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

Introduction of chiral
information into chemical
reactions via chiral reaction
media/catalysts and chiral
crystals

The introduction of chiral information

into a chemical compound can be

accomplished in several ways, e.g. by

using chiral reactants. Another common

alternative is the use of chiral catalysts.

Examples in which the chiral information

is introduced by a chiral reaction

medium have been reported, however

enantioselectivities have remained

moderate until now. Very recently three

different groups have independently

reported approaches in which chiral

reaction media and chiral crystals were

successfully used for chirality transfer.

The approaches differ in certain details,

but were all highly successful in terms of

the enantioselectivities obtained: (1) Luo

and Cheng from the Chinese Academy of

Sciences, Beijing and Nankai University

(Tianjin) focused on chiral ionic liquids,

which accomplished the role of both

catalyst and reaction medium in Michael

additions.1 (2) Leitner et al. from RWTH

Aachen successfully proved that for aza-

Baylis–Hillman reactions, achiral reac-

tants are transformed to chiral products

by achiral catalysts in high enantioselec-

tivities when the reaction is carried out in

a chiral ionic liquid.2 (3) Soai et al. from

the Tokyo University of Science used

chiral one-component single-crystals of

hippuric acid to mediate, highly enantio-

selectively, the asymmetric autocatalytic

addition of diisopropyl zinc to pyrimi-

dine-5-carbaldehyde.3

(1) Ionic liquids (ILs), which have

received considerable attention in recent

years due to their unique physico-chemi-

cal properties, can be functionalized

synthetically to yield novel ILs with

chiral cations. The functionalization

offers the possibility of introducing

catalytically competent moieties. Luo

and Cheng reasoned that by covalently

binding a pyrrolidine substituent to the

commonly used imidazolium ring, chiral

ILs should result which show catalytic

activity in Michael addtions. To prove

the concept the authors synthesized a

variety of ILs consisting of the four

different cations shown below.

The Michael addition of cyclohexa-

none and trans-b-nitrostyrene was

chosen as a test reaction, and interest-

ingly the obtained syn/anti ratios varied

between 94 : 6 and 99 : 1, while ee values

ranged between 82 and 99%. Among all

ILs investigated the combination of

cation 1 with either bromide or tetra-

fluoroborate as the anion turned out to

perform best, while the introduction of

methyl groups or alcoholic side chains

reduced the ee values and the yields

substantially, as did the use of PF6
2 as

the anion. Small amounts of trifluoro-

acetic acid were needed to obtain high

yields, however.

(2) In contrast to the approach out-

lined above, chirality transfer by a chiral

IL is also possible when achiral reactants

and achiral catalysts are used. Leitner

et al. investigated aza-Baylis–Hillman

reactions of imines with activated

alkenes, as the reaction products are

interesting highly functionalized chiral

allyl amines. A variety of phosphines

catalyze the reaction. From mechanistic

considerations this reaction should be

influenced strongly by Brønsted acidic

sites as well as electrostatic interactions,

which makes it a useful test case to

investigate if chiral ILs bearing Brønsted

acid sites can induce a significant

enantiomeric excess in the reaction pro-

duct. For this purpose three new anion

chiral ILs (1, 2, 3) were synthesized and

tested as reaction media in the aza-

Baylis–Hillman reaction.

When the reaction was carried out

in IL 1 (4 independently synthesized

samples of 1 were tested) the product

was obtained with conversions in the 35

to 40% range and ee values between

71 and 84%, clearly demonstrating a

significant chiral induction. ILs 2 and 3

yielded lower conversion (ca. 15%) and

racemic product, proving the necessity

of a Brønsted acid site for high enantio-

selectivites. Also, dilution of 1 (and

some of its chiral predecessors during

synthesis) with conventional solvents,

such as THF or CH2Cl2, yielded only

small amounts of racemic product, which

indicates that 1 needs to be employed as

HIGHLIGHT www.rsc.org/greenchem | Green Chemistry
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the sole reaction medium for obtaining

reasonable conversions and enantiomeric

excesses.

(3) Achiral organic compounds can

crystallize in chiral space groups generat-

ing enantiomorphous crystals, which can

be used to introduce chiral information

into a chemical reaction. Soai et al.

reported very recently that hippuric acid,

1, forms enantiomorphic crystals, which

can be used to induce chirality in the

addition of diisopropyl zinc to pyrimi-

dine-5-carbaldehyde 2. The enantio-

morphic single crystals can be

distinguished by solid state circular

dichroism with the two enantiomorphic

forms exhibiting positive and negative

Cotton effects, respectively.

When either one of the enantio-

morphic forms was powdered and intro-

duced into reaction mixtures of i-Pr2Zn,

3 and 2, the corresponding alcohol, 4,

was obtained in 88% yield and 73% ee

((S)-4) when crystals with a positive

Cotton effect were used, while those with

a negative Cotton effect gave (R)-4 with

89% yield and 89% ee. The initial

reaction proceeds on the chiral surface

of the crystals present and subsequently

leads to amplification of chiral excess by

asymmetric autocatalysis.

Production of linear n-alkanes
via catalytic
dehydrogenation–metathesis–
hydrogenation catalysis

Liquid hydrocarbons can be made from

CO/H2 using Fischer–Tropsch chemistry,

which might witness increasing interest in

the future as oil reserves decrease. The

reason behind this is that alkanes con-

stitute, to a very high degree, classical

transportation fuels. However, Fischer–

Tropsch syntheses do not yield alkane

mixtures with the narrow molecular

weight distribution desired for many

applications; and as there is presently

no elaborated technique for the transfor-

mation of low molecular weight alkanes

into their counterparts with higher

molecular weights, Goldman (Rutgers

University) and Brookhart et al.

(University of North Carolina, Chapel

Hill) took up the challenge and investi-

gated two-component homogeneous

catalyst systems for the sequential

dehydrogenation–metathesis–hydrogena-

tion of alkanes.4 The idea is that a

suitable dehydrogenation catalyst can

transform an alkane to a terminal alkene,

which undergoes metathesis in the pre-

sence of a second catalyst yielding

ethylene and the corresponding internal

alkene, both of which are then hydro-

genated again by the first catalyst.

Dehydrogenation–hydrogenation cat-

alysts 1 and 2 proved to be successful

for this concept when used together with

metathesis catalyst 3. Upon heating an

n-hexane solution to 125 uC for 24 h

the authors found a complex product

mixture consisting of C2 to C15 n-alkanes

with a concentration in the C2 to C5 and

C7 to C10 range. Not only is the catalyst

system useful for disproportionation, it

also proved efficient in comproportiona-

tions, as shown by the reaction of a

mixture of n-hexane and n-eicosane,

yielding products in the C2 to C38 range,

the major product fractions being again

in the C2 to C5 and in the C7 to C10

range. However, C11 to C14 and C15 to

C19 products also were present in sig-

nificant amounts. As the authors experi-

enced deactivation issues with the

metathesis catalyst 3, they investigated

an alternative catalyst system comprised

of the iridium catalyst and heterogeneous

catalyst Re2O7/Al2O3, which also proved

effective for the reaction. After nine days

at 175 uC the product mixture consisted

of C2 to C30 alkanes with an approxi-

mately Gaussian product distribution

centred at C10.
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Ionic liquids (ILs) containing a range of 1-alkyl-3-methyl-

imidazolium cations and various anions affect papain’s catalytic

performance and thermostability in a manner that correlates

closely with the effects of the ILs on the conformation of the

enzyme as assessed by using ATR-FTIR and fluorescence

techniques.

The use of ILs as novel solvents or co-solvents for organic

synthesis or biocatalytic transformations has received considerable

interest.1 Following pioneering work by Erbeldinger et al.,2

enzymes of widely different types have been demonstrated to be

active in systems containing ILs, in some cases showing compar-

able or higher activity, selectivity and stability than in organic

solvents.3 It is therefore surprising that the influence of ILs on

enzyme structure has only recently become a focus of study.

Spectroscopic techniques (especially fluorescence, circular dichro-

ism and Fourier transform infrared analysis) that can be employed

for conformational characterisation of proteins and to study

stabilization or denaturation of enzymes4 have recently been used

to correlate changes in the stability and activity of monellin,5

Candida antarctica lipase B,6 a-chymotrypsin,7 cytochrome c8 and

cellulase9 with their secondary structure in IL-containing systems.

Here, papain from Papaya latex (EC 3.4.22.2) was chosen for

study because of its well-characterized molecular structure and

wide applications.10 Single pass attenuated total reflection Fourier

transform infrared (ATR-FTIR) and fluorescence techniques

were applied to monitor its conformation in systems involving

various ILs.

Papain (>98% purity) was purchased as lyophilized powder

from Sigma (USA) and was further purified by a Sephadex G-100

column (50 cm 6 2.5 cm) to become electrophoretically pure

before being used for spectroscopic analysis. Papain-mediated

asymmetric hydrolysis of D,L-p-hydroxyphenylglycine methyl ester

(D,L-HPGME) was selected as the model reaction owing to its

potential application for preparing enantiopure p-hydroxyphenyl-

glycine,11 a key building block in the manufacture of semisynthetic

antibiotics.12 The nine ILs (1–9, refer to Table 1; >96% purity)

used in this study, kindly donated by Dr Xue-Hui Li (Department

of Chemical Engineering, South China University of Technology,

China), are based on the 1-alkyl-3-methylimidazolium cation

(CnMIm+, n = 2–6) combined with the anions BF4
2, HSO4

2, Cl2,

NO3
2, or CH3COO2. The ILs were further purified according to a

published purification procedure13 by filtration through silica gel

to remove halides and washing with sodium carbonate to remove

acidic impurities prior to use. These ILs are miscible with water in

all proportions, and were used as co-solvents with phosphate

buffer (50 mM, pH 7.0). The apparent pH of the co-solvent system

was measured at various concentrations of each IL used. When

CnMIm?BF4 (n = 2–6) content was above 30% (v/v, by volume),

the pH of the mixed solvent was clearly lowered with increasing

concentration of the IL. No appreciable variation of the pH,

however, was observed in the cases where CnMIm?BF4 (n = 2–6)

concentration was below 20% (v/v), which is in good accordance

with our previous observations.11,14 Similarly, when the

concentration of C4MIm?HSO4, C4MIm?Cl, C4MIm?NO3 or

C4MIm?CH3COO present in the mixed solvent was ¡15% (v/v),

the pH was hardly affected by the ILs. Thus, the effect of different

ILs on papain was determined in the presence of 15% (v/v) content

of each IL examined (unless specified otherwise).

Many reports show that the effects of various ILs on enzymatic

reactions vary widely and unpredictably.15 Our use of systems

involving various ILs allowed us to focus on the influence of the

cations and anions of the IL on the catalytic performance and

conformation of papain in a range of IL systems containing

CnMIm+ cations. In the case of CnMIm?BF4 (n = 2–6), both the

hydrophobicity and viscosity of the IL increase with increasing

length of the alkyl group (i.e. length of C-chain) attached to the

cation, while the polarity decreases to some extent.16 Papain-

mediated hydrolysis of D,L-HPGME became slower and more

enantioselective {expressed in terms of the enantiomeric ratio

(E-value)17 unless specified otherwise} with the length of C-chain

attached to the cation in CnMIm?BF4 (n = 2–6) (Table 1). In

comparison with aqueous phosphate buffer (50 mM, pH 7.0),

comparable or higher activity and enantioselectivity exhibited by

papain were obtained in the CnMIm?BF4 (n = 2–6)-based systems,

while activity and enantioselectivity were lower in systems

involving C4MIm?HSO4, C4MIm?Cl, C4MIm?NO3 or C4MIm?

