] was not detected on the DSC instrument due
to the safety limitations set for the DSC experimental protocol.
Visual melting point analysis revealed that the sample remained
solid until ~220 ◦C, at which point it melted and decomposed
simultaneously. This finding was supported by a literature report
where the melting point for [1,2,3-triMeIM][ClO4] was reported
to be >250 ◦C.27

DSC analysis of the melting points for the [N,N-diMePyr]+-
based salts did not result in determination of any melting point
transitions within the allowed DSC temperature ranges (up to
TDSCmax = T 5%dec - 50 ◦C to avoid decomposition of the analyzed

compound in the DCS cell and its contamination). Thus, visual
melting point analyses were performed, and revealed that the
analyzed salts remain solid until, or very close to, their decompo-
sition temperatures. In all cases the melting points were recorded
to be >220 ◦C, and the melting transition translated directly to
the beginning of the decomposition process. Literature reports,
although limited, confirm these findings.25,26,28

Conclusions

In continuing the search toward novel halide- and metal-
free synthetic protocols for the synthesis of ILs, two new
[HCO3]- IL precursors ([1,2,3-triMeIM][HCO3] and [N,N-
diMePyr][HCO3]) were developed and their structures were
confirmed by NMR experiments and single-crystal X-ray
diffraction. These salts were also evaluated for future possible
applications in the syntheses of ILs by reacting them with a
variety of acids and [NH4][ClO4], which resulted in the clean
and quantitative formation of a family of [1,2,3-triMeIM]+- and
[N,N-diMePyr]+-based salts. In the course of development of
the synthetic protocols for the formation of [HCO3]- salts, the
resulting alkylation reactions of the chosen neutral amines (in
this case 1,2-dimethylimidazole and N-methlypyrrolidine) with
DMC, and later conversion of the formed [MeCO3]- salts to
[HCO3]- salts proceeded in one step at temperatures close to
room temperature, using only water as reagent.

Previously reported routes to [1,3-diMeIM][HCO3]14 were
limited to the use of zwitterionic [1,3-diMeIM-2-COO], which
upon reaction with carbonic acid, or water and CO2, led to the
formation of the desired [HCO3]- salt. Here, we have presented
a more generalized route to [HCO3]- salts which allows for more
efficient and faster syntheses of ILs in comparison with the
routes through zwitterionic feedstocks.

These new routes are advantageous for at least three reasons.
First, the formation of the [HCO3]- precursor using the new
synthetic protocol does not require prior formation of a zwit-
terionic salt, thus eliminating the need for a two-step reaction,
with the carboxylation step requiring elevated temperatures and
extended times. Second, the required formation of the [MeCO3]-

intermediate en route to the [HCO3]- salts does not limit the
range of cations to heterocycles that can undergo a carboxylation
reaction; the only limitation is the ability of the starting amine to
undergo alkylation with dialkyl carbonate. Finally, conversion
of [MeCO3]- to [HCO3]-, and then consecutive reaction with the
acid of choice, is simple in comparison with the requirements of
the Krapcho decarboxylation reactions of the zwitterions, which
often has to be performed in polar aprotic solvents, like DMSO,
and proceeds in two steps.

The new [HCO3]--based IL precursors were also used in
reactions with several acids and [NH4][ClO4] to prove the
potential of this family of salts for future applications in halide-
and metal-free syntheses of ILs. As shown, it is possible to form
virtually any salt from the [HCO3]- precursor when the pKa

of the acidic reagent is lower than that of H2CO3. Also, the
use of ammonium salts results in formation of ammonia gas,
which can be evacuated from the system, shifting the equilibrium
towards product formation. This reaction can be manipulated
to accommodate a wide variety of anions by proper design of
the reaction conditions.
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Experimental

Chemicals

All reagents were purchased from Sigma-Aldrich (St. Louis,
MO) and were used as received.

Synthesis of 1,2,3-trimethylimidazolium methyl carbonate
([1,2,3-triMeIM][MeCO3])

The synthesis of [1,2,3-triMeIM][MeCO3] followed a previously
published method for the synthesis of [1,3-diMeIM-2-COO] via
an alkylation reaction of 1-methylimidazole with DMC.18 4.8 g
(50 mmol) of 1,2-dimethylimidazole and 9 g (100 mmol) of DMC
were placed in a 20 mL thick-walled glass pressure tube. The
tube was sealed, placed in an oven, and heated to 70 ◦C for
10 days (Fig. 3a). The resulting yellow liquor was cooled to
room temperature and unreacted substrates removed under high
vacuum, at which time the product (7.44 g) crystallized in the
form of slightly colored crystals.

1,2,3-Trimethylimidazolium methyl carbonate ([1,2,3-
triMeIM][MeCO3]). White solid, very hygroscopic, 80% yield,
m.p. 79 ◦C, T 5%dec= 104 ◦C; 1H NMR (500 MHz, CDCl3)
d = 2.74 (s, 3H, C2-CH3), 3.45 (s, 3H, CH3CO3), 3.94 (s,
6H, N-CH3), 7.74 (s, 2H, C4/C5-H); 13C NMR (125 MHz,
CDCl3) d = 9.52 (C2-CH3), 35.16 (N-CH3), 52.02 (CH3CO3),
122.69 (C4/C5), 143.99 (C2), 157.98 (CH3CO3); 1H NMR
(500 MHz, [D4]MeOH) d = 2.50 (s, 3H; C2-CH3), 3.23 (s,
3H; CH3CO3), 3.71 (s, 6H, N-CH3), 7.35 (s, 2H, C4/C5-H);
13C NMR (125 MHz, [D4]MeOH) d = 9.34 (C2-CH3), 35.42
(N-CH3), 49.90 (CH3CO3), 123.35 (C4/C5), 146.52 (C2), 161.37
(CH3CO3). Single-crystal X-ray diffraction analysis: colorless
plates; C8H14N2O3; MW 186.21; T = 173 K; Monoclinic; P21/n;
a = 6.8805(6) Å; b = 11.6254(10) Å; c = 11.9614(11) Å; b =
96.229(2)◦; V = 951.13(15) Å3; Z = 4; Dc = 1.300 g cm-3; R1,
wR2 [I > 2s(I)] = 0.0428, 0.1044; R1, wR2 (all data) = 0.0510,
0.1087.

Synthesis of 1,2,3-trimethylimidazolium hydrogen carbonate
([1,2,3-triMeIM][HCO3])

By reaction in EtOH–H2O. 0.5 g (2.7 mmol) of [1,2,3-
triMIM][MeCO3] was dissolved in 3 mL of EtOH and 1.5 mL
(83 mmol) DI H2O was added (Fig. 3b). The reaction was stirred
overnight at 40 ◦C, after which time the solvent was evaporated
on the rotary evaporator, and the sample was analyzed by
NMR. The NMR spectra confirmed the quantitative conversion
to [1,2,3-triMeIM][HCO3]. The slightly colored solid product
(0.46 g) was obtained in 99% yield.

By reaction in EtOH–acetone. 1.5 g (8.1 mmol) of [1,2,3-
triMeIM][MeCO3] was dissolved in a minimum amount of
EtOH (2 mL) and heated to 40 ◦C to allow complete dissolution
of the starting material. 10 mL of acetone, spiked with 0.3 mL
(16.7 mmol) DI H2O, was then added dropwise to the EtOH
solution, producing a precipitate which was separated by cen-
trifugation. The remaining solution was concentrated by partial
evaporation of the solvent on a rotary evaporator at 40 ◦C,
and another portion of acetone (10 mL) was added allowing
for more precipitation. The process was repeated 2 more times

until no precipitate was noticed. The combined solid was dried
under high vacuum at 40 ◦C for 12 h. A white, hygroscopic solid
(1.39 g), with a melting point at the decomposition temperature
was obtained with a total yield of 91%.

1,2,3-Trimethylimidazolium hydrogen carbonate monohydrate
([1,2,3-triMeIM][HCO3]·H2O). White solid, very hygroscopic,
91% yield, m.p. at T 5%dec, T 5%dec = 112 ◦C; 1H NMR (500 MHz,
D2O) d = 2.57 (s, 3H; C2-CH3), 3.78 (s, 6H, N-CH3), 7.30
(s, 2H, C4/C5-H); 13C NMR (125 MHz, D2O) d = 9.41 (C2-
CH3), 35.32 (N-CH3), 122.55 (C4/C5), 145.50 (C2), 161.03
(HCO3); 1H NMR (500 MHz, [D4]MeOH) d = 2.51 (s, 3H; C2-
CH3), 3.72 (s, 6H, N-CH3), 7.36 (s, 2H, C4/C5-H); 13C NMR
(125 MHz, [D4]MeOH) d = 9.37 (C2-CH3), 35.44 (N-CH3),
123.35 (C4/C5), 146.48 (C2), 161.32 (CH3CO3). Single-crystal
X-ray diffraction analysis of [1,2,3-triMeIM][HCO3]·H2O: col-
orless needles; C7H14N2O4; MW 190.20; T = 173 K; monoclinic;
P21/n; a = 7.479(2) Å; b = 13.289(4) Å; c = 9.636(3) Å; b =
90.011(5)◦; V = 954.0(5) Å3; Z = 4; Dc = 1.324 g cm-3; R1, wR2

[I > 2s(I)] = 0.0719, 0.1097; R1, wR2 (all data) = 0.1822, 0.1407.

Synthesis of N ,N-dimethylpyrrolidinium hydrogen carbonate
([N ,N-diMePyr][HCO3])

4.0 g (50 mmol) of N-methypyrrolidine was initially dissolved
in 5 mL of EtOH and transferred into a 20 mL thick-walled
pressure tube. Next, 9 g (100 mmol) of DMC was added to
the solution at room temperature. The tube was sealed, stirred
vigorously, placed in the oven, and heated to 90 ◦C. The reaction
mixture was kept under those conditions for 14 days, and
then cooled to room temperature (Fig. 3c), giving a dark red
liquor. Excess unreacted substrates were removed using a rotary
evaporator at 90 ◦C, and later high vacuum at 70 ◦C. No product
crystallized from the mother liquor.

Due to problems with isolating the product from the red
liquor, the intermediate was converted in situ into N,N-
dimethylpyrrolidinium hydrogen carbonate. To the oily-red
concentrated reaction mixture 10 mL of wet acetone was added,
resulting in the complete dissolution of reaction mixture. After
1 h a crystalline product slowly started to appear. After 24 h
at room temperature, the vessel was placed in the refrigerator
and kept at this temperature for an additional 72 h. A white,
solid, very hygroscopic product was separated from the red
liquor by centrifugation, and washed twice with cold acetone.
The remaining extract was concentrated, more solid product
precipitated, and later was separated by centrifugation. After
combining the two precipitation batches, the product was dried
under high vacuum for 12 h at room temperature, resulting in a
white, hygroscopic solid (5.80 g; 72% total yield and 98% purity),
with a melting point at the decomposition temperature.