CH3COO (Table 1). The results suggest that the IL anion may be

more crucial in determining the activity and enantioselectivity of

the enzyme than the length of the alkyl chain on the cation. One

possible explanation for this is that the enzyme-compatible anions

show lower hydrogen bond basicity, which may minimize

interference with the internal hydrogen bonds of the enzyme.18

Consistent with this notion, the enzyme has low activity in

C4MIm?Cl, C4MIm?NO3, C4MIm?CH3COO and C4MIm?HSO4,

all of which have high hydrogen-bond basicity. BF4
2, on the other

aLaboratory of Applied Biocatalysis, South China University of
Technology, Guangzhou, 510640, China. E-mail: wylou@scut.edu.cn;
btmhzong@scut.edu.cn; Fax: +86 20-2223-6669; Tel: +86 20-8711-1452
bThe State Key Laboratory of Bioreactor Engineering, East China
University of Science and Technology, Shanghai, 200237, China
cBiomedical Research Centre, Sheffield Hallam University, Owen
Building, Howard Street, Sheffield, UK S1 1WB.
E-mail: t.j.smith@shu.ac.uk
{ Electronic supplementary information (ESI) available: Experimental
section. See DOI: 10.1039/b600930a
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hand, spreads its negative charge over four fluorine atoms and thus

weakens the hydrogen bond basicity of CnMIm?BF4 (n = 2–6),

which accordingly afford high enzyme activities (Table 1). Another

important factor may be that the enzyme-compatible anion BF4
2

exhibits lower nucleophilicity than the other anions tested and thus

may show a lower tendency to induce conformational changes by

interacting with positively charged sites on the enzyme.6 It is

interesting that there was a negative correlation between activity

and selectivity when the C-chain length in CnMIm?BF4 (n = 2–6)

was varied (Table 1; ILs 1–5), but a positive correlation between

activity and selectivity when the anions were changed (Table 1;

ILs 6–9). The reasons for this phenomenon are the subject of

ongoing investigation in our laboratory.

In the systems containing the above-mentioned ILs, the

enzymatic hydrolysis was regarded as a monosubstrate reaction

since water was in great excess, and was found to follow

Michaelis–Menten kinetics. The apparent Km and Vmax values of

the reactions conducted in different media are presented in Table 1.

With respect to CnMIm?BF4 (n = 2–6), Km increased and Vmax

decreased with increasing length of C-chain, indicating a positive

correlation between the affinity of papain towards the substrate

and the polarity of the IL. Low Vmax and high Km values with the

IL anions other than BF4
2 were consistent with the overall activity

results (Table 1).

Second derivative ATR-FTIR spectra in the amide I region of

papain were used as a particularly sensitive probe of protein

conformation.8,19 In spite of some spectral variations it can be

observed that the protein shows similar patterns of bands in the

systems containing CnMIm?BF4 (n = 2–6) (Fig. 1, curves 1–5) and

in the aqueous phosphate buffer (50 mM, pH 7.0) control system,

Table 1 The catalytic performance exhibited by papain in different mediaa

Medium IL numberb Activity/mmol min21 Selectivity (E-value)c Km
d/mM Vmax

d/mmol min21

C2MIm?BF4 1 1.4 34 16 1.6
C3MIm?BF4 2 1.3 52 17 1.5
C4MIm?BF4 3 1.2 99 18 1.4
C5MIm?BF4 4 1.0 109 23 1.2
C6MIm?BF4 5 0.8 118 36 1.0
C4MIm?HSO4 6 0.1 1 18 0.2
C4MIm?Cl 7 0.3 7 19 0.4
C4MIm?NO3 8 0.4 11 20 0.5
C4MIm?CH3COO 9 0.6 23 23 0.7
Aqueous buffer 0.8 42 35 1.0
a The full experimental details are available as ESI{. b 1: 1-Ethyl-3-methylimidazolium tetrafluorobrate (C2MIm?BF4); 2: 1-propyl-3-methyl-
imidazolium tetrafluorobrate (C3MIm?BF4); 3: 1-butyl-3-methylimidazolium tetrafluorobrate (C4MIm?BF4); 4: 1-amyl-3-methylimidazolium
tetrafluorobrate (C5MIm?BF4); 5: 1-hexyl-3-methylimidazolium tetrafluorobrate (C6MIm?BF4); 6: 1-butyl-3-methylimidazolium bisulfate
(C4MIm?HSO4); 7: 1-butyl-3-methylimidazolium chloride (C4MIm?Cl); 8: 1-butyl-3-methylimidazolium nitrate (C4MIm?NO3); 9: 1-butyl-3-
methylimidazolium acetate (C4MIm?CH3COO). c Enantiomeric ratio was calculated from the following equation: E-value = ln[(1 2 C)(1 2
ees)]/ln[(1 2 C)(1 + ees)], C: substrate conversion, ees: enantiomeric excess of remaining substrate.17 d The apparent kinetic parameters
(Km, Vmax) were estimated as described in the ESI{. Each experiment was conducted at least in duplicate and the average variation in each
parameter was less than 0.6%.

Fig. 1 Comparison of the second derivative ATR-FTIR spectra in the amide I region of papain in the systems involving ILs 1–9 (blue curves) and the

aqueous buffer control (red curve)
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suggesting that papain is in a near native conformation in all these

systems. In particular, the key peaks at around 1624, 1655 and

1672 cm21 (typically assigned to b-turn, a-helix and b-sheet,

respectively) are generally retained in the CnMIm?BF4 (n = 2–6)-

containing systems, in agreement with the fact that papain displays

high activity in the systems involving these ILs. Additionally, it is

notable that, although the a-helix structure was partially unfolded

in the CnMIm?BF4 (n = 2–6)-containing systems, both b-turns and

b-sheets clearly increased, possibly resulting in a more compact

and stable enzyme conformation capable of exhibiting catalytic

activity.6,7 As predicted, the second derivative spectra in the

systems involving C4MIm?Cl, C4MIm?NO3, C4MIm?CH3COO

and especially C4MIm?HSO4 (Fig. 1) were greatly different from

the buffer control. The complete absence of a-helix peak at

1655 cm21 and the presence of two strong peaks at 1643 and

1660 cm21, which could be assigned to random coil structure and

non-hydrogen-bonded carbonyls of b-turn, were observed in

the system containing C4MIm?HSO4, which gave the most non-

native spectrum. In the case of C4MIm?Cl, C4MIm?NO3 or

C4MIm?CH3COO, the peaks at around 1692, 1681 or 1686 cm21,

typically assigned to random coil conformations, greatly increased,

but a-helix content at 1655 cm21 was clearly reduced. The extent

of perturbation of secondary structure was consistent with the

losses of the activity observed (Table 1).

For proteins such as papain that contain fluorophore residues

(e.g., Trp, Tyr or Phe), structural variations can be reflected by

changes in the maximal intensity of fluorescence (Imax) and the

maximal emission wavelength (lmax), both of which result from

altered polarity of the microenvironment of these residues. Upon

selective excitation of Trp residues at 285 nm, the intrinsic

fluorescence spectrum of the enzyme exhibited a lmax of 339 nm in

the aqueous phosphate buffer (50 mM, pH 7.0) control (Fig. 2),

which was blueshifted in the systems involving CnMIm?BF4

(n = 2–6), whilst Imax decreased (Fig. 2, curves 1–5). The blueshift

fluorescence in lmax can be attributed to conformational changes

in the vicinity of two surface-exposed tryptophans (Trp-33 and

Trp-42),20 presumably owing to internalization in a more hydro-

phobic environment caused by the ILs CnMIm?BF4 (n = 2–6). A

similar blueshift fluorescence has been previously reported for

glucose isomerase.21 Conversely, lmax was redshifted in the IL-

containing systems involving the anions HSO4
2, Cl2, NO3

2 and

CH3COO2 (Fig. 2, curves 6–9), suggesting substantial unfolding

of the protein. This might be explained by the fact that the four ILs

contain strong nucleophilic anions that interact readily with

positively charged sites on the enzyme, allowing the breakage of

internal hydrogen bonds or the formation of new hydrogen bonds

that perturb the structure. Furthermore, owing to its relatively

strong acidity C4MIm?HSO4 could give rise to the breakage of the

disulfide bond between Cys-56 and Cys-95 located in the helical

domain of the papain molecule22 and concomitant denaturation of

the protein. Consistent with this theory, C4MIm?HSO4 appears to

reduce the amount of a-helix in the protein (Fig. 1, curve 6). This

unfolding may also impact on Trp-177, which is in close proximity

(through space) to the helical domain.19,21

In fluorescence studies, the spectral changes associated with

protein unfolding also provide information about enzyme stability.

Generally, a red shift of lmax in an aqueous system corresponds

to unfolding of the enzyme, which enhances the exposure of

Trp residues to the bulk solvent.5,7,19,21 Hence, a comparison as a

function of temperature (30–95 uC) was made between activity loss

profiles and changes in the lmax of papain in the IL-containing

systems, in order to further understand the structure–function

relationships of the enzyme in each reaction medium. In all cases,

the lmax was redshifted with increasing temperature due to the

unfolding of the enzyme, which corresponded to the observed

decrease in the residual activity (Fig. S1 in ESI{). There was a clear

correlation between enzyme stabilization and blueshifting of the

lmax temperature profile and between enzyme destabilization and

redshifting of the lmax temperature profile. The striking stabiliza-

tion of papain by CnMIm?BF4 (n = 2–6) seems to be directly

correlated with the observed evolution of a-helix to b-turn and

b-sheet secondary structure of the enzyme (Fig. 1), leading to a

more compact and stable enzyme conformation.

Additionally, IL concentration in the mixed solvent showed a

substantial effect on the stability of papain. Papain’s stability

increased with increasing content of the IL in the case of

CnMIm?BF4 (n = 2–6) and, conversely, decreased with increasing

content of C4MIm?HSO4, C4MIm?Cl, C4MIm?NO3 or C4MIm?

CH3COO in the reaction systems within the range (0y50%, v/v)

examined (Fig. S2 in ESI{). This clearly demonstrates that

CnMIm?BF4 (n = 2–6) markedly improves the stability of the

enzyme, but the presence of C4MIm?HSO4, C4MIm?Cl,

C4MIm?NO3 or C4MIm?CH3COO makes the enzyme less stable.

In summary, the nature of the cation and especially the anion

components of the ILs had a profound impact on the catalytic

performance and structure of papain. The enzyme was more native

in structure, active, enantioselective and stable in CnMIm?BF4 (n =

2–6)-containing systems. Conversely, it was less native in structure

and less active, enantioselective and stable in the systems involving

C4MIm?HSO4, C4MIm?Cl, C4MIm?NO3 or C4MIm?CH3COO.
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The sex pheromone of Lutzomyia longipalpis (Lapinha),

comprising the unusual homosesquiterpene, 9-methylgerma-

crene B, can be prepared by methylation and deoxygenation of

germacrone, the major constituent of Zdravets oil, the essential

oil of the renewable resource Geranium macrorrhizum.

The sandfly Lutzomyia longipalpis (Lutz and Neiva) (Diptera:

Psychodidae) is the vector of the causative agent of visceral

leishmaniasis in the New World.1 Female L. longipalpis are highly

attracted to leks of males that release a sex pheromone from glands

on the tergites of the abdomen.2 It is these females that vector the

parasite while biting to obtain a blood meal for development of her

eggs. Thus, by attracting females to lures containing the synthetic

sex pheromone there is potential to reduce infection rates in

humans. L. longipalpis is a species complex, and different

populations of L. longipalpis use separate male-produced sex

pheromones.3 In the Jacobina region of Brazil, the sex pheromone

has been identified as (1S,3S,7R)-3-methyl-a-himachalene, which

has been successfully synthesised by Mori et al.4,5 In the Lapinha

region of Brazil (Minas Gerais State) the sex pheromone has been

identified as (S)-9-methylgermacrene B [(S)-1].6 Whilst impressive

total syntheses of this material have also been achieved

racemically7 and enantiospecifically8 to verify the structure of the

pheromone, the large number of chemical tranformations (the

racemic synthesis comprises 13 steps) make this an unsuitable

method to obtain sufficient quantities of the pheromone for field

trials, or for the transfer of production technology to the

developing world areas where the pheromone can be deployed.

Our previous work has relied on renewable resources in order to

generate other semiochemicals. Using whole plants in the field,

molasses grass Melinis minutiflora produces (E)-4,8-dimethylnona-

1,3,7-triene, which is attractive to the stemborer parasitoid Cotesia

sesamiae,9 while other semiochemicals, the aphid sex pheromones

(4aS,7S,7aR)-nepetalactone and its chemically generated derivative

(1R,4aS,7S,7aR)-nepetalactol, are renewably resourced from the

catmint plant Nepeta cataria,10 which is now produced on a

commercial scale by Botanix Ltd (Kent).

The 10-membered ring structure of 9-methylgermacrene B (1) is

a synthetic challenge to construct11 but exists in the natural

product germacrone, produced in high concentration in Zdravets

oil, the essential oil of the cranesbill Geranium macrorrhizum

(Geraniaceae).12 G. macrorrhizum was grown by Botanix Ltd

(Kent), and the essential oil obtained by steam distillation. GC

analysis showed germacrone comprised 59% of the essential oil,

which is a production level high enough to make the plant useful

as a chemical factory for generating synthetic starting material.

Recrystallisation of the oil (60 g) in ethanol at 220 uC afforded

germacrone 2 [27.2 g, mp 52 uC (from EtOH)]. (S)-1 is a

biosynthetically unusual homosesquiterpene pheromone and

therefore requires introduction of an extra methyl group. The

enolate produced from germacrone is conjugated. However, the

conditions needed for highly regioselective a-methylation were

found to be HMPA complexation of the LDA-generated enolate

(Scheme 1). Removal of the ketone group was achieved by LiAlH4

reduction, acetylation and dissolving metal reduction. Standard

conditions for dissolving metal reduction (Li in NH3, 278 uC)

gave 9-methylgermacrene B (1) in only 4% yield by GC. The

products of the dissolving metal reduction of 5 were predominately

Rothamsted Research, Harpenden, Herts, AL5 2JQ, UK.
E-mail: john.pickett@bbsrc.ac.uk; Fax: +44 (0)1582 762595;
Tel: +44 (0)1582 763133

Scheme 1 Reagents and conditions: (i) recrystallisation from EtOH; (ii)

278 uC, 1.2 eq. LDA, 1.2 eq. HMPA, 5 eq. MeI, 54%; (iii) LiAlH4;

(iv) Ac2O, pyridine, DMAP, 93% (2 steps); (v) Li, HNEt2, 210 uC, 10% on

1 g scale.
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starting material and 4. Warming the reaction to 0 uC produced

more of the desired product but also a large number of byproducts

by GC. The best results came from using Li in Et2NH maintained

at 210 uC, producing 1 in 50% yield by GC. However, when the

reaction was scaled up from 100 mg of 5 to 0.5 g, the purified yield

was only 26%, and on a scale of 1 g or above the reaction proved

unreliable, with low purified yields of approximately 10%.{
A better method of deoxygenation was achieved by derivatising

4 as the methyl dithiocarbonate (6) followed by reduction with

tributyltin hydride (Scheme 2). Initiation of the reaction was best

performed by triethylborane with addition of dry air through a

syringe pump, and gave reproducible yields of over 30% after

column chromatography using petroleum ether.13 Although this

shortened synthesis of the pheromone is facilitated by generation

of the starting material from a renewable resource, with

concomitant reduction of chemical and energy input, solvents,

waste, and cost, the synthetic route does use some very toxic

materials. Reducing toxicity in the deoxygenation step in

particular would further benefit this synthesis, and as there is

no biotechnological process available, the use of selective catalytic

hydrogenolysis instead of radical chemistry could be explored.14

Chiral GC analysis of 1 resolves the enantiomers, and the

biologically active (S)-1 enantiomer co-elutes with the natural

material (Fig. 1).15 Synthetic pheromone can now be prepared

from a renewable resource, and with a simple synthetic route of

4 steps compared to the previous 13 steps. G. macrorrhizum is a

hardy geranium and tolerant of a variety of light, moisture and soil

pH conditions, making it a good candidate for technology transfer

to areas of Brazil where populations of L. longipalpis use

9-methylgermacrene B as the sex pheromone, as previous studies

have shown that (R)-1 does not interfere with (S)-1 activity.6
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For the first time, we report efficient density-assisted self-

assembly synthesis of gold and platinum nanospheres, nano-

wires and nanorods using vitamin B2 (riboflavin) at room

temperature without employing any special capping or disper-

sing agent; this environmentally benign and general approach

affords a facile entry to production of shape-selective Au and Pt

noble nanostructures, which can be extended to silver and

palladium nanostructures.

The process by which molecular subunits spatially organize into

well-defined supramolecular structures in spite of non-covalent

interactions, self-assembly is becoming a powerful synthetic

approach for creating advanced materials out of nanoparticle

building blocks.1 The preparations of highly structured nano-

particle assemblies, such as wires, rings, and super-lattices are

being investigated extensively.2 However, controlling the particle

size and shape during synthesis is still a major challenge.

Nevertheless, some physical and solid state chemical methods

have been developed for making semiconductors, metal nanowires,

nanobelts, and nanodots.3 Additionally, at present there are

various methods for making rods with somewhat controllable

aspect ratios using seeding approaches,4 pH-dependent assembly

of gold nanorods5 and streptavidin-linked nanorods.6 All these

solution-based methods are usually conducted at elevated

temperatures and very often afford poor yields of the desired

materials with appropriate shape. Thus, the development of bulk

solution synthetic methods that offer shape control is of

paramount importance if the full potential of these materials is

to be realized. Herein, we identify a critical reaction parameter, the

density of the reaction medium, which enables the self-assembly of

noble metal nanoparticles into spheres, nanowires and nanorods in

the presence of vitamin B2.

There is increased emphasis on the synthesis of nanoparticles

using greener methods.7 Green chemistry is the design, develop-

ment, and implementation of chemical products and the process

to reduce or eliminate the use and generation of substances

hazardous to human health and the environment.8 This environ-

mentally benign approach provides a facile entry to producing

multiple shaped noble nanostructures that could find widespread

technological and medicinal applications.

The synthesis and self-assembly was carried out by reacting the

respective metal salts with vitamin B2 dissolved in solvents of

varying densities, such as ethylene glycol (EG, r = 1.113), acetic

acid (r = 1.049), N-methylpyrrolidinone (NMP, r = 1.03), water

(r = 0.998), isopropanol (i-PrOH, r = 0.790), acetone (r = 0.790),

and acetonitrile (MeCN, r = 0.782) at room temperature (see

Supplementary information, S1{).

In the synthesis of metal nanoparticles using the reduction of

the corresponding metal ion salt solutions, there are three areas

of opportunity to engage green chemistry principles: (i) choice of

solvent, (ii) the reducing agent employed, and (iii) the capping

agent (or dispersing agent). In this context it would of great interest

to identify environmentally friendly materials that are multi-

functional. For example, the vitamin B2 used in this study

functions both as a reducing as well as capping agent for Au and

Pt metals. In addition to its high water solubility, biodegradability,

and low toxicity compared to other reducing agents, such as

sodium borohydride (NaBH4), hydroxylamine hydrochloride, etc.,

it appears to be an ideal multifunctional agent for deployment in

the production of nanomaterials.

Vitamin B2 is the most frequently encountered organic cofactor

in nature, and it can assume three different redox states: fully

oxidized, one-electron reduced, and fully reduced9 (see Scheme 1).

Each of these redox states can exist in a cationic, neutral, or

anionic form depending on the pH of the solution, and all can

transfer electrons.

The reduction potential of vitamin B2 is 20.3 V vs. SCE10 which

is sufficient to reduce Au3+ to Au0, whose reduction potential is

1.50 V vs. SCE, and similarly for Pt (reduction potential 1.20 V),

and other noble metals viz. Pd (reduction potential 0.915 V) and

Ag (reduction potential 0.80 V). The formation of Au and Pt

nanoparticles with vitamin B2 takes place by the following steps:

N complexation with Au and Pt metal salts

N simultaneous reduction of Au and Pt metal salts and formation

of capping with oxidized vitamin B2

N depending on the density of the solvent, self-assembly of

nanoparticles to form spheres, nanowires and nanorods

It has been found that the self-assembly of super-lattices of

nanoparticles is determined by various factors such as surfactant

concentration, ionic strength, pH,2f temperature,2e and slow

evaporation of the solvent.2d The spacing between nanoparticles

in the solids can be tuned with modification of the capping

materials,2d and we have now found that solvent density

plays a crucial role in governing controlled growth of different

Sustainable Technology Division, US Environmental Protection Agency,
National Risk Management Research Laboratory, 26 W Martin Luther
King Drive MS 443, Cincinnati, OH, 45268, USA.
E-mail: varma.rajender@epa.gov; Fax: +1 513-569-7677;
Tel: +1-513-487-2701
{ Electronic supplementary information (ESI) available: Synthesis proce-
dure (S1) and UV spectra (Fig. S2). See DOI: 10.1039/b601271j
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self-assembled structures and shapes. Addition of respective

metal salts to the vitamin B2 in various solvents with varying

densities resulted in the reduction of metal salts and concomitant

oxidation and capping of vitamin B2 as confirmed by UV

spectroscopy (see Supplementary information, Fig. S2{). The

formation of Au and Pt nanostructures with multiple shapes,

depending on the density of the solvent used for the preparation, is

shown in Fig. 1.

The size of the nanoparticles decreased with increase in density

of the solvent used in the preparation (see Fig. 2(a–d)). High

density solvents like ethylene glycol yielded nanoparticles in

the range 5–12 nm with an average of 8.1 ¡ 0.1 nm for Au,

and 7–11 nm with an average of 9.7 ¡ 0.1 nm for Pt (see inset of

Fig. 2(a,b)). Decreasing the solvent density further, for example

using acetic acid, yielded nanoparticles in the range 6–16 nm with

an average of 11.54 ¡ 0.1 nm for Au, and 4–12 nm with average

of 8.4 ¡ 0.1 nm for Pt.

However, in N-methylpyrrolidinone media nanoparticles under-

went self-assembly to form a wide array of nanorod-type structures

(data not shown). Fig. 3 shows the TEM micrographs of Au and

Pt nanoparticles self-assembled in water and isopropanol, which

have lower densities than ethylene glycol and acetic acid. It was

observed that at a given instant the driving force (the density of a

solvent) was responsible for the self-assembly of Au and Pt

nanoparticles. This is due to the mobility of nanoparticles for the

considered solvent density. For example, in water, Au and Pt

nanoparticles started to self-assemble to form nanorod-like

structures (see Fig. 3(a,b) respectively). Further reducing the

solvent density, by using isopropanol in the preparation of Au and

Pt nanoparticles, yielded nanowire structures with a thickness less

than 10 nm (see Fig. 3(c,d) respectively). Interestingly, Pt nano-

particles were self-assembled together to produce preferentially

end-to-end-linked Pt nanowires (see Fig. 3(d)).