N ,N-Dimethylpyrrolidinium hydrogen carbonate ([N ,N-
diMePry][HCO3]). White solid, very hygroscopic, 72% yield,
m.p. at T 5%dec, T 5%dec = 158 ◦C; 1H NMR (500 MHz, D2O) d =
2.23 (t, 4H; CH2), 3.14 (s, 6H, N-CH3), 3.51 (t, 4H, N-CH2); 13C
NMR (125 MHz, D2O) d = 21.65 (CH2), 51.67 (N-CH3), 65.82
(N-CH2), 160.17 (HCO3); 1H NMR (500 MHz, [D6]DMSO) d =
2.08 (t, 4H; CH2), 3.05 (s, 6H, N-CH3), 3.42 (t, 4H, N-CH2); 13C
NMR (125 MHz, [D6]DMSO) d = 21.76 (CH2), 51.50 (N-CH3),
65.33 (N-CH2), 158.93 (HCO3). Single-crystal X-ray diffraction

This journal is © The Royal Society of Chemistry 2010 Green Chem., 2010, 12, 491–501 | 499
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analysis: colorless plates; C7H15NO3; MW 161.20; monoclinic;
P21/n; a = 6.6199(6) Å; b = 13.9451(12) Å; c = 9.2587(8) Å;
b = 101.760(2)◦; V = 836.8(1) Å3; Z = 4; Dc = 1.280 g cm-3; R1,
wR2 [I > 2s(I)] = 0.0356, 0.0890; R1, wR2 (all data) = 0.0445,
0.0937.

General procedure for the preparation of 1,2,3-trimethylimida-
zolium and N ,N-dimethylpyrrolidinium chloride [Cl]-, nitrate
[NO3]-, picrate [Pic]-, and perchlorate [ClO4]- salts

All reactions were performed using the same procedure: 0.01 mol
of the appropriate acid (HPF6, HCl, H2SO4, picric acid) or salt
([NH4][ClO4]) was dissolved in 10 mL of H2O (ethanol in the case
of picric acid) and added dropwise, at room temperature (40 ◦C
in case of [NH4][ClO4]), to a stirred solution of 0.01 mol of [1,2,3-
triMeIM][HCO3] or [N,N-diMePyr][HCO3] in 50% aqueous
ethanol (v/v, 20 mL). The mixture was stirred for an additional
24 h in a closed flask (to avoid inorganic acid evaporation)
and the solvent and gaseous byproducts were evaporated on
a rotary evaporator under vacuum. All samples were then dried
under high vacuum at room temperature. All salts obtained were
checked for the presence of starting material using 1H and 13C
NMR, and none of the spectra revealed any residual peaks for
the [HCO3]- anion.

1,2,3-Trimethylimidazolium chloride ([1,2,3-triMeIM][Cl]).
White solid, very hygroscopic, 99% yield, m.p. 71 ◦C, T 5%dec=
205 ◦C; 1H NMR (500 MHz, [D4]MeOH) d = 2.62 (s, 3H, C2-
CH3), 3.83 (s, 6H, N-CH3), 7.46 (s, 2H, C4/C5-H); 13C NMR
(125 MHz [D4]MeOH) d = 10.38 (C2-CH3), 35.57 (N-CH3),
123.26 (C4/C5), 146.45 (C2).

1,2,3-Trimethylimidazolium nitrate ([1,2,3-triMeIM][NO3]).
White crystalline solid, 98% yield, m.p. 63 ◦C, T 5%dec= 259 ◦C;
1H NMR (500 MHz, [D4]MeOH) d = 2.60 (s, 3H, C2-CH3),
3.84 (s, 6H, N-CH3), 7.43 (s, 2H, C4/C5-H); 13C NMR
(125 MHz [D4]MeOH) d = 10.01 (C2-CH3), 35.34 (N-CH3),
123.26 (C4/C5), 146.40 (C2).

1,2,3-Trimethylimidazolium picrate ([1,2,3-triMeIM][Pic]).
Yellow crystalline solid, 98% yield, m.p. 104 ◦C, T 5%dec= 224 ◦C;
1H NMR (500 MHz, [D4]MeOH) d = 2.56 (s, 3H, C2-CH3), 3.76
(s, 6H, N-CH3), 7.58 (s, 2H, C4/C5-H), 8.59 (s, 2H, picrate); 13C
NMR (125 MHz [D4]MeOH) d = 9.48 (C2-CH3), 34.54 (N-
CH3), 121.82 (C4/C5), 124.03 (picrate), 125.07 (picrate), 141.73
(picrate), 144.59 (C2), 160.68 (picrate).

1,2,3-Trimethylimidazolium perchlorate ([1,2,3-triMeIM]-
[ClO4]). White crystalline solid, 98% yield, m.p. at T 5%dec (hot-
stage apparatus) ~220 ◦C, T 5%dec= 220 ◦C; 1H NMR (500 MHz,
[D4]MeOH) d = 2.57 (s, 3H, C2-CH3), 3.77 (s, 6H, N-CH3), 7.50
(s, 2H, C4/C5-H); 13C NMR (125 MHz [D4]MeOH) d = 10.00
(C2-CH3), 35.81 (N-CH3), 123.36 (C4/C5), 146.35 (C2).

N ,N-Dimethylpyrrolidinium chloride ([N ,N-diMePyr][Cl]):.
White solid, very hygroscopic, 99% yield, m.p. at T 5%dec (hot-
stage apparatus) ~260 ◦C, T 5%dec= 231 ◦C; 1H NMR (500 MHz,
[D4]MeOH) d = 2.26 (t, 4H, -CH2-), 3.20 (s, 6H, N-CH3), 3.58
(t, 4H, N-CH2); 13C NMR (125 MHz [D4]MeOH) d = 22.99
(-CH2-), 52.55 (t, N-CH3), 66.95 (t, N-CH2).

N ,N-Dimethylpyrrolidinium nitrate ([N ,N-diMePyr][NO3]).
White solid, 98% yield, m.p. at T 5%dec (hot-stage apparatus)
~220 ◦C, T 5%dec= 276 ◦C;1H NMR (500 MHz, [D4]MeOH) d =
2.26 (t, 4H, -CH2-), 3.18 (s, 6H, N-CH3), 3.55 (t, 4H, N-CH2);
13C NMR (125 MHz [D4]MeOH) d = 22.97 (-CH2-), 52.45 (t,
N-CH3), 66.93 (t, N-CH2).

N ,N-Dimethylpyrrolidinium picrate ([N ,N-diMePyr][Pic]).
Yellow crystalline solid, 98% yield, m.p. at T 5%dec (hot-stage
apparatus) ~280 ◦C, T 5%dec= 269 ◦C; 1H NMR (500 MHz,
[D4]MeOH) d = 2.28 (t, 4H, -CH2-), 3.19 (s, 6H, N-CH3), 3.56
(t, 4H, N-CH2), 8.87 (s, 2H, picrate); 13C NMR (125 MHz
[D4]MeOH) d = 22.79 (-CH2-), 52.69 (N-CH3), 66.96 (N-
CH2), 127.54 (picrate), 128.52 (picrate), 142.76 (picrate), 163.52
(picrate).

N ,N-Dimethylpyrrolidinium perchlorate ([N ,N-diMePyr]-
[ClO4]). White solid, 97% yield, m.p. at T 5%dec (hot-stage
apparatus) ~280 ◦C, T 5%dec= 254 ◦C; 1H NMR (500 MHz,
[D4]MeOH) d = 2.26 (t, 4H, -CH2-), 3.17 (s, 6H, N-CH3), 3.55
(t, 4H, N-CH2); 13C NMR (125 MHz [D4]MeOH) d = 22.97
(-CH2-), 52.50 (N-CH3), 66.97 (N-CH2).

X-Ray crystallographic studies

Solid [1,2,3-triMeIM][MeCO3] was crystallized out of the reac-
tion mixture after the excess of DMC was evaporated. The crys-
tals of [1,2,3-triMeIM][HCO3]·H2O and [N,N-diMePyr][HCO3]
were recrystallized from acetone, by dissolution of small amount
of the sample in warm acetone, and slow cooling of the solution
to room temperature.

Single crystals suitable for analysis were isolated in air,
mounted on fibers, and transferred to the goniometer. The
crystals were cooled to -100 ◦C with a stream of nitrogen
gas and data were collected on a Seimens SMART diffrac-
tometer equipped with a CCD area detector, using graphite-
monochromated MoKa radiation. The SHELXTL software
package was used for each solution and refinement.29 Absorp-
tion corrections were made with SADABS.30 Each structure was
refined by using full-matrix least-squares methods on F 2. All
non-hydrogen atoms were readily located and their positions
refined anisotropically, while all hydrogen atoms were located
from difference Fourier maps and isotropically refined without
restraint.

Thermal analysis

Thermal decomposition temperatures were measured in the
dynamic heating regime using a TGA 2950 TA Instrument under
dried air atmosphere. Samples between 5–15 mg were heated
from 40–500 ◦C with an isocratic heating rate of 5 ◦C min-1

under air atmosphere. Decomposition temperatures (T 5%dec)
were determined from the onset to 5 wt% mass loss in an isocratic
TGA experiment, which provides a more realistic representation
of thermal stability at elevated temperatures.

Melting points were determined by differential scanning
calorimetry (DSC) TA Instruments model 2920 Modulated DSC
(New Castle, DE) cooled with a liquid nitrogen cryostat. The
calorimeter was calibrated for temperature and cell constants
using indium (mp 156.61 ◦C, DH 28.71 J g-1). Data were col-
lected at constant atmospheric pressure, using samples between
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10–40 mg in aluminium sample pans. Experiments were per-
formed with heating at a rate of 5 ◦C min-1 to the temperature
50 ◦C below the decomposition temperature (T 5%dec) and then
cooled down to -100 ◦C. This heating and cooling cycle was
repeated twice for each sample. The DSC instrument was
adjusted so that zero heat flow was between 0 and -0.5 mW, and
the baseline drift was less than 0.1 mW over the temperature
range 0–180 ◦C. An empty sample pan was used as reference.
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The microwave-assisted alkaline degradation of D-glucose with alumina supported potassium
hydroxide towards its conversion into lactic acid is reported. An experimental design approach
was used to optimize the variables involved in this transformation. The reaction succeeded in
yielding 75C-% of lactic acid starting from D-glucose using 1.5 equiv of KOH at 180 ◦C. The
optimal conditions were applied to D-fructose, D-mannose and D-sucrose.

Introduction

Lactic acid (2-hydroxypropanoic acid) is a feedstock with
a growing market. It is used in food and pharmaceutical
industries and has the potential to be used for the production of
biodegradable polymers, such as poly(lactic acid).1

Currently, lactic acid is produced by a fermentative route
starting from different sources of sugar, such as starch, sucrose,
lactose, sugarcane bagass or apple pomace.2 However, the
biotechnology process presents some disadvantages, such as
limited space–time yield and requires control and regulation
of the microorganism pool.

Alternative chemical processes exist starting from monosac-
charides treated in aqueous alkaline solution.3 These processes
are less constraining than the fermentative route. However, their
limits are the release of a broad excess of by-products and the
high concentration of alkaline used.