Additionally, in solvents like acetone and acetonitrile, the Au

and Pt nanoparticles self-assembled into a regular pattern, making

nanorods with fully embedded nanoparticles (,10 nm particle

size) with a thickness ranging from 100 to 200 nm and lengths of

few microns (see Fig. 4(a–d)).

Scheme 1 Structure of anionic (left), neutral (center) and cationic (right) vitamin B2 species in the fully oxidized redox state (R =

–CH2(CHOH)3CH2OH).

Fig. 1 The formation of Au and Pt nanostructures with multiple shapes

depending on the density of the solvent used for the preparation.

Fig. 2 TEM micrographs of Au and Pt synthesized using (a,b) ethylene

glycol and (c,d) acetic acid as solvent media, respectively; the upper insets

show the particle size distribution and the lower insets display the

corresponding electron diffraction pattern.
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In all cases, irrespective of the solvent used, Au and Pt

crystallized with fcc symmetry. In summary, we report:

i) a high yield, room temperature, density-assisted self-assembly

of Au and Pt nanospheres, nanowires and nanorods using vitamin

B2 in different solvent media, thus opening new opportunities in a

myriad of applications, such as catalysis, antibacterial coatings,

fuel cell membranes, etc.

ii) a method that employs no special capping or dispersing

agent, nor any polymer as a coating agent.

iii) the formation of multiple Au and Pt shapes and dependence

of their self-assembly on the density of the solvent used. As the

density increases, the particles tend to form as individual spheres,

and with a decrease in the density, particles will self-assemble to

form nanorods and nanowires.

iv) this environmentally benign and general approach may find

various medicinal and technological applications, and is extendable

to other noble metals, such as Ag and Pd.
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2,3-Dihydro-1H-1,5-benzadiazepines are synthesized by the

condensation of o-phenylenediamine and various ketones in

the presence of silver nitrate under solvent-free conditions.

Benzadiazepines and their polycyclic derivatives are a very

important class of bioactive compounds because of their

pharmacological properties.1,2 They are widely used as anti-

convulsant, analgesic, hypnotic, sedative, and antidepressive

agents.1 Benzadiazepines are also used as intermediates for

the synthesis of fused ring compounds such as triazolo-,3–5

oxadiazolo-,5 oxazino-,4 and furano-benzadiazepines.4,6 Due to

their wide biological activity, the synthesis of these compounds has

received a great deal of attention. Some benzodiazepine derivatives

are also used in industry, such as in photography, as dyes for

acrylic fibers,7 and also as anti-inflammatory agents.8 Despite their

wide range of pharmacological, industrial and synthetic applica-

tions, the synthesis of 1,5-benzodiazepines has received little

attention. Benzadiazepines have been synthesized by the con-

densation of o-phenylenediamines with a,b-unsaturated carbonyl

compounds, b-haloketones or with ketones. Many reagents have

been reported in the literature for this condensation, including

BF3-etherate,9 polyphosphoric acid,10 NaBH4,
11 SiO2,

11 MgO/

POCl3,
12 Yb(OTf)3,

13 acetic acid under microwave conditions14

and in ionic liquids.15 Many of these processes suffer from one or

more limitations, such as long reaction times, occurrence of several

side reactions, drastic reaction conditions, low yields, and tedious

work-up procedures. Therefore, the search continues for a better

catalyst for the synthesis of 1,5-benzadiazepines in terms of

mild reaction conditions, operational simplicity, economic viability

and selectivity.

In this communication we report a facile method for the

synthesis of 2,3-dihydro-1H-1,5-benzadiazepines by the condensa-

tion of o-phenylenediamine with ketones under solvent-free

conditions catalyzed by silver nitrate.

The reactions were carried out by treating a 1 : 2.5 molar ratio

mixture of o-phenylenediamine and the ketone with a catalytic

amount of silver nitrate in a round-bottomed flask, with stirring

at room temperature for an appropriate time (Scheme 1).{ The

reaction proceeds efficiently under the specified conditions in good

to excellent yields. This procedure was successfully extended to

other 1,5-benzadiazepine derivatives, as summarized in Table 1.

As shown in Table 1, acetone in the presence of silver nitrate

with o-phenylenediamine afforded 2,2,4-trimethyl-2,3-dihydro-1H-

benzodiazepine (entry 1) in 99% yield. Acetophenone reacted with

o-phenylenediamine under similar conditions to afford 2-methyl-

2,4-diphenyl-2,3-dihydro-1H-1,5-benzodiazepine (entry 2) in 95%

yield. Reaction of the diamine with other ketones in the presence

of silver nitrate gave fused ring 1,5-benzodiazepine derivatives in

good yields. It is noteworthy that starting from unsymmetrical

ketones such as butanone, the ring closure occurs selectively to give

a single product. The progress of the reaction was monitored by

TLC; NMR and GC-MS were used for analysis of the products.

After completion of the reaction, 10 ml of CH2Cl2 was added to

the reaction mixture. The organic layer was extracted with water

and concentrated in vacuo. The product was purified by silica gel

chromatography (200–400 mesh), being eluted by ethyl acetate and

n-hexane.

The scope and generality of this process is illustrated with

respect to various cyclic and acyclic ketones, and the results

summarized in Table 1.

The mechanism of the condensation reaction probably involves

an intramolecular imine–enamine cyclization promoted by

AgNO3, as shown in Scheme 2.16 The amine of o-phenylenedi-

amine attacks the carbonyl group of the ketone, giving the

intermediate diimine 1. A 1,3-shift of the hydrogen attached to the

methyl group then occurs to form an isomeric enamine 2, which

cyclizes to afford the seven-membered ring.

In conclusion, we describe a mild and efficient method for the

synthesis of 2,3-dihydro-1H-1,5-benzadiazepines. The easy work-

up, solvent-free conditions, fast reaction rates, mild reaction

conditions, good yields, and selectivity of the reaction make the

present methodology attractive. This method is also applicable for

Synthetic Organic Chemistry Research Laboratory, Department of
Chemistry, University of Delhi, Delhi, 110007, India.
E-mail: chandra682000@yahoo.co.in; Fax: +91-11-23816312;
Tel: +91-11-9818901344
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the preparation of a wide variety of biologically potent

1,5-benzodiazepines under mild reaction conditions.

Notes and references

{ General procedure: a mixture of o-phenylenediamine (1 mmol) and
ketone (2.5 mmol) was stirred at room temperature in the presence of
AgNO3 (catalytic amount). After completion of the reaction (TLC), the
reaction mixture was diluted with ethyl acetate, washed with water, dried
(Na2SO4) and concentrated in vacuo. The crude product was purified by
silica gel chromatography to afford the pure product. All reactions were

completed within 30 min. All the compounds were characterized by
comparison of their mp and 1H NMR spectra with those of authentic
samples.17 All products gave satisfactory spectral data in agreement with
the assigned structures [selected data for 3a for comparison: 2,2,4-trimethyl-
2,3-dihydro-1H-1,5-benzadiazepine (entry 1): Yellow crystals; mp 138–
140 uC. 1H NMR (300 MHz, CDCl3): d 7.11 (m, 1H), 6.99–6.96 (m, 2H),
6.74–6.71 (m, 1H), 2.99 (br s, 1H, NH), 2.36 (s, 3H), 2.23 (s, 2H), 1.34 (s,
6H); TOF MS m/z 188 (M+)].

1 (a) H. Schutz, Benzadiazepines, Springer, Heidelberg, 1982, vol. 2,
p. 240; (b) R. K. Smalley, in Comprehensive Organic Chemistry, ed.
D. Barton and W. D. Ollis, Pergamon, Oxford, 1979, vol. 4, p. 600; (c)
J. K. Landquist, in Comprehensive Heterocyclic Chemistry, ed.
A. R. Katritzky and C. W. Rees, Pergamon, Oxford, 1984, vol. 1,
p. 166, 170.

2 L. O. Randall and B. Kappel, in Benzodiazepines, ed. S. Garattini,
E. Mussini and L. O. Randall, Raven Press, New York, 1973, p. 27 and
references cited therein.

3 M. Essaber, A. Baouid, A. Hasnaoui, A. Benharref and J.-P. Lavergne,
Synth. Commun., 1998, 28, 4097.

4 A. M. El-Sayed, H. Abdel-Ghany and A. M. M. El-Saghier, Synth.
Commun., 1999, 29, 3561.

5 J. X. Xu, H. T. Wu and S. Jin, Chin. J. Chem., 1999, 17, 84; X. Y. Zhang,
J. X. Xu and S. Jin, Chin. J. Chem., 1999, 17, 404.

6 K. V. V. Reddy, P. S. Rao and D. Ashok, Synth. Commun., 2000, 30,
1825.

7 R. C. Harris and J. M. Straley, U. S. Pat. 1,537,757, 1968 (Chem. Abstr.,
1970, 73, 100054w).

8 J. R. De Baun, F. M. Pallos and D. R. Baker, U. S. Pat. 3,978,227, 1976
(Chem. Abstr., 1977, 86, 5498d).

Table 1 The condensation of o-phenylenediamine with ketones in the presence of silver nitrate

Entry Substrate (1) Ketone (2) Product (3) Yield (%)a Mp/uC (lit.) Mp/uC

1 99 138–140 137–139

2 95 150–152 151–152

3 92 144–146 144–145

4 89 138–140 138–139

5 95 138–140 138–139

6 84 212–214 NAb

a Isolated yield. b Not available.
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1974, 2657.

10 H. R. Morales, A. Bulbarela and R. Contreras, Heterocycles, 1986, 24,
135.

11 D. I. Jung, T. W. Choi, Y. Y. Kim, I. S. Kim, Y. M. Park, Y. G. Lee
and D. H. Jung, Synth. Commun., 1999, 29, 1941.

12 M. S. Balakrishna and B. Kaboudin, Tetrahedron Lett., 2001, 42,
1127.

13 M. Curini, F. Epifano, M. C. Marcotullio and O. Rosati, Tetrahedron
Lett., 2001, 42, 3193.

14 P. Minothora, S. S. Julia and A. T. Constantinos, Tetrahedron Lett.,
2002, 43, 1755.

15 D. V. Jarikote, S. A. Siddiqui, R. Rajagopal, D. Thomas, R. J. Lahoti
and K. V. Srinivasan, Tetrahedron Lett., 2003, 44, 1835.

16 S. K. De and R. A. Gibbs, Tetrahedron Lett., 2005, 46, 1811.
17 J. S. Yadav, B. V. S. Reddy and P. K. Nagaiah, Synthesis, 2005, 3, 480.
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The reaction of a variety of 2-allylphenols with iodine in water

produced the corresponding 2-iodomethyl-2,3-dihydrobenzo-

furans in the absence of any additives or organic solvents.

Iodinated organic molecules are useful intermediates in organic

synthesis.1 The intramolecular co-iodination of alkenes with

internal oxygenated nucleophiles allows the preparation of

numerous heterocyclic compounds.2 The few examples reported

for 2-allylphenols used organic media and required the presence of

additives such as Envirocat EPZ-10R or SnCl4.
3,4

Today’s environmental and economic concerns lead us to con-

sider the use of water as the solvent.5 The fundamental problem in

performing reactions in water is that most organic substrates are

hydrophobic and sparingly soluble in water. To overcome this

problem, a cosolvent6 or a micellar system7 is often used. In

continuation of our research in aqueous media,8 in particular the

new transformations of allylphenols,9 we now disclose that the

intramolecular iodocyclisation of 2-allylphenols can be effectively

performed with iodine in water, in the absence of any additive.