Recently, Onda et all studied the conversion of D-glucose
into lactic acid using noble metal supported catalyst with an
alkaline in aqueous solution. This method allowed the reduction
of the amount of complex by-products and lactic acid was
obtained with 57%-C yield. Nevertheless, the reaction requires
a broad alkali excess compared to the starting sugar (20 equiv
compared to sugar).4 In the last decades, microwave power has
taken an undeniable place in chemical laboratory practice as a
very effective and environmentally friendly process, particularly
when it is carried out in solvent-less conditions. Microwave
heating makes it convenient to perform reactions very efficiently
in dry media conditions, and thus within the frame of the
green chemistry concept. The advantages of using dry media
conditions provide reaction rate enhancements with different
selectivity compared to conventional conditions.5

In this study, we present the microwave-assisted conversion of
D-glucose into lactic acid in dry media conditions using alumina
supported potassium hydroxide. The effect of experimental

aInstitut Polytechnique Lasalle Beauvais, 19 rue Pierre Waguet, BP
30313, 60026, Beauvais cedex. E-mail:
delphine.marek@lasalle-beauvais.fr
bLaboratoire des Glucides UMR CNRS 6219, 33 rue Saint-Leu, 80039,
Amiens cedex. E-mail: anne.wadouachi@u-picardie.fr; Fax: +33 3 22 82
75 27

conditions such as power, time and concentration of alkali on the
reaction of monosaccharide were investigated. An experimental
design was used to obtain optimal conditions for conversion of
D-glucose into lactic acid.

Results and discussion

The CEM Discover MW allows for irradiation either by
assigning the power with continuous measurement of the
resulting temperature by an optic fiber captor or by assigning the
temperature with continuous adjustment of irradiation power.
In this study, we decided to employ the first mode of irradiation,
in solventless media with assigned power in order to obtain a
temperature profile. First, we investigated a microwave-assisted
protocol in solvent-free conditions with an experiment field
starting from the identification of the boundary values (i.e.,
minima and maxima) for three variables, specific power applied
SP (W g-1 of product), alkali concentration (equiv) and time
(min). We used the Box–Benkhen design to determine the
reaction conditions with the three factors which could have a
significant effect on the outcome of the reaction. The D-glucose
mixed with previously crushed alumina supported potassium
hydroxide was loaded in a glass tube and irradiated.

Optimization of reaction conditions

The execution of the experimental design yielded approximately
50% of lactic acid. The experimental matrix of the executed
Box–Benkhen design with the coded values (-1, 0, +1) is given
in Table 1. The corresponding real values are given in the Table 2.

We employed a full three-level quadratic design giving 15
experiments, which lead to the formation of up to 50% of lactic
acid according to reaction conditions. Experiment 5 represents
the alkaline degradation of glucose supported on alumina at
level-0 of potassium hydroxide level-0 of specific power and level-
0 for the contact time. This reaction provided approximately 50%
of lactic acid.

The identified quadratic model giving the lactic acid yield
according to the experimental conditions is given in eqn (1)

Y = 31.25 + 8.875x1 - 1.375x2 + 6.5x3 - 3.5x1x2

- 7.25x1x3 - 4.75x2x3 - 13.624x1
2 - 6.125x2

2 + 8.625x3
2 (1)
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Table 1 Full Experimental values of the Box-Benkhen design

Exp. x1 x2 x3

Lactic acid
C-% yield

Total
mass/g Power/W Final T/◦C

1 -1 -1 0 0 8 16 52
2 +1 -1 0 24 8 32 199
3 -1 +1 0 6 12 24 68
4 +1 +1 0 16 12 49 280
5 0 0 0 49 10 31 230
6 -1 0 -1 0 10 20 62
7 +1 0 -1 33 10 41 220
8 -1 0 +1 34 10 20 174
9 +1 0 +1 38 10 41 244
10 0 0 0 39 10 30 214
11 0 -1 -1 28 8 24 117
12 0 +1 -1 33 12 37 280
13 0 -1 +1 44 8 24 165
14 0 +1 +1 30 12 37 280
15 0 0 0 37 10 31 218

x1: microwave specific power SP (W g-1). x2: potassium hydroxide
(equiv/initial glucose). x3: contact time (min).

Table 2 Lactic acid yields starting from glucose at 3.1 W g-1 with
1.5 equiv of alkali at different reaction times in comparison to predicted
experiment

Coded
values
of time

Real values of
time/min

Predicted
C-% yield in
lactic acid

Observed
C-% yield in
Lactic acid

% Conversion
of glucose

+1 30 48 49 99
+1.5 35 63 59 99
+2 40 82 75 99

Different response surfaces were calculated from eqn (1) by
setting alternatively one factor at a time at different levels (0, -1,
+1). Only level-0 of both the specific power (i.e. 3 W g-1) and the
concentration of KOH (i.e. 2 equiv/initial glucose) are shown in
Fig. 1 and 2, respectively.

Fig. 1 Contour plot of lactic acid yield from regression analysis of
experimental data at level-0 of the specific power.

As indicated by these plots, when the specific power was fixed
at level-0 (i.e. 3 W g-1), it was possible to produce 30% of lactic
acid at level-0 of KOH (i.e. 2 equiv/initial glucose) and level-1
for the time (i.e. 30 min). When the alkali concentration was

Fig. 2 Contour plot of lactic acid yield from regression analysis of
experimental data at level-0 of alkali (equiv/initial glucose).

fixed at level-0 (i.e. 2 equiv/initial glucose) it is necessary to
work around level-0.5 of the specific power (i.e. 2.5 W g-1) and
level-1 for the time (i.e. 30 min) to produce 50% of lactic acid.
Plots at other levels of alkali and power are qualitatively similar
but the yields are lower. Analysis of variance indicates that the
response models are suitable for lactic acid yields. Indeed the
correlation coefficient (R2 = 0.85) indicated that the yield of
lactic acid depended on the factors studied.

In the experimental design, the maximum product yield was
obtained for a specific power of 3 W g-1, 2 equiv of potassium
hydroxide and 30 min reaction time conditions. Using these
conditions, lactic acid yielded 49%. However, However, this
result was obtained or accomplished along the boundary of
the time parameter (i.e. after 30 min of reaction) in the design.

Experimental predictions were investigated using the
quadratic model at different levels of specific power, concen-
tration of potassium hydroxide and time. It appears that by
working under 3.1 W g-1 and 1.5 equiv of alkali for 40 min, it
can be possible to produce 82% of lactic acid. For this reason,
additional experiments were carried out at different times while
specific power and alkali concentration were set at 3.1 W g-1 and
1.5 equiv, respectively, to determine if mathematical simulations
matched authentic experiments. The predicted values of the
response under these experimental conditions and the values
obtained experimentally are given in Table 2.

We observed that optimal conditions for the production of
lactic acid based on these additional experiments occurred when
glucose was irradiated at 3.1 W g-1 in the presence of 1.5 equiv
of alkali for 40 min. Moreover, between 30 min and 40 min,
the predictions fit the experiments. But working beyond 40 min
proved to be harmful for the production of lactic acid.

Impact of alkali concentration and the temperature on reaction
conditions

Investigation of the experiments enabled us to study the effects
of the temperature and the quantity of alkali on the output
of the formed products. Fig. 3 demonstrated that lactic acid
formation was enhanced by temperatures ranging between 180
and 190 ◦C for 1.5 equiv of alkali compared to glucose. Under
these conditions, it was then possible to achieve more than 50%
of lactic acid.

This journal is © The Royal Society of Chemistry 2010 Green Chem., 2010, 12, 502–506 | 503
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Fig. 3 Effect of alkali concentration and the temperature on the lactic
acid yield.

Using the optimal conditions, we realized a reaction without
solid support. In comparison with the reaction including solid
support, the yield of lactic acid was four times less, as shown in
Table 3. Solid support is thus an important component in the
reaction.

In order to elucidate the importance of microwaves on these
reactions, similar experiments were realized using conventional
heating (Table 4).

As shown in Table 4, the use of microwave irradiation at
fixed power is the best method for the production of lactic acid
under dry media conditions, the yield reached 75 C-%. Indeed,
when the reaction was accomplished in an oil bath, only 36% of
lactic acid was obtained. Proceeding with fixed temperature with
microwaves induced a lower yield in lactic acid, probably caused
by a reduction of the power during the reaction. In contrast,
executing the reaction at fixed power managed to stabilize the
temperature during the reaction (Fig. 4).

Table 3 Effect of solid support on the degradation of glucose using
optimal conditionsa

Time/min Final T/◦C
C-% Lactic
acid yield

% Conversion
of glucose

Without solid
support

40 180 19 99

With solid
support

40 180 75 99

a Reactions were carried out with 11.1 mmol of D-glucose, 16.65 mmol
of KOH and 200% w/w of alumina at 3.1 W g-1 as specific power.

Table 4 Comparison between microwave and conventional heatinga

Time/min Final T/◦C
C-% Lactic
acid yield

% Conversion
of glucose

Oil bath 40 180 36 99
MWb 40 180 75 99
MWc 40 180 21 99

a Reactions were carried out with 11.1 mmol of D-glucose, 16.65 mmol
of KOH and 200% w/w of alumina at 3.1 W g-1 as specific power. b With
assigned power (specific power: 3 W g-1). c With assigned temperature:
180 ◦C.

Table 5 Lactic acid yields obtained from different carbohydrates with
optimized reaction conditions determined with D-glucose

Carbohydrates % Conversion of glucose %-C Lactic acid yield

D-Glucose 99 75
D-Mannose 99 41
D-Fructose 99 36
D-ribose 99 43
D-arabinose 99 35
D-Sucrose 99 23

Fig. 4 Temperature profile of glucose irradiation at continuous power
(28 W) during 40 min.

Similar studies have been conducted in the presence of
hydrotalcite-type catalysts to initiate the formation of lactic acid
from glucose. These catalysts have Brønsted-base sites and are
able to catalyze aldolization reaction.6 The reaction mechanism
of alkaline degradation of glucose into lactate has been described
as a reverse aldol condensation and studied using 13C-labeled
glucose.7

The optimized conditions were applied to other sugars such
D-mannose, D-fructose, D-ribose, D-arabinose and D-sucrose to
compare the production of lactic acid (Table 5).

The yields obtained are lower for other sugars under the
optimal conditions found for producing lactic acid from D-
glucose. This means that it is necessary to perform another
experimental designs for each type of sugar in order to maximize
the lactic acid yield.

Conclusion

Solvent-free organic syntheses combined with supported reagent
and microwave irradiation is an effective process to obtain
lactic acid starting from sugar source. Ideal temperature for
the production of lactic acid is between 180 and 190 ◦C with
a specific power of 3.1 W g-1. Compared to classical heating,
MW accelerates the conversion rate of glucose and consequently
enhance the yield of lactic acid, when the optimal temperature
for this conversion is assigned, a lower yield in lactic acid is
obtained.

These results suggest that beneficial rate enhancements are
probably due to microwave effects, by comparing conventional
and microwave heating. Pilot scales for industrial applications
are being studied.

504 | Green Chem., 2010, 12, 502–506 This journal is © The Royal Society of Chemistry 2010
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Experimental

Material

D-Glucose anhydrous and KOH (90%) were purchased from
Verfilco and used without further purification.

Neutral alumina (150 mesh, 58 Å) was purchased from
Sigma–Aldrich. Microwave irradiation was performed in a CEM
Discover R© System. This system operates at a frequency of 2.45
GHz with continuous MW irradiation power up to 300 W.

The reactions are carried out in round bottom pyrex tubes
with a diameter of 38 mm and a height of 200 mm. Mechanical
agitation is used.

Reaction procedure

Glucose (11.1 mmol) and potassium hydroxide (16.65 mmol)
were introduced into the reactor with alumina (200% w/w
compared to initial glucose and alkali). The mixture (total
mass of 9 g) was stirred for a minute then was irradiated by
MW at the desired power and time. A mechanical system of
agitation was used to homogenize the powder. After reaction,
a solution of H2SO4 0.2 M was added so as to obtain a pH of
approximately 2–3. The aqueous solution was separated from
alumina by filtration for analysis.

Product analysis

The filtrate was analyzed by HPLC (Surveyor photodiode array
detector from ThermoFinnigan) with a UV detector (wavelength
220 nm). A Prevail Organic Acid column from Alltech (250 ¥
4.6 mm, 5 mm) was used with an aqueous solution of formic
acid 0.15% as eluant at 0.5 mL min-1 flow rate for 40 min.8 The
remaining sugar was quantified by HPLC analysis (Surveyor LC
pump from ThermoFinnigan) coupled with an evaporative light
scattering detector. A Prevail carbohydrates ES column, also
from Alltech (250 ¥ 4.6 mm, 5 mm), was used with a solution
of 75% acetonitrile in water as eluant at 1 mL min-1 flow rate
for 30 min. In addition, a guard column of the same packing
material was also used for both sugar and acid analysis.

Output in lactic acid and conversion of glucose were estimated
on a carbon percentage basis (C-%) from eqn (2) and (3) in the
following way:

C-% yield of lactic acid
(molar concentration of lactate f

=
oormed 3) 100

(molar concentration of introduced sugar 6)

× ×
×

(2)

% glucose conversion  
{1 (molar concentration of remained 

=
− ssugar)} 100

(molar concentration of introduced sugar)

×

(3)

Optimization method

A response surface methodology (RSM) was used to find
optimum operating conditions for the formation of lactic acid.
Thus, a Box–Benkhen design, with three factors was chosen. The
execution of such a design is a rapid and effective technique for
finding the optimal operating conditions in order to improve the
results.9,10 The implementation of the design includes the setting

Table 6 Box–Benkhen design reaction conditions

Boundary values

Parameter -1 0 1

x1: Microwave specific power SP (W g-1) 2 3 4
x2: Alkali concentration (equiv/initial
glucose)

1 2 3

x3: Time (min) 10 20 30

of the minima and maxima levels for all the retained factors
of the experimental design (Table 5). That makes it possible to
carry out the experiments under the conditions stipulated and to
correlate the answers of the design (here the yield in lactic acid)
to the experimental conditions (the factors of the experimental
design) thanks to the quadratic model presented below (eqn
(4)).The linear regression function on Excel R© software was used
in order to identify the coefficients ai, aij and aii of this quadratic
model.

Y = a0 + a1x1 + a2x2 + a3x3 + a12x1x2 + a13x1x3 + a23x2x3

+ a11x1
2 + a22x2

2 + a33x3
2 (4)

Where:
Y is the response (lactic acid C-%),
a0 is the value of the response at the center point response of

the design,
ai, aii and aij are the coefficients of linear, quadratic and

interactive effects respectively.
In our study, three reaction conditions designated by x1, x2,

and x3 for specific power applied (W g-1 of product), alkali
concentration (equiv/initial sugar) and time (min), respectively,
were selected as being the experimental factors. For economic
reasons, we have chosen to work between a specific power range
of 2 W g-1 to 4 W g-1. The coefficients (ai, aij) in the model
equation were determined using the linear regression function
on Excel R© software. The determination of optimum conditions
and investigation of lactic acid output behaviour are illustrated
by contour plots produced from eqn (1).

Table 6 presents the boundary values of reaction conditions
in the experimental field.
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Recently, the ionic liquid (IL) choline dihydrogen phosphate was demonstrated to improve the
thermostability and shelf life of several model proteins, thus exhibiting potential as a stabilizing
excipient or solvent for protein therapeutics. Before novel ILs can be used for biomedical
applications, comprehensive data is required to establish biocompatibility, including cytotoxicity
effects and solution behavior. In this study five phosphate-based anion moieties were analyzed:
H2PO4

- (DHP), dibutyl phosphate (DBP), bis(2-ethylhexyl) phosphate (BEH),
bis(2,4,4-trimethylpentyl) phosphinate (TMP), and O,O¢-diethyl dithiophosphate (DEP), all
paired with the cation choline (C). Toxicity levels for these ILs, and a common sugar and salts,
were established using a J774 murine macrophage cell line. The sugar trehalose, and the simple
salts sodium chloride and choline chloride yielded EC50 values of >100, 63 and 34 mM,
respectively. The EC50 values (mM) of CDHP (20), CDBP (9.1), and CDEP (8.2) were lower than,
but within the range of simple salts NaCl (62.8) and choline Cl (33.7). The EC50 values of CTMP
and CBEH were considerably lower, 0.25 and 0.30 mM, respectively. CDHP and CBEH displayed
a hormetic response. Osmolality measurements indicated that CDHP, CDBP, and CDEP exhibit
nearly complete dissociation in aqueous solution, with osmotic coefficients of 1.0, 0.9, and 0.8,
whereas CTMP and CBEH have coefficients of 0.5 and 0.3, and are more molecular in character.
A high correlation between the EC50 value and the anion mass fraction indicated that anion size
and the presence of moderately long and/or branched alkyl chains may affect viability.

Introduction

Recently a number of ionic liquids (ILs) have been demonstrated
to improve the thermal stability and shelf life of proteins in
liquid formulations, and thus show great promise as stabilizing
excipients or solvents for protein therapeutics.1-4 Ionic liquids
(ILs) consist of an anion and cation, but unlike typical salts,
they are liquid at/near room temperature and can thus replace
water and other solvents in a range of applications, potentially
including protein-based pharmaceutical formulations intended
for parenteral injection. The anion and cation choice can
be tailored to provide desired solvent characteristics, such as
polarity, viscosity, hydrogen bonding capacity, and conductivity.
One of the elements considered mandatory for IL product
development is the inclusion of a systematic evaluation of the
toxicological properties.5 An additional level of analysis requires
the examination of side chains present on the ions, since ion
effects on cytotoxicity have also been reported for ILs.6,7

When rationally designing new compounds for use within
the body, it can be beneficial to use starting materials that are

aDepartment of Mechanical Engineering and Engineering Science,
University of North Carolina at Charlotte, Charlotte, North Carolina,
28223, USA. E-mail: gdelliot@uncc.edu
bSchool of Chemistry, Monash University, Clayton, VIC, 3800, Australia
† Electronic supplementary information (ESI) available: Thermogravi-
metric analysis of choline ionic liquids. See DOI: 10.1039/b918726j

already FDA-approved for drug formulation or alternatively
are naturally found within the body. Because of the prevalence
of choline and phosphates in the human body, a family of
choline phosphate salts have been prepared and investigated
for use in protein-based therapeutics.3 The IL CDHP has been
shown to dramatically improve the shelf life of cytochrome c
when used as the major co-solvent with water, and in solution
the protein was shown to retain both structure and activity.3,8

The ability of proteins to retain a properly folded structure is
paramount to their function in vivo and efficacy in therapeutic
application. The potential benefit of affording storage and
delivery in a liquid vehicle makes formulation in ILs like CDHP
an alternative to costlier lyophilized products. The aim of this
study was to evaluate the cytotoxicity of a panel of choline-
based ILs in order to identify the least toxic for continued
development as potential components in pharmaceutical for-
mulations. Ionic liquids studied involve choline as a cation and
a series of phosphate and phosphinate anions to investigate the
possible roles of structural modifications, compared to choline
dihydrogen phosphate itself, in the cytotoxicity of this family
of compounds. The choline salts of: dihydrogen phosphate
(CDHP), dibutyl phosphate (CDBP), bis(2-ethylhexyl) phos-
phate (CBEH), bis(2,4,4-trimethylpentyl) phosphinate (CTMP),
and O,O¢-diethyl dithiophosphate (CDEP) were investigated.
Simple salts and sugars were included for comparison.

Another important consideration in the development of ILs
for biological formulation is that the osmotic strength of IL

This journal is © The Royal Society of Chemistry 2010 Green Chem., 2010, 12, 507–513 | 507
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containing solutions must be well-defined. Recent work has
shown that many of the ionic liquids that are of interest in
bio-applications are not fully ionic; instead they exist as ion
pairs in the neat liquid.9 This observation indicates that an
intermediate level of dissociation is occurring for these ILs where
the solution behavior is between that of a fully ionic liquid and
a molecular solvent such as water. Since the osmolality of the
IL could potentially be much lower than one would expect for a
simple salt, we have acquired osmolality measurements using a
vapor pressure osmometer for the currently investigated family
of choline salts.

Results and discussion

The structures of the phosphate-based ILs included in this study
are shown in Fig. 1. To establish the relative toxicity of these
compounds, mouse macrophage cells (J774) were used as a
model cell type. The J774 macrophage cell line was chosen due
to proven applicability in particulate toxicity and intracellular
drug effectiveness studies.10,11 Cell viability following exposure
to ILs was measured using a resazurin-based fluorometric
assay to estimate the number of metabolically active cells
in 96-well plates. Viable cells reduce resazurin to fluorescent
resorufin whereas nonviable cells do not generate a significant
fluorescent signal. Stock solutions of ionic liquids were prepared
in culture medium composed of Dulbecco’s modification of
Eagle’s medium (DMEM) with L-glutamine, 4.5 g L-1 glucose
and sodium pyruvate complemented with 10% fetal bovine
serum and 1% penicillin/streptomycin. Cells were exposed to
1 : 1 serial dilutions of each IL compound in 96-well plates
for 48 h. Each plate contained a negative control (media, no
cells), and a vehicle control (untreated cells). Concentrations
ranged from 0.2 to 113 mM, and were optimized for complete
concentration–response curves including hormetic effects.

The simple sugar trehalose showed incomplete inhibition in
the concentration range tested, and has an EC50 >100 mM,
while the simple salts (sodium chloride, and choline chloride)
had EC50 values of 63 and 34 mM respectively (Table 1). The
EC50 values (mM) of CDHP (20), CDBP (9.1), and CDEP (8.2)
listed in Table 1 were lower than simple salts, suggesting that
they were slightly more toxic, but still within the range of typical

Fig. 1 Structures and names of compounds examined: (a) choline (C),
(b) dihydrogen phosphate (DHP), (c) dibutyl phosphate (DBP), (d) bis(2-
ethylhexyl) phosphate (BEH), (e) bis(2,4,4-trimethylpentyl) phosphinate
(TMP), (f) O,O¢-diethyl dithiophosphate (DEP).

physiologic salts as shown in Fig. 2. The EC50 value for CDHP
is consistent with toxicity trends observed previously (Table 1).12

The short sulfanyl and sulfanylidene groups on CDEP appear
to yield similar toxicity effects to the four-carbon side chains
on CDBP (Fig. 1 and 2); however, these two compounds were
approximately two-fold more toxic than CDHP (Table 1).