Results and discussion

Iodocyclisation of 2-allylphenol 1a with 4 equiv. of iodine in water

at 50 uC for 2 h led to 2a in almost quantitative yield (Table 1,

entry 1). This cyclisation occurred through an exo process, as

generally observed.3,4 Lowering the amount of I2 increased the

reaction time and decreased the yield (entry 2); nevertheless, 2a was

obtained in 80% yield using only one equivalent of I2 (entry 3). The

use of a cosolvent or an organic solvent was not beneficial to the

process. Indeed, the yield decreased from 94% (entry 1) to 77% in a

mixture of EtOH–H2O (1 : 1) and excess of I2 (entry 4), while in

EtOH (entry 5), the iodoethoxylation of the double bond was a

competing process, leading to small amounts of 2-(2-ethoxy-3-

iodopropyl)phenol. The use of MeCN as a solvent led to only 30%

of 2a in 2 h (entry 6).

We further carried out the iodocyclisation of other substituted

allylphenols in water (Table 2). Treatment of 2-allyl-6-methyl-

phenol 1b, 2-allyl-4-methylphenol 1c, 4-tert-butyl-2-allylphenol 1d,

2-allyl-4-chlorophenol 1e, 2-allyl-4-methoxyphenol 1f, 2-allyl-6-

methoxyphenol 1g and 2-allylnaphthalen-1-ol 1h with 1 or 4 equiv.

Unité Mixte de Recherche ‘‘Réactions Sélectives et Applications’’, Boı̂te
44, CNRS-Université de Reims Champagne-Ardenne, BP 1039, Reims
cedex 2, 51687, France. E-mail: jean.lebras@univ-reims.fr;
jacques.muzart@univ-reims.fr; Fax: +33 3 26 91 31 66

Table 1 Effect of solvents on iodocyclisation of allylphenola

Entry I2 (equiv.) Solvent Time/h Yield (%)

1 4.0 H2O 2 94
2 1.5 H2O 4 84
3 1.0 H2O 4 80
4 4.0 EtOH–H2O (1 : 1) 2.5 77
5 4.0 EtOH 2 59
6 4.0 CH3CN 2 30
a Substrate (1 mmol), solvent (2 mL), 50 uC.

Table 2 Oxidation of substituted allylphenols in watera

Substrate I2 (equiv.) Time/h Product
Yield
(%)

4.0 3 79
1.0 4 74

4.0 2.5 94
1.0 6 77

4.0 2 76
1.0 3 70

4.0 2.25 78
1.0 7 69

4.0 3.5 44
1.0 6 81

4.0 3.25 —b

1.0 5 68

4.0 4 Trace
1.0 2.75 42

a Substrate (1 mmol), H2O (2 mL), 50 uC. b Mixture of 2g and over-
iodinated compounds.
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of I2 in water gave up to 94% yield of the corresponding

2-iodomethyl-2,3-dihydrobenzofurans. Except for 1f, 1g and 1h,

yields were always lower with one equiv. of I2. From 1f, an excess

of I2 led to 2f and 2,3-dihydro-6-iodo-2-(iodomethyl)-5-methoxy-

benzofuran. Iodination of the aromatic ring has already been

observed from electron-rich aromatic molecules in water.10

Interestingly, the use of one equiv. of I2 afforded 2f in 81% yield.

2-Allyl-6-methoxyphenol yielded 68% of 2g with one equiv. of

I2, while a mixture of 2g and over-iodinated compounds were

obtained with four equiv. of I2. Finally, 2-allylnaphthalenol 1h

gave the corresponding benzofuran 2h in 42% yield with one equiv.

of I2 while insoluble materials were obtained with an excess of I2.

The iodocyclisation probably occurs via the iodination of the

double bond, leading to an iodonium ion that is opened by the

regioselective intramolecular nucleophilic attack of the hydroxy

group to afford the iodomethyl-dihydrobenzofuran.1 The bene-

ficial influence of water on the efficiency of the reaction, which

could be attributed to hydrophobic interactions,11 should be

emphasised.

In conclusion, 2-allylphenols were converted into 2-iodomethyl-

2,3-dihydrobenzofurans with iodine in water. The procedure is

easy to set up and allows the transformation of various substituted

2-allylphenols in the absence of any additive.

Experimental

6-Methoxy-2-allylphenol (o-eugenol) was purchased from Acros

Organics. 2-Allylphenol was purchased from Merck. 4-Methyl-

and 6-methylphenol were purchased from Aldrich. 2-Allyl-1-

naphthol, 4-tert-butyl-2-allylphenol, 4-chloro-2-allylphenol and

4-methoxy-2-allylphenol were prepared according to literature

procedures.12 1H and 13C NMR spectra were obtained using a

Bruker AC 250 spectrometer, with TMS as an internal standard

and CDCl3 as solvent. IR spectra were recorded on a Avatar 320

FT-IR spectrometer as films. Mass spectra were performed using

electrospray ionization with a Q-TOF micro from Micromass.

Column chromatography was performed using silica gel 60 (E.

Merck, 70–230 mesh) and petroleum ether–ethyl acetate mixtures

as eluents. TLC was performed on precoated silica gel plates (E.

Merck, Kieselgel 60 F254).

Typical procedure for the preparation of 2,3-dihydro-2-

iodomethyl-7-methylbenzofuran (2b).

A mixture of 1b (148 mg, 1 mmol) and iodine (254 mg, 1 mmol) in

water (2 mL) was stirred at 50 uC for 4 h. The reaction mixture was

then diluted with dichloromethane (10 mL) and aqueous saturated

Na2S2O3 was added. The phases were separated and the aqueous

layer was extracted with dichloromethane (3 6 10 mL). The

combined organic phases were dried over MgSO4 and the solvent

was removed under reduced pressure. The crude mixture was

purified by silica gel column chromatography to afford 2b

(203 mg, 74% yield). 1H NMR (CDCl3): d 6.95 (m, 2H), 6.75

(t, 1H, J = 7.4 Hz), 4.83 (m, 1H), 3.35 (m, 3H), 3.00 (dd, 1H, J =

6.4 Hz, J = 15.9 Hz), 2.19 (s, 3H). 13C NMR (CDCl3): d 158.1,

129.9, 125.4, 122.8, 121.2, 120.2, 81.6, 36.8, 15.9, 9.9. IR (film)

n/cm21: 3023, 2918, 2850, 1597, 1463, 1260, 1185, 762. HRMS: m/z

calcd for C10H11IONa: 296.9752, found: 296.9757.
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In the present work, we have studied the possibility of using heterogeneous base catalysts, of

various basic strengths, for performing the transesterification between oleic acid methyl ester

(MeO) and various polyethyleneglycols of different molecular weights (PEG-600, -400 and -200)

to obtain polyoxyethyleneglycol monoesters. Reactions were performed using Brønsted and Lewis

solid bases as catalysts: KF/alumina, Li2O/alumina (Li–cAl2O3), MgO, Al–Mg (HTc–Al/Mg) and

Al–Li (HTc–Al/Li) mixed oxides derived from hydrotalcites, CeO2, a cesium cation exchanged X

faujasite (CsX) and Al/Mg calcined–rehydrated hydrotalcites (HTr). The results showed that the

order of activity was: Li–cAl2O3 > KF/alumina > MgO ¢ HTr > HTc–Al/Li > HTc–Al/Mg >

CeO2 > XCs. This is related to differences in the type and strength of the basic sites in these

materials. The influence of the chemical composition of the calcined hydrotalcites, the influence of

the hydrocarbon chain length of the fatty acid methyl ester on the activity and selectivity to

monoester, and the optimization of reaction variables (such as reaction temperature and

PEG/MeO molar ratio) have been studied. By combining a solid Brønsted base catalyst with the

optimised reaction conditions it is possible to attain conversions higher than 90% with a selectivity

to monoester greater than 98%, this being a real alternative to conventional processes using

alkaline hydroxide catalysts.

Introduction

Oils and fats of vegetable and animal origin are one of the

most important renewable raw materials used in the chemical

industry. The benefits of oleochemicals are their biodegrad-

ability and non-toxic character, which make them highly

desired ‘‘green’’ surfactants, and they are introduced as

additives in many industrial and pharmaceutical applications.

More specifically, fatty acid monoesters of polyethylene

glycols (PEG) are particularly interesting due to their lack of

toxicity, absence of antigenicity and inmunogenicity, and

solubility in water and organic solvents.1 A wide variety of

non-ionic surfactants with different properties may be

achieved by varying the length of the hydrophobic fatty acid

moiety and changing the degree of polymerization of the

hydrophilic PEG part. They have applications as solubilisers,

emulsifiers, lubricants, wetting agents and detergents in

pharmaceutical, cosmetics and industrial applications.2

Methods for preparing polyoxyethyleneglycol fatty acid

monoesters involve ethoxylation, i.e. reaction of ethylene oxide

with a fatty acid, esterification between fatty acids and poly-

ethylene glycols (PEG), and transesterification between PEG

and simple fatty acid esters, such as fatty acid methyl ester

(FAME).3,4

Because of the nature of the ethoxylation process, mixtures

of compounds with a degree of ethoxylation that usually

follow a typical Gaussian distribution curve are obtained.

Esterification and transesterification process are preferred

because they are safer and the degree of ethoxylation can be

more easily controlled. However, in these cases the esterifica-

tion or transesterification products are normally a mixture

of monoester and diester, and a large excess of PEG (between

6–12 times) over fatty acid or fatty acid methyl ester is used in

order to minimise diester formation.5

Esterification and transesterification are performed in the

presence of homogeneous catalysts. Acid catalysts such as

sulfuric, p-toluenesulfonic, or phosphoric acid5 are usually

used for the esterification reaction, whereas transesterification

requires basic catalysts like hydroxides, methoxides, or alkali

metals such as Na.6 The main problem associated with these

homogeneous catalysts (acids and bases) is the requirement of

a final neutralization step with the formation of soaps and

large amount of salts.

It is widely accepted that there is a need to develop green

and economical processes, where the use of noxious substances

and the generation of waste can be avoided. In this sense the

replacement of liquid catalysts by solid catalysts will allow

separation of the products, avoiding the neutralization and

extraction steps while reducing waste formation. Recently the

esterification reaction of fatty acids with polyoxyethylenes has

been studied in the presence of solid acid catalysts (zeolites,

nafion and HPA) giving good selectivities to the monoester.7

In addition, the use of heterogeneous base catalysts for the

transesterification of glycerol with triglycerides8 or with fatty

acid methyl esters9–12 has been reported. However, as far as we

aInstituto de Technologia Quimica, UPV-CSIC, Universidad Politécnica
de Valencia, Avda. de los Naranjos s/n, 46022 Valencia, Spain.
E-mail: acorma@itq.upv.es; Fax: +34 (96)3877809;
Tel: +34 (96)3877800
bCOMBICAT R&D Centre, Level 2, 3 & 5, Block A, Institute of
Postgraduate Studies, University Malaya, 50603 Kuala Lumpur,
Malaysia
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know, there are no reports in the open literature dealing with

the transesterification of PEG with fatty acid methyl esters

using solid bases as catalysts.

In this paper we have studied the nature of the required

basic site, Lewis or Brønsted, as well as the basic strength

necessary to selectively carry out the transesterification

reaction between oleic acid methyl ester (MeO) and various

PEGs of different molecular weights, to obtain fatty acid

polyoxyethyleneglycol monoesters.

Results and discussion

Transesterification reaction using solid Lewis base catalysts

The transesterification of oleic acid methyl ester (MeO) was

carried out using three PEG reactants with different molecular

weights (PEG-200, PEG-400 and PEG-600). The reactions

were performed in the presence of a high surface area MgO as

base catalyst, in absence of solvent, with a PEG/MeO molar

ratio of 1, a reaction temperature of 493 K and a reactant to

catalyst ratio of 25 g g21. The kinetic curve obtained using

PEG-600 is presented in Fig. 1a. It is possible to infer from

Fig. 1b (a plot of the yields of monoesters and diester versus

conversion of MeO) that oleic acid polyoxyethyleneglycol

monoester is formed as a primary product, while the diester is

present as a secondary product and can be formed by the

consecutive transesterification of the free hydroxyl group of

monoester with MeO, or even by interesterification between

two monoester molecules (Scheme 1). Conversion from

thermal reaction has not been considered, since we have seen

that transesterification is a slow reaction in the absence of

catalysts, and only 7% conversion was reached after 7 h

reaction time.

The results presented in Table 1 show that the molecular size

of the PEG influences the level of conversion, the order of

reactivity being PEG-200 > PEG-400 > PEG-600. Taking into

account that the only difference between the three PEGs is the

size of hydrophilic polyether chain, this order in reactivity

should probably be related to the miscibility of the MeO

with the different PEGs. Therefore, one has to expect that

decreasing the hydrophilic character of the reagent, i.e.

shortening the chain, as in the case of PEG-200, will increase

the solubility in the fatty acid methyl ester and both reactants

Fig. 1 a) Transesterification reaction between methyl oleate and

PEG-600 using MgO as basic catalyst; methyl oleate conversion ($),

monoester (n), diester (m). b) Yields of monoesters and diester versus

conversion of MeO.

Scheme 1

Table 1 Transesterification of methyl oleate with PEGs of different
molecular weight

PEG
Conversion
MeO (%)

Yieldsa (%)
Selectivity to
monoester (%)Monoester Diester

600 81 56 24 69
400 87 51 35 59
200 94 50 43 54
a After 1 h reaction time, at 493 K, using MgO as catalyst, PEG/
MeO molar ratio = 1; reactant/catalyst ratio = 25 g g21.
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will be better mixed, enhancing the rate of transesterification.

With PEG-600 the reaction was carried out at different stirring

speeds, 500, 700 and 900 rpm, in order to eliminate external

diffusion control. It was found that the initial reaction rate

increased when the stirring speed was increased from 500 to

600 rpm, and no further increase was observed at 900 rpm.

In all the other experiments the stirring speed was 700 rpm. In

order to eliminate internal diffusion, three different catalyst

(MgO) particle sizes were examined: 0.6–0.8, 0.4–0.6 and

0.2–0.4 mm. We observed that the initial reaction rate did not

increase for catalyst particle sizes below 0.4–0.6 mm. Therefore

the catalysts in this work were all palletised, crushed and sieved

and the 0.2–0.4 mm diameter fraction was selected.

In order to study the activity of different Lewis bases, we

selected as catalysts an Al–Mg oxide derived from hydrotalcite

(HTc–Al/Mg(0.25)), a Cs exchanged faujasite zeolite (CsX), a

rare earth oxide (CeO2), and KF/alumina. The solids were

tested for the transesterification between MeO and PEG-600

using the conditions described in the Experimental section.

The yields and selectivities obtained with the different

heterogeneous catalysts are presented in Table 2. The order

of activity observed is KF/alumina > MgO > HTc–Al/

Mg(0.25) >CeO2 > CsX, which agrees with the order of

basicity of these materials. Thus, KF/alumina exhibits the

highest basicity, whereas MgO, which possesses a higher con-

centration of basic sites, although with lower basic strength,

performs the transesterification more efficiently than the

Al–Mg mixed oxide. Finally, a weak Lewis base catalyst such

as CeO2 shows low activity. The very low conversion observed

with CsX zeolite is not surprising taking into account that

most of the reaction will occur at the external surface of the

zeolite due to the diffusional limitations of the reactants within

the pores.

Measures of basicity of solid bases were carried out

using one of the recommended test reactions for solid basic

catalysts – the condensation between benzaldehyde and ethyl

cyanoacetate.13 The results given in Fig. 2 show an excellent

correlation between the values given by the test and the

transesterification reactions.

It is interesting to see that the different catalysts studied

have no influence on the selectivity to monoester, this being a

function of the conversion level (Fig. 3). In other words, the

ratio of k2 to k1 (see Scheme 1) is the same for all catalysts

and therefore the same active sites are involved in the two

consecutive reactions. Similar behaviour has been observed for

the glycerolysis of fats and fatty acid methyl esters.8,11,12

Overall we can see that by using solid base catalysts it is

possible to obtain selectivities to monoester close to 70% for

conversions slightly above 80%. Using NaOH as a homo-

geneous catalyst, 90% conversion with 52% selectivity to

monoester was obtained, and consequently the catalytic

behaviour of the solid catalysts required further improvement.

Influence of the chemical composition of the calcined

hydrotalcite catalysts

Up to now we have seen that KF/Al2O3 and MgO followed by

Al/Mg mixed oxides are promising catalysts for performing the

transesterification reaction between PEG and oleic acid methyl

ester. However, as we will discuss later, KF/alumina undergoes

Table 2 Transesterification of methyl oleate with PEG-600 using
different solid basic catalysts

Catalysts
Conversion
MeO (%)

Yieldsa (%)
Selectivity to
monoester (%)Monoester Diester

KF/Al2O3 83 54 28 65
MgO 81 56 24 69
HTc–Al/Mg(0.25) 54 48 5 88
CeO2 43 42 1 98
CsX 27 27 0 100
a After 1 h reaction time, at 493 K, PEG/MeO molar ratio = 1,
reactant/catalyst ratio = 25 g g21.

Fig. 2 Rate of Knoevenagel condensation between benzaldehyde and

ethyl cyanoacetate versus rate of transesterification reaction using

different basic catalysts. Conditions of Knoevenagel reaction: benzal-

dehyde (10 mmol), ethyl cyanoacetate (10 mmol), 5 wt% of catalyst

at 333 K.

Fig. 3 Results of selectivity of monoester versus conversion of

methyl oleate obtained in the transesterification of methyl oleate with

PEG-600 using MgO (n) and other Lewis base catalysts.
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a strong deactivation during the reaction, leaching fluoride

into the reaction media. On the other hand, while Al/Mg mixed

oxides exhibit lower catalytic activity than MgO, they are very

stable and mechanically strong catalysts. Therefore, it is of

interest to improve the activity of those mixed oxides for the

catalytic transesterification of fatty acid methyl esters with

PEG. It is known that one way to increase the basic strength of

the mixed oxides is by changing their chemical composition.

For instance, increasing the aluminium content decreases the

basic site density, but the fraction of strong basic sites

increases.14–16 If this is so, we may expect to find an optimum

activity by changing the Al/(Al + Mg) ratio. Three Al/Mg

mixed oxide samples with Al/(Al + Mg) ratios of 0.20, 0.25 and

0.33 have been synthesised, and the conversion obtained after

1 h reaction time for the three samples is very similar (Table 3).

However, if the specific surface area of the catalyst is

considered (Fig. 4), we can see that increasing the aluminium

content of the sample decreases the specific activity. From

these results, we can conclude that the basic sites present in

MgO are already active enough for carrying out the reaction,

and the presence of stronger basic sites formed in the

hydrotalcite derived oxides does not compensate for the

decrease in the total number of basic sites produced in

the MgO upon the addition of aluminium.

At this point, in order to test a hydrotalcite-derived catalyst

with stronger basicity, we prepared an Al/Li mixed oxide

sample with an Al/(Al + Li) molar ratio of 0.33. We can expect

that by replacing the Mg2+ with Li+ the density of negative

charge on the oxygen will increase, leading to an increase of

the base strength and consequently of the catalytic activity.12

Following this, the Al/Li mixed oxide was tested in the

transesterification reaction of methyl oleate with PEG-600,

and the result obtained is presented in Table 3. As predicted,

HTc-Al/Li performs the transesterification reaction more

efficiently than Al/Mg mixed oxides, but it gives still lower

conversion than MgO and NaOH. Therefore, new catalysts

with stronger basicities needed to be synthesised.

It is known that strong basic materials (sometimes in the

range of superbases) have been prepared by supporting alkalis

on alumina or MgO,17–19 potassium amide on alumina,20 or

alkaline salts on c-alumina.21,22 The supported neutral salts do

not show any strong basicity, but when activated at high

temperature (ca. 700 K) they decompose, forming strong basic

sites with high efficiency in catalytic processes.22 Following

this line, we prepared a strong basic material based on LiNO3

supported on c-Al2O3. Thus, three samples with Li contents of

3, 6, and 9 wt% were prepared by loading LiNO3 on c-alumina

followed by calcination at 773 K in the presence of CO2-free

air for 6 h, and then stored in closed flasks. These

samples, labeled as Li–cAl2O3(3%), Li–cAl2O3(6%) and

Li–cAl2O3(9%), were pre-activated before reaction at 723 K

for 6 h under N2 atmosphere, and tested for the trans-

esterification of the methyl oleate with PEG-600 at 493 K in

the absence of air, using a PEG/MeO molar ratio of 1. Results

from Table 4 clearly show that this was the most active catalyst

that we had produced so far, being more active than MgO

and much more active than Al/Mg or Al/Li hydrotalcites. With

Li–cAl2O3(6%) it is possible to achieve 95% conversion in 1 h,

confirming the presence of very strong basic sites on this

catalyst. Concerning the monoester selectivity, results in Fig. 5

show that, as in previous cases, the selectivity to monoester is a

function of conversion, but not of basic strength.

From the work presented up to now using Lewis basic

catalysts, we can conclude that the number and strength of

basic sites play a role in transesterification conversion, but

have no influence on the selectivity to monoester.

Table 3 Results of the transesterification between methyl oleate and PEG-600 in the presence of HTc–Al/M with different Al/(Al + M)
composition

Catalysts Al/(Al+M)
Conversion
MeOa (%)

Conversion/surface
area (%/m2 g21)

Yield (%)
Selectivity to
monoester (%)Monoester Diester

HTc–Al/Mg(0.20) 0.20 57 0.28 46 11 80
HTc–Al/Mg(0.25) 0.25 54 0.20 48 5 88
HTc–Al/Mg(0.33) 0.33 50 0.18 43 7 86
HTc–Al/Li(0.33) 0.33 65 0.27 50 15 76
a At 1 h reaction time; PEG/MeO molar ratio = 1, reactant/catalyst ratio of 25 g g21, at 493 K.

Fig. 4 Influence of the Al/(Al + Mg) of the starting hydrotalcite on

the activity for the transesterification reaction between methyl oleate

and PEG-600.

Table 4 Results of the transesterification between methyl oleate and
PEG-600 in the presence of Li–cAl2O3 catalysts

Catalysts
Time/
min

Conversion
MeOa (%)

Yields (%)
Selectivity to
monoester (%)Monoester Diester

Li–cAl2O3(3%) 15 55 44 11 79
30 85 55 29 64
60 90 53 36 59

Li–cAl2O3(6%) 15 68 53 15 77
60 95 55 39 58

Li–cAl2O3(9%) 15 73 55 17 75
60 95 54 40 56

a PEG/MeO molar ratio = 1, reactant/catalyst ratio of 25 g g21, at
493 K.
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Catalyst deactivation

In order to study catalyst deactivation, MgO, KF/alumina,

HTc–Al/Mg(0.25), HTc–Al/Li, and Li–cAl2O3(6%), were

reused several times under the same reaction conditions.