The compounds CTMP and CBEH gave EC50 values of <0.25
and 0.30 mM, respectively, lower than all the other compounds
tested (Table 1). Media-based solutions prepared with CTMP
appeared to form emulsions or micellar solutions that may have
trapped, or even precipitated media nutrients. Due to these
low solubility and solution characteristics, the EC50 value for
CTMP can only be estimated, and is assumed to be lower
than 0.25 mM (Fig. 3). Since choline chloride did not display

Table 1 List of compounds, MWs, mass fractions, logEC50 values, and osmotic coefficients

Compound (abbreviation) MW/g mol-1
Anion mass
fraction, ca

logEC50/mM
(dose–response model)b

logEC50/mM
(logistic model)c

Osmotic coeff,
j in H2Od

Choline chloride (ChCl) 139.625 0.3 4.53(4) n/a 0.86
Sodium chloride (NaCl) 58.443 0.6 4.8(1) n/a 0.91
Trehalose (Tre) 378.33 n/a 5.1(5) n/a 1.01
Choline dihydrogen phosphate (CDHP) 201.158 0.5 4.31(4) 4.28(6) 0.98
Choline dibutyl phosphate (CDBP) 313.366 0.7 3.96(3) n/a 0.90
Choline bis(2-ethylhexyl) phosphate (CBEH) 425.574 0.8 2.47(3) 2.43(3) 0.31
Choline bis(2,4,4-trimethylpentyl) phosphinate (CTMP) 393.574 0.7 2.39(2) n/a 0.48
Choline O,O¢-diethyl dithiophosphate (CDEP) 289.382 0.6 3.91(2) n/a 0.76

a Anion mass fraction, c = mi/m, where mi = mass of anion, m = total mass of substance in system. b Dose response model as defined in eqn (1).
Error of last digit denoted in parentheses. c Modified dose–response model as defined in eqn (2). Error of last digit denoted in parentheses. d Osmotic
coefficient, j = (osmol/L)/nC, where n = number of particles, C = molar concentration of solute, osmol/L = osmolarity. Measured for 100 mM
solutions prepared in deionized water.
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Fig. 2 Dose response curves for J774 indicating toxicity effect of ionic
liquids. Fitted concentration curves (dose–response model, eqn (1)) for
trehalose �, NaCl �, choline chloride �, CDBP �, and CDEP �.

Fig. 3 Dose response curves for J774 indicating toxicity effect of
ionic liquid CTMP. Fitted concentration curve (dose–response model,
eqn (1)).

toxicity at the lower concentration level where the CTMP and
CBEH EC50 values occur, it can be concluded that there is not
an intrinsic cation effect on cytotoxicity. Thus, the toxicity of
CTMP and CBEH can be attributed to the anion and in the
case of CTMP and CBEH, perhaps the longer and branched

alkyl chain substituents. The alkyl substituents on both anions
(TMP and BEH) would cause a larger degree of hydrophobic and
perhaps amphiphilic character, making these anions potentially
less miscible with water compared to the less toxic anions.
These substituents may also be affecting the nature of cell
membrane interactions, which could enhance toxicity. Although
the R-group on BEH has a substituent that is one carbon
longer than that of TMP, this anion exhibits a slightly lower
toxicity. CTMP is a phosphinate (OP(OR)R2) whereas the others
(CDHP, CDBP, and CBEH) have the formula OP(OR)3, that
is, CTMP has two fewer oxygen atoms which could contribute
to the observed difference in toxicity and possibly solubility.
Additionally, CTMP may serve as a competing ligand for
the metal components present in the media, limiting cellular
availability or may even be inhibiting a membrane-associated
enzyme. The causes for the differences in toxicity remain to be
further investigated.

In the case of both CDHP and CBEH, cell viability increased
with increasing concentration before passing through a max-
imum and eventually falling away with additional increasing
ionic liquid concentration, i.e., both compounds induced a
subtoxic stimulus or hormetic response (Fig. 4). The inverted
U-shaped dose response curves for both data sets were fit with
a dose-response model (Experimental, eqn (1)) and a modified
logistic model that includes a parameter that describes hormesis
(Experimental, eqn (2)).

(1)

(2)

Fig. 4 Dose response curves for J774 indicating hormetic effects. Raw
data and fitted concentration curves (modified logistic model, eqn (2))
for CBEH , and CDHP �.
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See the experimental section, statistical analyses for a detailed
description of the equation parameters. The EC50 values ob-
tained from the two models were within error of one another, and
the hormetic model appears to describe the toxicity behavior of
CBEH reasonably well. However, the hormetic effect of CDHP
showed considerable variability. The significant changes in the
character of the hormetic trend for CDHP, especially the range
of hormesis, were not accommodated well by the current model,
indicating the need for improved hormesis model development,
which will be addressed further elsewhere.

In addition, CDHP was observed to exceed the buffer capacity
of the complemented media at high concentrations (≥50 mM),
as indicated by a color change in the pH indicator. At 100 and
50 mM CDHP, the pH was 6.48 and 6.77 (± 0.01) respectively.
After dilution with media to 25 mM, the solution had a pH
of 7.52, close to that of the media alone. This concentration is
higher than the EC50 value for CDHP. Although during the cell-
based assay subtle changes in pH near the EC50 value cannot
be ruled out, it is not clearly apparent whether toxicity can be
attributed to pH effects where viability decreases as the buffer
capacity is approached.

Choline is an essential nutrient, and serves many physiolog-
ical roles due to its incorporation in membrane components,
signaling molecules, and neurotransmitters.13 It is reported that
choline does not permeate cell membranes, but must be trans-
ported by a carrier-mediated system.13 Inverted U-shaped dose-
response curves have been reported for choline in cholinergic
drug studies, and for high-affinity choline transporters.13,14 Brock
suggests that the biphasic effect of the dose-response curves
indicates that more than one intracellular process is involved.13

Biphasic dose-response curves indicate complex physiological
action, and gave rise to the concept of hormesis described as
low-dose stimulation followed by high-dose inhibition.13,15,16 The
fact that these effects were not observed with choline chloride
or with the other choline-based ionic liquids included in this
study seem to indicate that the effect in this test system is due to
the anion (DHP or BEH). It does not appear that the hormetic
effects can be attributed to pH changes, as pH was controlled
by the media at the lower test compound concentrations where
growth stimulus effects were observed. This raises an interesting
question with respect to what exactly is occurring that manifests
as the hormetic effect.

To improve the biocompatibility of injected therapeutics, the
osmolality of such solutions are ideally formulated to be near
that of extra- and intracellular fluids. Otherwise the imbalance
in the chemical potential of water inside and outside the
cells near the injection site will result in a rapid transport of
water to/from the cells. This can cause cell injury, resulting
in pain at the injection site. Because ionic liquids can exhibit
solution behavior ranging from molecular in nature to that of
a fully dissociated ionic solution, it is important to understand
this behavior in order to predict final solution osmolalities in
formulations.9,17 Osmolality measurements of ILs formulated
at 100 mM in water were determined using a vapor pressure
osmometer. From these measurements, osmotic coefficients (j)
in water, which account for the degree of non-ideality of a
solution, were calculated so that the degree of dissociation of
each ionic liquid could be assessed. CDHP, CDBP, and CDEP
have osmotic coefficients of j = 1.0, 0.9, and 0.8 respectively

at 100 mM (Table 1), where a value of 1 indicates 100%
dissociation. CTMP (j = 0.5) and CBEH (j = 0.3) have
very low coefficients (Table 1), and although these ionic liquids
are composed of ionic salts, it appears that they may have
not dissociated completely. While electrostatic effects can also
cause depression in osmotic coefficients, osmotic coefficients
at or below 0.5 for CTMP and CBEH seem to indicate more
molecular versus ionic solution character. The observed limited
dissociation for CTMP and CBEH indicates the possibility for
ion pair formation in aqueous solution, suggesting that toxicity
could be a result of membrane interactions as observed for other
neutral and potentially lipophilic ILs.6

Although the other compounds were completely miscible
with water and complemented media at all concentrations
investigated, CTMP formulated at 10 and 100 mM appeared
to precipitate at 4 ◦C, and form an emulsion or dispersion at
25 ◦C and 37 ◦C. The 1 mM CTMP used as the stock solution
for the cell-based assays did not exhibit the same insolubility
profile, i.e. CTMP appears to be miscible with water at 1 mM
concentrations. Still, the characteristics of the CTMP emulsions
remain to be elucidated, since potential particle formation in
the solutions containing higher levels of CTMP might involve
nutrient sequestration which would adversely affect cell viability
in addition to lowering the osmolality.

It has been shown for a series of acetate-based ILs that
higher anion molar concentrations enhanced the dissolution
of substrates in the pure IL, but lowered enzyme activity,
indicating that an optimum ion size is required to satisfy both
sufficient substrate solution and enzyme activity conditions.18,19

To determine if a similar anion size effect for toxicity could be
occurring, the EC50 value was compared to both the osmotic
coefficient and an approximate measure of anion size for this
series of choline-based ILs (Fig. 5). The anion size is inferred
from the calculated mass fraction of anion in the ionic liquid.
Since the cation is common to all the salts studied and assuming
that their densities are approximately the same, the mass fraction
anion is a reflection of anion size. Looking at the log EC50 values
versus the osmotic coefficients for the choline salts, it appears
that there is clustering of the more toxic and molecular-like
salts (Fig. 5A). Comparison of EC50 to the anion-mass-fraction
shows that apparent anion size and toxicity are closely correlated
(Fig. 5B), with a correlation coefficient of (adj. R2 = 0.98;
note: the adjusted “adj.” R2 statistic accounts for the degrees
of freedom in the model, OriginPro 8). The trend observed for
EC50/mM versus anion mass fraction suggests that higher anion
mass fractions correlate with higher J774 toxicity (Fig. 5B). This
indicates that changes in anion size due to the incorporation of
moderately long and or branched alkyl chains, or substitution
with sulfur groups, may affect viability such as that seen for ILs
CTMP, CBEH, and CDEP. The reason for this correlation is not
clear, but could be related to interactions with lipid membranes,
or possible electronic effects due to the differences in charge
distribution of potential ion pairs within the solvent.

The anion effect was also examined through comparison of
the ratio of the EC50 values of the chloride-containing choline
reference salt and the EC50 for each of the choline-based IL
compounds tested. The anion effect ratio (AR) (eqn (3)) was
first used by Stolte to classify the toxicity of anions in ionic
liquids, where AR values <5 were considered non-cytotoxic
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Fig. 5 Effect of osmotic coefficient and anion mass fraction on viability.
(a) The osmotic coefficient of each anion is plotted against the log
EC50/mM. Choline chloride �, CDHP �, CDBP �, CBEH , CTMP
¥, CDEP �, and sodium chloride �. Adj. R2 = 0.83. (b) The anion
mass fraction versus EC50/mM. The mass fraction (c) of each anion

is expressed as in the equation , where the mass of each

component i is defined as its amount mi divided by the total amount of
substance in the system, m. Choline chloride �, CDHP �, CDBP �,
CBEH , CTMP ¥, and CDEP �. Adj. R2 = 0.98. Data analyzed with
OriginPro 8; the error of the last digit is in parenthesis.

or marginally cytotoxic, and values >5 were described as
significantly influencing cytotoxicity,

(3)

where CCl stands for choline chloride and CY stands for choline
paired with anion Y.6 CDHP has the lowest cytotoxicity with
AR = 1.7, followed by CDBP = 3.7. The CDEP AR = 4.1 is
approaching a borderline value of 5 and could be considered
marginally cytotoxic. The AR values for CTMP (137) and
CBEH (113) are over an order of magnitude greater than 5,
and so these two anions (TMP and BEH) are considered to
significantly influence the toxicity of these two ionic liquids,
and therefore are not ideal for further exploration as excipients
for pharmaceutical application. While the actual mode of
CTMP and CBEH anion toxicity has yet to be determined,

it appears to be consistent with toxic effects observed for
cations with longer alkyl chains.20,21 Longer alkyl chains impart
the anion with a hydrophobic tail that is lipophilic, and in
an effort to escape contact with the aqueous environment it
will associate and possible intercalate with cell membranes.
Still, the molecular nature of the ion pairs suggested by their
osmotic coefficients may impart a mixed cytotoxicity in that
an uncharged species introduced to the membrane may enable
membrane interactions and increase cytotoxicity.22 Future work
in membrane perturbation and adjustments in lipophilicity will
address the possibility of membrane interactions with this family
of ILs.