After reaction the catalyst was washed with dichloromethane,

dried and used again. As can be observed in Table 5, MgO,

HTc–Al/Mg, and HTc–Al/Li maintain their activities at least

during the three consecutive cycles studied. On the other hand,

with KF/alumina and Li–cAl2O3(6%), a decrease in catalytic

activity is observed, which is attributed to the leaching of F2

anions and Li+ from the catalysts. Indeed, chemical analysis of

the catalysts showed a decrease of 32 and 37% in the content of

KF and Li in the catalysts, respectively. This certainly leaves

MgO, HTc–Al/Mg and HTc–Al/Li as the only Lewis basic

sites with practical interest among those studied here.

Transesterification using solid Brønsted basic sites

It is known that the catalytic activity of calcined hydrotalcites

can be enhanced by rehydration at room temperature in the

absence of CO2.23,24 This treatment results in the restoration

of a layered structure where the compensating anions in the

interlayer are OH2 groups. This material is very active for

catalysing different aldol condensations,23,25–30 Knoevenagel

condensations31 and Michael additions.32 This increase in the

activity is due to the presence of OH2 anions which exhibit

Brønsted basicity. Thus, it is clear that rehydrated hydro-

talcites have available strong Brønsted basic sites whose

activity could be directly compared with that of the homo-

geneous catalysts usually used for catalysing transesterification

reactions.

It has been pointed out that the amount of water on the

calcined hydrated catalyst has a strong influence on the

catalytic activity, and this parameter must be controlled in

order to obtain the optimum activity. In fact, we have shown

that for the transesterification of MeO with glycerol,12 an

excess of water on the catalyst surface poisons the stronger

basic sites, decreasing the rate of transesterification. Therefore,

in order to optimise the water content on the catalysts, a series

of rehydrated hydrotalcites were prepared, starting from a

calcined hydrotalcite with an Al/(Al + Mg) ratio of 0.25,

by flowing N2 (40 mL min21), free of CO2 and saturated

with water vapour, over the hydrotalcite for different lengths

of time. Samples with water contents of 15, 20, 36, 46 and

60 wt% were labelled as HTr15, HTr20, HTr36, HTr46, HTr60

respectively.

X-Ray diffraction patterns of the hydrotalcites after

synthesis, calcination and rehydration are presented in Fig. 6.

It can be observed that the layered crystalline structure of

hydrotalcite was destroyed during calcination at 723 K, and is

restored to a large extent by rehydration, giving a meixnerite-

like structure where strong Brønsted OH2 sites have replaced

the weakly basic carbonate anions. The results obtained for the

transesterification reaction with these samples are summarised

in Table 6. As can be seen, there was an important increase

of activity when the catalyst surface of the mixed oxide was

rehydroxylated. Maximum activity is found for a water

content in the range 36–46%. The existence of a maximum

has also been found for other reactions.12,24,27,29,30,33 It should

be noted however that while the regenerated hydrotalcite

(HTr46) gives much higher activity than the corresponding

mixed oxide, the conversion achieved with the former is of the

same order as that of the MgO. Nevertheless, if activity per

surface area is considered (the BET surface area of the

regenerated hydrotalcite HTr46 is 48 m2 g21), the regenerated

HTr46 shows a much higher specific activity than MgO.

Taking into account that the number and strength of sites

measured by adsorption of CO2 is lower in the Al/Mg hydrated

sample than the mixed oxide,23 the larger initial activity

observed for the Brønsted catalyst can not be related to a

higher basicity of the Brønsted sites, but is probably related to

Fig. 5 Results of selectivity of monoester versus conversion of

methyl oleate obtained in the transesterification of methyl oleate with

PEG-600 using MgO (n), Li–cAl2O3(3%) (#), Li–cAl2O3(6%) ($),

Li–cAl2O3(9%) (m) as catalysts.

Table 5 Results of the reuse of the different catalysts in the
transesterification of methyl oleate and PEG-600

Catalyst
(cycles)

Conversiona

MeO (%)

Yields (%)
Selectivity to
monoester (%)Monoester Diester

KF/Al2O3

1st 83 54 28 65
2nd 68 53 15 77
3rd 58 48 10 82

MgO
1st 81 56 24 69
2nd 80 59 20 73
3rd 82 56 25 68

HTc–Al/Mg(0.25)
1st 54 48 5 88
2nd 53 49 4 93
3rd 56 50 6 90

HTc–Al/Li
1st 65 50 15 76
2nd 60 46 14 76
3rd 64 49 15 76

Li–cAl2O3(6%)b

1st 68 53 15 77
2nd 54 46 8 85
3rd 47 42 5 89

a PEG/MeO molar ratio = 1, reactant/catalyst ratio of 25 g g21, at
493 K after 1 h reaction time. b After 15 min reaction time.
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changes in the adsorption and activation of the reactants on

these catalysts. Thus, the increased activity of the rehydrated

sample compared with the calcined sample can be attributed to

the higher hydrophilic character of the former, which improves

the adsorption of the highly hydrophilic PEG, thus increasing

the conversion.

It should be remarked that regardless of the water content of

the sample, the amount of oleic acid detected in the reaction

mixture was very low (less than 2%), indicating that under the

reaction conditions tested, the hydrolysis of the esters is not a

competitive process.

For comparison purposes, another rehydratation methodo-

logy was used that involves the immersion of HTc–Al/

Mg(0.25) in CO2-free water (100 mL g21) while stirring under

an argon atmosphere for 1 h at room temperature. After

filtration under inert atmosphere, the solid was washed with

ethanol and dried under an argon flow at room temperature.

The final water content of the solid was 38 wt%. It can be seen

from Table 6 that this sample, and the sample prepared

before with 36 wt% water content, gave practically the same

conversion and selectivity after 1 h of reaction.

A comparison of monoester selectivity (Fig. 7) shows that

MgO and the rehydroxylated samples present similar selec-

tivities, again indicating that the monoester selectivity only

depends on the level of conversion, and it is independent of the

nature of the basic sites (Brønsted or Lewis).

Finally, in order to study catalyst deactivation, the HTr46

sample was reused three times under the same reaction

conditions. As can be seen in Table 7, the Brønsted basic

catalyst maintains its activity during the three consecutive

reuses. These results indicate that, from the point of view of

activity and reusability of the catalyst, rehydrated Al/Mg

mixed oxides are excellent candidates to perform this type

of reaction.

Influence of the hydrocarbon chain length of the fatty acid

methyl ester

To study the influence of the hydrocarbon chain length of the

fatty acid methyl ester in the alcoholysis process, we selected

Fig. 6 XRD patterns of Al/Mg hydrotalcites after synthesis, calcina-

tion and rehydration: a) fresh hydrotalcite, b) 60 wt% of water, c)

46 wt% of water, d) 36 wt% of water, e) calcined hydrotalcite.

Table 6 Results of the transesterification between methyl oleate and
PEG-600 in the presence of HTc–Al/Mg(0.25) with different water
amounts

Water
amount
(wt%)

Conversiona

(%)

Yield (%)
Selectivity to
monoester (%)Monoester Diester

0 54 48 5 88
15 66 54 12 82
20 69 56 11 81
36 77 56 20 71
38b 76 58 17 75
46 80 57 22 71
60 74 57 16 77
a 1 h reaction time, PEG/MeO molar ratio = 1, reactant/catalyst
ratio = 25 g g21 at 493 K. b Sample hydrated by immersion in CO2-
free water for 1 h.

Fig. 7 Results of selectivity of monoester versus conversion of

methyl oleate obtained in the transesterification of methyl oleate with

PEG-600 using MgO (n) and calcined–rehydrated Al/Mg hydro-

talcites as catalysts.

Table 7 Reuse of HTr46 in the transesterification of methyl oleate
and PEG-600

Catalyst
cycles

Conversiona

MeO (%)

Yield (%)
Selectivity to
monoester (%)Monoester Diester

1st 80 57 22 71
2nd 78 58 20 74
3rd 79 57 22 72
a PEG/MeO molar ratio = 1, reactant/catalyst ratio = 25 g g21, at
493 K after 1 h reaction time.
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two saturated methyl esters, methyl laureate (MeL) and methyl

palmitate (MeP), which have 12 and 16 carbon atoms

respectively. The results presented in Table 8 show that the

nature of the methyl ester influences the rate of transesterifica-

tion, the order of reactivity being C12 > C16 > C18. This

behaviour has to be related to the different miscibility of the

esters with the PEG phase. One can expect that when the

number of carbons in the fatty acid methyl ester is decreased,

the hydrophobic character of the fatty acid methyl ester will

also decrease, giving better solubility of the fatty acid methyl

ester in the hydrophilic phase (PEG phase), and therefore

enhancing the transesterification conversion.

Influence of the temperature and PEG/MeO molar ratio

The influence of reaction temperature on the transesterifica-

tion process was studied by carrying out the reaction in the

presence of HTc–Al/Li at 453 K with a PEG/MeO 1 : 1 molar

ratio. The results in Fig. 8 show that by working at

temperatures lower than 493 K it is possible to improve the

selectivity. Thus, at 453 K 95% selectivity to monoester for

65% conversion can be achieved after 3 h reaction time. This

result can be attributed to the lower solubility of the monoester

in MeO when decreasing the temperature. If the solubility of

the monoester in MeO is lower, the possibility of subsequent

transesterification of the monoester with the MeO to give the

diester will be lower, increasing the selectivity to monoester.

These results indicate that an important characteristic of a well

defined process is the fast removal of the methanol formed

during reaction.

From an economical point of view it is important to

optimise the methyl oleate to PEG molar ratio, keeping the

conversion and selectivity to monoester at reasonable levels. In

order to study this variable the transesterification was carried

out using different PEG/MeO molar ratios at 493 K. The

results from Table 9 clearly show than an excess of PEG not

only allows good conversion to the monoester, but also makes

possible a selectivity of 98%.

Experimental

Catalysts

Al–Mg hydrotalcites were prepared from gels produced by

mixing two solutions: A and B. Solution A contains (3 2 x)

mol of Mg(NO3)2?6H2O and x mol of Al(NO3)3?9H2O with an

(Al + Mg) concentration of 1.5 mol L21 for Al/(Al + Mg)

ratios of 0.20, 0.25 and 0.33. Solution B is formed by

(6 + x) mol of NaOH and 2 mol of Na2CO3 dissolved in the

same volume as solution A. Both solutions were co-added at a

rate of 1 mL min21 under vigorous mechanical stirring at

room temperature. The suspension was left for 12 h at 333 K.