Experimental

Materials

Sodium chloride was purchased from VWR International,
a,a-Trehalose dehydrate was purchased from Ferro Pfanstiehl
Laboratories. Choline chloride, choline hydroxide, methanol, di-
hydrogen phosphate, dibutyl phosphate, bis(2-ethylhexyl) phos-
phate, and O,O¢-diethyl dithiophosphate were obtained from
Sigma-Aldrich. Bis(2,4,4-trimethylpentyl) phosphinate was ob-
tained from Cytec. All chemicals were used as received, except as
otherwise specified. ELGA Purelab Ultra water (18.2 MX cm)
was used in the preparation of all water-based solutions.

Ionic liquids

Choline dihydrogen phosphate (CDHP) was synthesized at
Monash University according to previous methods.3,23 Choline
salts of dibutyl phosphate (CDBP), bis(2-ethylhexyl) phos-
phate (CBEH), bis(2,4,4-trimethylpentyl) phosphinate (CTMP),
and O,O¢-diethyl dithiophosphate (CDEP) were synthesized
at Monash University as described below. Choline dibutyl
phosphate (CDBP) was synthesized via a neutralization reaction
as shown in Scheme 1.

Scheme 1

A typical procedure for the synthesis of CDBP is as follows:
3.342 g (0.0159 mol) dibutyl phosphate was dissolved in 4 g
of ethanol, a choline hydroxide–methanol solution containing
0.0159 mol of choline hydroxide was added dropwise, and the
mixture was stirred at room temperature for more than 4 h;
the solvent was removed by distillation, and the product was
dried under vacuum at 70 ◦C for at least 2 days. The other
three choline ILs were synthesized via the same procedure as
that of CDBP, using bis(2-ethylhexyl) phosphate instead of
dibutyl phosphate for CBEH, using bis(2,4,4-trimethylpentyl)
phosphinate for CTMP, and using O,O¢-diethyl dithiophosphate
for CDEP.

The resultant salts were characterized using electrospray
mass spectrometry and thermogravimetric analysis. Electro-
spray mass spectroscopy (cone ±35 V), m/z (relative intensity, %)
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for CDBP: ES+, 103.9 ([CH3]3[C2H4OH]N+, 100), 417.4 (M -
[CH3]3[C2H4OH]N+, 10); ES-, 153.0 ([C4H9O]OPO-, 7); 209.2
([C4H9O]2OPO-, 100). CBEH: ES+, 103.9 ([CH3]3[C2H4OH]N+,
100); ES-, 321.3 ([C8H17O]2OPO-, 100). CTMP: ES+, 103.9
([CH3]3[C2H4OH]N+, 100), 497.5 (M - [CH3]3[C2H4OH]N+,
7); ES-, 289.4 ([C8H17]2OPO-, 100), 579.4 ([C8H17]2OPOH -
[C8H17]2OPO-, 10). CDEP: ES+, 103.8 ([CH3]3[C2H4OH]N+,
100); ES-, 156.8 ([C2H5O]SPS-, 18), 184.8 ([C2H5O]2SPS-, 100).

A PerkinElmer Thermogravimetric Analyzer (TGA) was used
to test thermal stability of the choline ILs. Scan rate was
10.0 ◦C min-1 from room temperature to 800 ◦C under a nitrogen
atmosphere. See Fig. S1† for thermal traces.

Alkyl chain length and substituent composition were altered
for the anions to test the influence of variation in the anion. The
chemical structures of the compounds are given in Fig. 1.

Cell line

Mouse macrophage cells (J774A.1) were obtained from Amer-
ican Type Culture Collection (ATCC R© Number TIB-67TM),
Manassas, VA. Cultures of J774A.1 were grown at 37 ◦C
in a humidified atmosphere in a total volume of 10 mL of
Dulbecco’s modification of Eagle’s medium (DMEM, with
phenol red) with L-glutamine, 4.5 g L-1 glucose and sodium
pyruvate (Mediatech, 10-013-CM) supplemented with 10% fetal
bovine serum (FBS) (Atlanta Biologicals, S11150), 1% 5000 IU
penicillin 5000 mg mL-1 streptomycin (P/S) solution (Mediatech,
30-001-CI), pH 7.53 ± 0.01 under 5% CO2 in 250 mL Cellstar R©

tissue culture flasks (Greiner bio-one). The cells were incubated
for up to one week in order to obtain a population between 1 ¥
105 and 1 ¥ 106 cells mL-1. The cells were scraped, centrifuged,
and transferred to 20 mL spinner flasks where they were
maintained at a density less than 1 ¥ 106 cells mL-1. Under
these culture conditions, the generation time of the cell line was
about 24 h.

Resazurin metabolism assay

All assays were conducted in 96-well Costar cell culture plates
(Fisher) at 37 ◦C. The viability of J774 cells exposed to ionic
liquids was measured using a fluorometric assay based on
the reduction of resazurin (Sigma-Aldrich).24 Resazurin was
prepared as a stock solution of 0.437 mM in phosphate-
buffered saline (PBS, 1X) without calcium and magnesium
(Cellgro, Mediatech), and was stored in the dark at 4 ◦C.
The stock resazurin solution was diluted to 0.0437 mM in
DMEM containing 10% FBS and 1% P/S (full complement
media). Stock solutions of ionic liquids (ILs) (1–100 mM) were
prepared in full complement media. For comparison of toxicity,
solutions of sodium chloride, choline chloride, and trehalose
were included in the same concentration range. Each plate
contained a negative (no-cell) control, a vehicle (untreated cell)
control, and two IL dilution series with three replicates each.
Cells in full complement media were plated at a density of 1 ¥
104 cells per well, and were incubated 2 h at 37 ◦C to allow
attachment. After 2 h, the supernatant was removed, and IL
supplemented media was added. The cell viability assays were
carried out using a 1 : 1 dilution series in the range of 100 to
0.2 mM (CDHP, CDBP, and CDEP) or 1 to 0.002 mM (CTMP
and CBEH). The cells were incubated for 48 h. After 44 h, the IL-

supplemented medium was removed, 0.0437 mM resazurin was
added, and the cells were incubated for an additional 4 h. Assays
were repeated in parallel on cells obtained from 3–5 different
dates to allow for variability between cultures. Cell viability was
measured at lemis = 590 nm (lexcit = 560 nm) in a Synergy HT
multi-detection microplate reader (Bio-Tek Instruments).

Osmolality

In order to assess tonicity effects of the ILs, the osmolality of
IL solutions (100 mM) prepared in water was measured using a
VaproTM vapor pressure osmometer (Wescor). The osmometer
was calibrated against a set of 290, 1000, and 100 mmol kg-1

osmometry standards prior to each sample.

Statistical analyses

Background fluorescence was determined on wells containing
resazurin but no cells (negative control), and this value was sub-
tracted from all control and treated wells. Nonlinear regression
was used to fit the relationship between cell viability (fluores-
cence) and the decadic logarithm of the tested concentrations.
The general equation for a sigmoidal dose-response with variable
slope (four-parameter logistic equation) was used to generate
logEC50 values for each compound (OriginPro 8.4) (eqn (1))
where x is the concentration of the substance to which the cells
are exposed, y is the physiological response normalized for the
interval from 1 to 0, A2 is the maximum y value at the top
plateau (1, x = 0), A1 is the minimum y value at the bottom
plateau (0). logx0 (logEC50) is the x value when the response is
halfway between the minimum and the maximum. The p value
(Hill Slope) or slope factor describes the steepness of the curve
and is negative, i.e., the curve decrease as x increases (inhibitory
response to growth).

In the case of compounds CDHP and CBEH, cell viability
appeared to increase with increasing concentration until being
reduced with increasing concentration, i.e., these compounds in-
duced a subtoxic stimulus or hormetic effect. The concentration–
response curves were fit with both a dose–response (four-
parameter logistic) model and a modification of the four-
parameter logistic model (eqn (2)),25 where f describes the
hormetic effect and a governs the rate of hormetic manifesta-
tion. A1 and A2 carry the same meaning as in eqn (1); however
p no longer accurately describes the Hill Slope, and x0 provides
a lower bound on the EC50 level. The logEC50 values derived
from each model are within overlapping confidence intervals.
The ability of the modified four-parameter logistic model to
describe the hormetic responses and the level of hormesis for
CDHP and CBEH are the subject of a separate body of work.

Conclusion

Due to their low vapor pressure, ionic liquids have been used
as green solvents, and are increasingly being examined for
roles in non-aqueous enzymology and pharmaceutical protein
stabilization.26 Understanding the toxicity of this family of
choline phosphate ionic liquids increases the knowledge of
their utility for in vivo use as well as the potential ecological
impacts due to their implementation in diverse applications.
These choline-based ionic liquids exhibit a range of toxicities
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from low (CDHP) and within the range of basic physiologic
salts, to high (CTMP and CBEH) based on the anion effect ratio
described by Stolte.6 If a high IL concentration is required to
achieve a biological stabilization effect, these ILs might be best
implemented as co-formulation stabilizers within slow-release
nano- and micro-particles to maximize the biocompatibility.
We have observed that the choice of anion can greatly affect
the osmotic coefficient of the solution. For example, CDHP
dissociates completely at 100 mM, with an osmotic coefficient
of 1.0, whereas CBEH has an osmotic coefficient of 0.3, and
would be considered to have behavior more consistent with a
molecular solvent. This would minimize the contribution to
osmolality compared to traditional salts.
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A convenient and rapid method for Knoevenagel condensation has been developed by using
DABCO-base ionic liquid catalysts. This method is applicable to a wide range of
aromatic/aliphatic/heterocyclic/a,b-unsaturated aldehydes and ketones with active methylene
compounds, and affords the corresponding substituted electrophilic alkenes in excellent yields (up
to 100%) in water at room temperature within short times. The method is operationally simple and
the products do not need to be purified. The use of water as the reaction medium makes the
process environmentally benign. The catalysts can be recycled seven times without activity loss.

Introduction

In recent years, ionic liquids (ILs) have attracted significant
attention as green solvents for many chemical and biochemical
transformations.1 Many functional ILs have also been synthe-
sized and utilized as catalysts for different reactions, such as
the Henry reaction,2 direct Aldol reaction,3 Mannich reaction,4

Michael addition5 and Knoevenagel condensation.6

The Knoevenagel condensation is one of the most important
reactions in organic synthesis for carbon–carbon bond forma-
tion. It is usually performed in organic solvents in the presence
of common bases such as ammonia, primary or secondary
amines and their salts.7 In recent years, a wide array of catalysts,
including Lewis acids,8 zeolites,9 solid bases,10 heterogeneous
catalysts11 and amines immobilized on polymers,12 have been
employed to catalyze this reaction, each affording variable yields
of Knoevenagel condensation compounds in solution or under
solvent-free conditions.

However there are still a lot of disadvantages of these new
catalysts. For example, when the Lewis acidic catalysts, such
as ZnCl2,13 were used in the reaction, the conditions should
be absent from water. In addition, these catalysts could not
be reused because of the water made from the Knoevenagel
reaction itself. Sometimes, the reaction time was too long,14

and the reaction must be heated or it needed other special
conditions,15 such as microwave irradiation. In most cases, the
range of carbonyl compounds was limited to aromatic aldehydes,
and a few examples used aliphatic aldehydes and ketones at room
temperature with excellent yields.6,16

One of the fundamental challenges and ultimate goals for
organic reactions is to perform the reaction in water,17 because
in comparison with organic solvents, water is cheap, safe and

Department of Chemistry, State Key Laboratory and Institute of
Elemento-Organic Chemistry, Nankai University, Tianjin, 300071,
China. E-mail: ymw@nankai.edu.cn; Fax: +86 22 2350 2654; Tel: +86
22 2350 3281
† Electronic supplementary information (ESI) available: Experimental
details, analytical data and NMR spectra for catalysts. See DOI:
10.1039/b918595j

leads to the development of environmentally friendly chemical
processes.18

As a result, a simple, efficient and green procedure for
Knoevenagel condensation with excellent results with all kinds
of aldehydes and ketones remains a major challenge in synthetic
organic chemistry.

In this paper we report a class of catalysts which
are compatible with various aldehydes (aromatic/
aliphatic/heterocyclic/a,b-unsaturated) and aliphatic ketones,
providing excellent yields and with 100% selectivity. The
DABCO-base ionic liquids (Fig. 1) as highly efficient and
environmental friendly catalysts are used for Knoevenagel
condensations. Moreover, the catalysis can be performed in
water, and the catalysts can be recycled many times without
loss of activity, offering a greener route to Knoevenagel
condensation products.

Fig. 1 Structures of the DABCO-base ionic liquids.

Results and discussion

Compounds [C2dabco]Br, [C4dabco]Br, [C8dabco]Br and [Bnd-
abco]Br were synthesized according to the literature.19 The
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Table 1 Knoevenagel condensation of benzaldehyde with malononi-
trile catalyzed by DABCO-base ionic liquids in solventa

Entry Cat. (15 mol%) Solvent (0.5 mL) Time/min Yield (%)b

1 [C2dabco]Br neat 5 s 83
2 [C2dabco]Br [Bmim][BF4] 4 98
3 [C4dabco]Br [Bmim][BF4] 7 99
4 [C8dabco]Br [Bmim][BF4] 13 99
5 [Bndabco]Br [Bmim][BF4] 10 98
6 [C2dabco][BF4] [Bmim][BF4] < 1 100
7 [C4dabco][BF4] [Bmim][BF4] < 1 100
8 [C4dabco][BF4] H2O < 1 100
9 [C4dabco][BF4]c H2O 8 95
10 [C4dabco][BF4]d H2O 20 94
11 [C4dabco][BF4]d neat 20 84
12 [C4dabco][BF4]e neat 120 85
13 [C4dabco][BF4]f neat 15 h 73
14 Catalyst free neat 20 h 15

a Reaction conditions: benzaldehyde (0.5 mmol), malononitrile
(0.5 mmol), catalyst (15 mol%), water (0.5 mL), room temperature.
b Isolated yield of product. c Catalyst 10 mol%. d Catalyst 5 mol%.
e Catalyst 1 mol%. f Catalyst 0.2 mol%.

method of synthesis of [C2dabco][BF4] and [C4dabco][BF4] is
described in the Experimental.

The Knoevenagel reaction of benzaldehyde with malononi-
trile was initially carried out under solvent-free conditions, in
which the compound [C2dabco]Br served as the catalyst. But
the reaction was very fast, and the mixture solidified as soon as
the catalyst was added. The yield was not so high, because the
reaction mixture could not stir well enough (Entry 1, Table 1).
In order to improve the yield, we chose IL [Bmim][BF4] as
solvent. The results are summarized in Table 1, Entries 2–5.
The condensation of benzaldehyde with malononitrile in the
solvent of [Bmim][BF4] catalyzed by any one of [C2dabco]Br,
[C4dabco]Br or [Bndabco]Br proceeded efficiently, resulting in
near a quantitative yield of the product. Then, we changed to
BF4

- instead of Br- as the anion in the catalysts of [C2dabco]Br
and [C4dabco]Br. Under the same conditions, the reactions
finished in less than one minute (Entries 6 and 7, Table 1).
But the product, which was generated by [C4dabco][BF4], was
solidified from the solvent which made the reaction easy to
handle. Catalyst [C4dabco][BF4] was used as the catalyst of
choice. We found that, when the reaction was performed in water,
the reaction proceeded as well as in IL [Bmim][BF4] (Entry 8,
Table 1). The reactions, using water as solvent, allowed Kno-
evenagel condensation compounds to be performed in a very
simple, cheap and green manner. The product, which solidified
from the system in a few minutes, was filtered and did not need
to be purified. When we reduced the amount of the catalyst
[C4dabco][BF4], the reactions needed more time to finish, but
the yields were also very high (Entries 9 and 10, Table 1).

We also used the catalyst [C4dabco][BF4] to promote the
condensation under solvent free conditions. We found that the
product 3a was formed in high yields when 5 mol% and 1%
catalyst were used (Entries 11 and 12, Table 1). When we reduced

the amount of the catalyst [C4dabco][BF4] to 0.2 mol%, the
reaction mixture solidified in 15 h with 73% yield (Entry 13,
Table 1). The product was obtained with very low yield when no
catalyst was added (Entry 14, Table 1).

This shows that, (1) all the DABCO-base ILs can very
efficiently catalyze the Knoevenagel condensation, even when
0.2 mol% of the catalyst was used; (2) when the catalysts with
aliphatic substituents had less hindrance, or the anions in the ILs
had weaker ionicity, the reaction would proceed more efficiently.

Next, the Knoevenagel condensation reactions of vari-
ous aldehydes, including aromatic/aliphatic/heterocyclic/a, b-
unsaturated aldehydes, and cyclic and acyclic ketones, were
also examined in the presence of [C4dabco][BF4] (15 mol%)
in water with active methylene compounds, and the products
were isolated all in excellent yields (>90% yield)(Table 2). The
reaction is highly stereoselective with only an E-geometry.

Table 2 Knoevenagel condensations catalyzed by [C4dabco][BF4]a

Entry 1 E Product Time/min Yield [%]b

1 CN 3a < 1 100

2 CN 3b 2 95

3 CN 3c < 1 100

4 CN 3d 2 100

5 CN 3e 10 97

6 CN 3f < 1 100

7 CN 3g 1 98

8 CN 3h 2 100

9 CN 3i 1 97

10 CN 3j 15 91

This journal is © The Royal Society of Chemistry 2010 Green Chem., 2010, 12, 514–517 | 515
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Table 2 (Contd.)

Entry 1 E Product Time/min Yield [%]b

11 CN 3k 2 100

12 CN 3l 9 93

13 CN 3m 2 95

14 CO2Et 3n 2d 94

15 CO2Et 3n 40c 96

16 CO2Et 3o 4 96

17 CO2Et 3p 5 90

a Reaction conditions: carbonyl compound (0.5 mmol), active methylene
compound (0.5 mmol), catalyst [C4dabco][BF4](19 mg, 15 mol%),
water (0.5 mL), room temperature. b Isolated yield of product. c The
Knoevenagel condensation reaction was made at 100 ◦C.

Compared to the Knoevenagel reactions of malononitrile with
aromatic aldehydes, the reactions of ethyl cyanoacetate with
the same aromatic aldehydes needed more time. Because the
electron-withdrawing ability of the CN group is stronger than
that of the carbonyl or carboxylic group, the methylene group
of malononitrile is more activated than ethyl cyanoacetate,
and readily reacts with aromatic aldehydes. If the reactions of
aldehydes with ethyl cyanoacetate were carried out at 100 ◦C,
the Knoevenagel condensations were also very fast (Entry 15,
Table 2).

We examined the recyclability of the catalyst. Once product 3a
had been filtered from the mixture, more water was evaporated
from the IL [C4dabco][BF4] under vacuum, and the catalyst was
reused for the same reaction. The catalyst showed no substantial
reduction in activity even after the seventh run. All reactions
were completed in 1–2 min and afforded yields of 92–100%,
with no apparent tendency to decline (Table 3).

We have developed an improved process which offered several
advantages over this procedure. In this process, after stirring for
a few minutes, the product solidified from the mixture, which was
filtered and did not need to be purified. The catalyst was an ionic
liquid, which was easily recovered and could be reused more
than six times. Water as solvent in the reaction made the process
very cheap and green. This is a simpler and very mild reaction,

Table 3 Recycling of the catalyst [C4dabco][BF4] in the Knoevenagel
condensation reaction between benzaldehyde and malononitrilea

Run Time/min Yield (%)b

1 < 1 100
2 1 95
3 2 95
4 2 96
5 1 92
6 2 95
7 2 94

a Reaction conditions: benzaldehyde (0.5 mmol), malononitrile
(0.5 mmol), catalyst ([C4dabco][BF4], 15 mol%), water (0.5 mL), room
temperature. b Isolated yield of product.

which is readily amenable to large-scale synthesis. Using this
procedure, we tried this reaction out on a one-mol scale, and
145 g of 3a were prepared in 94% yield. This is therefore an easy
access to these substituted electrophilic alkenes on a large scale,
using DABCO-base ILs as catalysts.

Conclusions

In summary, it was demonstrated that the readily available, eco-
nomic DABCO-base ILs could behave as recyclable catalysts for
the Knoevenagel condensation reaction of a broad range of alde-
hydes (aromatic/aliphatic/heterocyclic/a,b-unsaturated) and
ketones with active methylene compounds, offering excellent
yields in short times. The reactions, using water as solvent,
allowed Knoevenagel condensation reactions to be performed
in a very simple, clean and green manner. The products, which
solidified from the system in a few minutes, did not need to be
purified. What is more, only the E-isomers were detected. The
catalysts can be recycled many times without activity loss. It is a
simple route to large scale synthesis of substituted electrophilic
alkenes. We believe that this new synthetic method reported here
would greatly contribute to environmentally greener and safer
processes.

Experimental

Preparation of the catalyst 1-ethyl-4-aza-1-azoniabicyclo[2.2.2]-
octane tetrafluoroborate ([C2dabco][BF4])

To a solution of 1-ethyl-4-aza-1-azoniabicyclo[2.2.2]octane bro-
mide (1.78 g, 8.1 mmol) in ethanol (50 mL) was added
freshly prepared silver tetrafluoroborate (1.57 g, 8.1 mmol).
The mixture was stirred at room temperature for 30 min, then
the precipitate was removed by filtration, and the resulting
colourless solution was evaporated at reduced pressure (50 ◦C) to
give [C2dabco][BF4] (1.72 g, 93%). 1H NMR (300 MHz, D2O): d
1.19-1.26 (m, 3H), 3.1 (t, 6H, J = 7.6 Hz), 3.19-3.29 (m, 8H); 13C
NMR (75 MHz, D2O): d 6.75 (CH3), 44.20 (CH2), 51.56 (NCH2),
60.03 (N+CH2); Anal. Calcd. for C8H17BF4N2: C, 42.14; H, 7.51;
N, 12.28. Found C, 42.23; H, 7.48; N, 12.34.

516 | Green Chem., 2010, 12, 514–517 This journal is © The Royal Society of Chemistry 2010
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Preparation of the catalyst 1-butyl-4-aza-1-azoniabicyclo[2.2.2]-
octane tetrafluoroborate ([C4dabco][BF4])

[C4dabco][BF4] was prepared as per our general procedure. 1H
NMR (300 MHz, D2O): d 0.82 (t, 3H, J = 7.5 Hz), 1.21-1.38
(m, 2H), 1.55-1.66 (m, 2H), 3.05-3.15 (m, 8H), 3.27 (t, 6H, J =
7.6 Hz); 13C NMR (75 MHz, D2O): d 12.76 (CH3), 19.14 (CH2),
23.12 (CH2), 44.18 (CH2), 52.03(NCH2), 64.48 (N+CH2); Anal.
Calcd. for C10H21BF4N2: C, 46.90; H, 8.27; N, 10.94. Found C,
47.17; H, 8.12; N, 10.98.

General procedure for Knoevenagel condensation

A 5-mL round bottomed flask was charged with the carbonyl
compound (0.5 mmol), active methylene compound (0.5 mmol),
ionic liquid catalyst [C4dabco][BF4] (19 mg, 15 mol% of the
substrates) and water (0.5 mL). The reaction mixture was
stirred at the room temperature. The formation of the products
was monitored by TLC. After completion of the reaction, the
reaction mixture often solidified in the round bottomed flask.
The solid mixture was filtered and washed with cold water (5 mL)
to remove the catalyst, and then dried to obtain the products.
In general, no further purification method was required. All the
products were previously reported and were characterized by
melting point determination and 1H NMR spectroscopy. The
ionic liquid catalysts were recovered by removing the water of
the filtrate and reused in the reaction for seven times. In the
case of liquid products, GC was used for yield determination.
Selected data for typical compounds are given below.

2-(Phenylmethylene)malononitrile (3a). White solid, (78 mg,
100%). M.p. 83–84 ◦C. 1H NMR (400 MHz, CDCl3): d 7.54 (2H,
t, J = 8.0 Hz, ArH), 7.63 (1H, t, J = 7.6 Hz, ArH), 7.79 (1H, s,
ArH), 7.91 (2H, d, J = 7.6 Hz, ArH).

2-(4-Methylphenylmethylene)malononitrile (3b). White
solid, (84 mg, 95%). M.p. 133–134 ◦C. 1H NMR (400 MHz,
CDCl3): d 2.46 (2H, s, CH3), 7.34 (2H, d, J = 8.0 Hz, ArH),
7.22 (1H, s, ArH), 7.81 (2H, d, J = 8.0 Hz, ArH).

2-(2-Furylmethylene)malononitrile (3f). Red solid, (72 mg,
100%). M.p. 68–69 ◦C. 1H NMR (400 MHz, CDCl3): d 6.72
(1H, dd, J1 = 1.6 Hz, J2 = 3.6 Hz), 7.36 (1H, d, J = 3.6 Hz),
7.53 (1H, s, CH=), 7.81 (1H, d, J = 1.2 Hz).

2-(Cyclohexylidene)malononitrile (3k). Colourless liquid,
(73 mg, 100%). 1H NMR (400 MHz, CDCl3): d 1.66–1.73 (2H,
m), 1.78-1.84 (4H, m), 2.66 (4H, t, J = 6.0 Hz).

2-(Butan-2-ylidene)malononitrile (3l). colourless liquid
(56 mg, 93%). 1H NMR (400 MHz, CDCl3): d 1.21 (3H, t, J =
7.6 Hz, CH2CH3), 2.29 (3H, s, CCH3), 2.62 (2H, q, J = 7.6 Hz,
CH2CH3).

(E)-ethyl-3-phenyl-2-cyanoacrylate (3n). white solid, (95 mg,
94%). M.p. 48–49 ◦C. 1H NMR (400 MHz, CDCl3): d 1.39 (3H,
t, J = 7.2 Hz, CH3), 4.38 (2H, q, J = 6.8 Hz, CH2), 7.40-7.55
(3H, m, ArH), 7.88-7.95 (2H, m, ArH), 8.21 (1H, s, ArH).

(E)-ethyl-3-(3-nitrophenyl)-2-cyanoacrylate (3p). Orange
solid, (111 mg, 90%). M.p. 166–168 ◦C. 1H NMR (400 MHz,

CDCl3): d 1.42 (3H, t, J = 7.2 Hz, CH3), 4.42 (2H, q, J =
7.2 Hz, CH2), 7.75 (1H, t, J = 8.0 Hz, ArH), 8.31 (1H, s, CH=),
8.39-8.43 (2H, m, ArH), 8.70 (1H, s, ArH).
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This journal is © The Royal Society of Chemistry 2010 Green Chem., 2010, 12, 514–517 | 517
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www.rsc.org/medchemcomm
Registered Charity Number 207890

A new, peer-reviewed journal publishing medicinal chemistry research, 
including new studies related to biologically-active chemical or 
biochemical entities that can act as pharmacological agents with 
therapeutic potential or relevance. 

The journal will publish monthly issues from mid 2010 and will contain a 
mix of vibrant and concise research and review articles. MedChemComm 
will complement the existing RSC Publishing portfolio of bioscience 
journals, providing authors in the field with a dedicated subject-specific 
publication.

From launch, the current issue of MedChemComm will be freely available to 
all readers via the website. Free institutional online access to all 2010/2011 
content will be available following a simple registration process at  
www.rsc.org/medchemcomm_registration

Co-Editor-in-Chief: Dr Anthony Wood, Pfizer, UK

Co-Editor-in-Chief: Professor Gregory Verdine, Harvard University, USA

MedChemComm

Sign up for free access today!

A new journal from RSC Publishing
Launching mid 2010

Rapid communication of research 
in medicinal chemistry

Official journal of:
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www.rsc.org/greenchem
Registered Charity Number 207890

‘Green Chemistry book of choice’
Why not take advantage of free book chapters from the RSC? 
Through our ‘Green Chemistry book of choice’ scheme Green 
Chemistry will regularly highlight a book from the RSC eBook 
Collection relevant to your research interests.  Read the latest 
chapter today by visiting the Green Chemistry website.
			 
The RSC eBook Collection offers:

	 Over 900 new and existing books

	 Fully searchable

	 Unlimited access

Why not take a look today? Go online to find out more!
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www.rsc.org/obc
Registered Charity Number 207890

Organic & Biomolecular Chemistry…
OBC has achieved tremendous success since the first issue was 
published in January 2003. Can any other ‘young’ journal boast 
such highly cited papers, published quickly after independent 
peer review to such exacting standards? 

	 A leading journal in the field

	 High impact factor 3.550*

	� Short publication times

	� World renowned editorial board 

… high quality -  high impact!
* 2008 Thomson Scientific (ISI) Journal Citation Reports ®
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www.rsc.org/npr
Registered Charity Number 207890

Stimulating reviews on 
natural products and
related areas 

 Impact factor 7.450*
 High visibility – cited in MEDLINE
 Hot o�  the Press literature highlights 

published in each issue for the bene� t 
of the community

Natural Product Reports publishes highlights 
(topical areas of interest) and reviews 

in key areas including: bioorganic 
chemistry, chemical biology, 

chemical ecology and 
carbohydrates

*2008 Thomson Scienti� c (ISI) Journal Citation Reports ®
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www.molecularbiosystems.org
Registered Charity Number 207890

*2008 Thomson Scientific (ISI) Journal Citation Reports ®

 IMPACT FACTOR

 4.236*

	 High impact, high visibility

	 Fast publication times (average 80 days from receipt)

	 Enhanced HTML articles, including:

	 –	� Hyperlinked compound information, including 
downloadable structures in text

 	 –	� Gene, Sequence and Cell Ontology terms linked to 
definitions and related articles

 	 –	 IUPAC Gold Book terms linked
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Research at the interface between 
chemistry, the –omic sciences and 
systems biology

D
ow

nl
oa

de
d 

on
 3

0 
O

ct
ob

er
 2

01
0

Pu
bl

is
he

d 
on

 1
0 

M
ar

ch
 2

01
0 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
00

34
43

F
View Online

http://dx.doi.org/10.1039/C003443F


Cutting-edge research for a greener sustainable future

ChemComm, a leading weekly international journal for the publication of 
communications on important new developments, supplies a vibrant blend 
of high quality research from across the chemical sciences.

With rapid publication times, a rigorous peer review process 

and our highest ever impact factor of 5.340,* ChemComm 

has high visibility (indexed in MEDLINE) and is the perfect 

choice for work that commands universal respect.

Offering the flexibility of a 3 page communication limit 

and additional unique features such as html enhancement 

with RSC Prospect (www.projectprospect.org), ChemComm 

celebrates more than 40 years of publishing excellence with 

a service that’s out of this world.
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As featured in:

See Ohad Bukelman, Neri Amara, Roi 
Mashiach, Pnina Krief, Michael M. Meijler 
and Lital Alfonta, Chem. Commun., 2009, 
2836.

www.rsc.org/chemcomm
Registered Charity Number 207890

We are studying quorum sensing and quorum sensing inhibition 
by analysis of biofilm forming bacteria on the surface of electrodes. 
We follow the formation or inhibition of biofilm and measure 
the generation of redox active virulence factors, by various 
electrochemical techniques such as: cyclic voltammetry, differential 
pulse voltammetry and Faradaic impedance spectroscopy. 

Title: Electrochemical Studies of Biofilm Formation and Inhibition

Showcasing collaborative research from the Michael 
M. Meijler and Lital Alfonta laboratories, Ben-Gurion 
University of the Negev, Be’er-Sheva, Israel.
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Make an impact!
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ISSN 1463-9262

Cutting-edge research for a greener sustainable future

www.rsc.org/journals
Registered Charity Number 207890

Free institutional access, managed by IP address, is available on all these titles.  
For more details, and to register, visit www.rsc.org/free_access_registration

New for 2010

Chemical Science - a new journal presenting findings of exceptional significance from across the chemical 
sciences. www.rsc.org/chemicalscience

MedChemComm - focusing on medicinal chemistry research, including new studies related to 
biologically-active chemical or biochemical entities that can act as pharmacological agents with therapeutic 
potential or relevance. www.rsc.org/medchemcomm

Polymer Chemistry - publishing advances in polymer chemistry covering all aspects of synthetic and 
biological macromolecules, and related emerging areas. www.rsc.org/polymers

New for 2009 

Analytical Methods - highlights new and improved methods for the practical application of analytical 
science. This monthly journal will communicate research in the advancement of analytical techniques for use 
by the wider scientific community. www.rsc.org/methods

Integrative Biology - focusing on quantitative multi-scale biology using enabling technologies and tools to 
exploit the convergence of biology with physics, chemistry, engineering, imaging and informatics.  
www.rsc.org/ibiology

Metallomics - covering the research fields related to metals in biological, environmental and clinical systems. 
www.rsc.org/metallomics

Nanoscale - publishing experimental and theoretical work across the breadth of nanoscience and 
nanotechnology. www.rsc.org/nanoscale

Top science …free institutional access
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