The hydrotalcites were filtered and washed until the pH = 7,

and the solids were dried at 333 K. The Al/Li layered double-

hydroxy carbonate ([Al2Li(OH)6]2CO3?nH2O) was prepared

according to ref. 34: a hexane solution of aluminium tri(sec-

butoxide) (17% w/w) was added dropwise to aqueous lithium

carbonate (0.55% w/w) with vigorous mechanical stirring at

room temperature. The suspension was left for 24 h at 333 K,

then the Al/Li hydrotalcite was filtered and washed until the

pH = 7, and the solid was dried at 333 K. The hydrotalcites

were activated by heating at 723 K in a dry flow of N2

(99.99%). The temperature was raised at the rate of 2 uC min21

to reach 723 K and maintained for 8 h. The solid was then

cooled to room temperature in N2. These samples were

labelled HTc. Rehydrated Al/Mg calcined hydrotalcites

(HTr) were prepared at room temperature under a CO2-free

flow of nitrogen (40 mL min21) saturated with water vapour,

for different times. Analyses of Mg and Al were performed

using atomic absorption. The MgO sample was prepared by

thermal decomposition of magnesium oxalate at 873 K in

vacuum for 6 h.35 CsNaX zeolite was prepared by a repeated

exchange of an NaX zeolite (13X) with an aqueous solution of

CsCl (0.5 M), at room temperature. The final zeolite contained

23 and 4.4 wt% of Cs and Na respectively, as determined by

atomic absorption. 40 wt% KF impregnated on alumina was

Table 8 Results of transesterification of PEG-600 with different fatty
acid methyl esters in the presence of HTc–Al/Li

Methyl
ester

Conversion of
methyl estera (%)

Yielda (%)
Selectivity to
monoester (%)Monoester Diester

MeL 81 55 25 68
MeP 72 53 18 73
MeO 65 50 15 76
a PEG/Fatty acid methyl ester molar ratio = 1, 1 h reaction time,
reactant/catalyst ratio = 25 g g21 at 493 K.

Fig. 8 Influence of the reaction temperature on the selectivity to

monoester in the transesterification of methyl oleate with PEG-600

using HTc–Al/Li as a catalyst: 453 K ($), 493 K (#).

Table 9 Results of transesterification between methyl oleate and
PEG-600 using different molar ratios in the presence of HTc–Al/Li

PEG/MeO
Conversiona

(%)
Selectivity to
monoester (%)

Yield of
monoester (%)

1 : 1 65 76 50
2 : 1 77 89 69
4 : 1 90 98 88
a 1 h reaction time, reactant/catalyst ratio of 25 g g21 at 493 K.
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obtained from Aldrich. Samples of lithium oxide loaded on

alumina were prepared as follows: a methanolic solution

(50 mL) of LiNO3 containing the corresponding percentage of

Li to incorporate (3, 6 and 9 wt%) was added to 3 g of c-Al2O3.

The resultant suspension was stirred for 3 h at 323 K. The

solvent was removed and the sample dried overnight at 333 K,

then the solid was calcined at 723 K for 6 h with a mixture of

air and nitrogen. These samples were labelled as Li–cAl2O3.

The main characteristics of the catalysts are summarised in

Table 10.

X-Ray diffraction measurements were recorded with a

Philips X’PERT (PN 3719) diffractometer (CuKa radiation

from a graphite monochromator) equipped with an automatic

variable divergence slit and working in the constant irradiated

area mode. N2 and Ar adsorption/desorption isotherms were

performed at 77 and 87 K respectively, in an ASAP 2010

apparatus from Micromeritics, after pre-treating the samples

under vacuum at 673 K overnight, and the BET surfaces were

obtained using the BET methodology.

Reaction procedure

A mixture containing fatty acid methyl ester (1.7 mmol), PEG

(1.7 mmol) and with a reactant/catalyst ratio of 25 g g21 under

nitrogen atmosphere were heated in a silicone bath to the

required temperature in the absence of solvent with magnetic

stirring. A Dean–Stark instrument was attached to the glass

batch reactor to remove the methanol formed during the

reaction. After the required time, the reaction mixture was

dissolved in dichloromethane. The catalyst was filtered and

thoroughly washed with dichloromethane. Finally, the organic

solvent was evaporated under vacuum and the organic residue

was weighed and dissolved in pyridine. An aliquot of the crude

was taken and a known amount of internal standard (stearic

acid methyl ester) was added and the mixture analyzed by

HPLC. HPLC analyses (Waters 1525) were performed using

an ELSD detector and a reverse phase C18 column

(Symmetry1 5 mm 6 4.6 mm 6 159 mm). The analysis was

conducted under gradient conditions using an appropriate

mixture of acetonitrile and acetone. Each experiment was

repeated three times, and the average value was taken.

The fatty methyl ester conversion is the percentage of mmol

of MeO which have been converted to the different reaction

products (monoester, diester and fatty acid), and is given by

the following equation:

Molar conversion %ð Þ~

Amono=Frmonoz2Adi=FrdizAFA=FrFA

Amono=Frmonoz2Adi=FrdizAFA=FrFAzAME=FrME
|100

Where Amono, Adi, AFA and AME are the respective areas of

the peaks corresponding to monoester, diester, fatty acid and

fatty acid methyl ester, and Fr are their respective response

factors.

The yield of monoester is the percentage of mmol of MeO

which have been converted to monoester, and is given by the

following equation:

Yield of monoester~

Amono=Frmono

Amono=Frmonoz2Adi=FrdizAFA=FrFAzAME=FrME
|100

The yield of diester is the percentage of mmol of MeO which

have been converted to diester, and is given by the following

equation:

Yield of diester~

2Adi=Frdi

Amono=Frmonoz2Adi=FrdizAFA=FrFAzAME=FrME
|100

The selectivity to monoester is defined as the percentage of

monoester existing in the total mmol of MeO converted, i.e.

selectivity = (yieldmono/conversion) 6 100, and was calculated

according to the following equation:

Selectivity to monoester %ð Þ~

Amono=Frmono

Amono=Frmonoz2Adi=FrdizAFA=FrFA
|100

Conclusions

Solid bases are effective catalysts for the production of

polyoxyethyleneglycol esters by transesterification of fatty

acid methyl esters with polyethylene glycol.

Both Lewis and Brønsted basic solids are active and selective

catalysts, with high surface area MgO and calcined–rehydrated

hydrotalcites being the best catalysts.

Selectivity to monoester is not a function of the catalyst

but of reaction temperature and ratio of PEG to fatty acid

methyl ester.

The polarity of the PEG and fatty methyl esters play an

important role in phase miscibility and conversion. The higher

the molecular weight of PEG and the higher the number of

carbons of the methyl ester the lower the conversion.
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Table 10 Main characteristics of the base catalysts

Catalyst SBET/m2 g21
Pore
volume/cm3 g21

Pore
diameter/Å

MgO 246 0.615 96
HTc–Al/Mg(0.20)a 199 0.604 147
HTc–Al/Mg(0.25)a 264 0.461 97
HTc–Al/Mg(0.33)a 275 0.558 93
HTc–Al/Li(0.33)a 240 0.657 92
KF/Al2O3 38 0.138 144
CsX 650 — 7.4
CeO2 174 0.195 —
Li–cAl2O3(3%) 132 0.259 78
Li–cAl2O3(6%) 107 0.217 81
Li–cAl2O3(9%) 87 0.198 80
a Numbers in brackets are the Al/(Al + Mg) or Al/(Al + Li) ratios.
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Treatment of silica gel or silicate mineral with an aqueous solution of the weak base

triethylenetetraamine and the sugar fructose results in partial dispersion into particles smaller

than 450 nm under conditions of ambient pressure and mild heating (60–100 uC) in times less than

1 h. Redeposition occurs at longer times. The final material has 13–31% higher surface area and

17–18% lower D50 (50% of the accumulated weight percentage is smaller than this particle size).

Dissolution or decrystallization of some of the aluminosilicate phase is indicated by X-ray

diffraction for the Berea sandstone. The proposed mechanism involves deprotonation at the

anomeric hydroxyl, followed by attack on the solid silicate centers by fructose to form a

pentacoordinate silicon complex. The stereochemistry of fructose then allows a planar diolato

ring to form containing C2 and C3 of fructose and a second position on pentacoordinate silicon.

The reaction results in displacement of a portion of the silicate matrix. Reformation of Si–O–Si

bonds gives rise to redeposition. An equilibrium between dissolution and redeposition results in

the final reworked material with reduced particle size.

Introduction

Silicates constitute the largest mineral class in the earth’s

lithosphere. Because petroleum often is found embedded in

silicate formations, the process of petroleum extraction

requires dissolution, digestion, pulverization, or otherwise

loosening the solid matrix at the bottom of a well to permit

flow of the desired material.1 Current technology involves

pumping hydrogen fluoride (HF) to the silicate formations.

Production and handling of HF occurs on site, with potential

danger both to technicians and to the environment. The

development of alternative strategies to dissolve silicate

minerals therefore is important to the petroleum industry

and for the preservation of the environment.

Dissolution of silicates also is desirable or necessary in

several other contexts. (1) The construction industry often is

faced with demolition of concrete structures. Removal and

transport of a dissolved or slurried silicate would be far easier

than of solid concrete blocks.2 (2) Solubilized silicate minerals

are an important starting material for the silicon and organo-

silicon industries when economically viable.3 (3) Rice hulls,

containing ca. 20% silica, are a potential raw material for

silicon industries but again must be solubilized.4 In addition,

marine organisms such as diatoms, sponges, and radiolarians

metabolize silica to construct much of their structure. Silicate

minerals thus are an important biosource, although the

biochemical mechanisms are not fully understood.

Several groups have reported the dissolution of silica in

basic, aqueous media to produce anionic alkoxy and aryloxy

silicates.5–12 Others have treated aqueous silicic acid with

polyols to form penta- and hexacoordinated polyolate

complexes.13–16 We recently reported that silicic acid forms

stable, hypercoordinated silicates with sugars,17 and Klüfers

et al. reported the X-ray structures of complexes between

arylsiliconates and sugars.18

Laine and co-workers19–24 found that the reaction of silica

gel, fused silica, or sand at high temperatures with ethylene

glycol and group 1 metals or group 2 metal oxides produced

penta- and hexacoordinated glycolato silicate complexes. In a

patent, Bailey et al. described the reaction of silica in mixed

solvents of simple alcohols (ethanol or propanol) and

aromatics (benzene or xylene) with strong base to produce

alkoxysilanes.23 Suzuki and co-workers demonstrated that

gaseous dimethyl or diethyl carbonate reacts with alkali-

treated silica at very high temperatures to form alkoxysilanes

in high yield.24 These routes require strong bases and tem-

peratures usually in excess of 200 uC for a prolonged period

of time.

The use of HF or extremely strong bases is not optimal from

many points of view. We describe herein a novel and simple

procedure for digestion of silicate materials utilizing the weak

base triethylenetetraamine (TETA) instead of strong bases.

The procedure is carried out at lower temperatures than most

previous dissolution procedures. This study was inspired in

part by the work of Laine et al.20 and the observation of Frye

et al. that spirosilicates react with methanol and amines to

form pentacoordinated silicates.25 Our work, however, finds

that TETA alone is relatively inactive and needs the addition

of a chelating agent, which evolved from our previous work

with sugar silicates.17

Results

Digestion experiments were carried out on two silicate

materials: silica gel (pore size 60 Å) and Berea sandstone

(ground to a fine powder). All experiments were carried out in

aqueous solution containing one or more of the following

aDepartment of Chemistry, Northwestern University, Evanston,
IL 60208, USA. E-mail: jlambert@northwestern.edu
bSchlumberger Corp., Oilfield Chemical Products, 110 Schlumberger
Drive, MD-3, Sugar Land, TX 77478, USA
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components: TETA to serve as a weak base, EDTA to

complex metal cations, and D-fructose to chelate with silicate

oxygens. Both temperature and pressure were varied. The

weight of the silicate material was measured initially and after

treatment. In addition in one set of experiments as indicated,

the dissolved silicate levels were measured as a function of time

by inductively coupled plasma (ICP).

Silica gel at ambient pressure

Treatment of silica gel in an open round-bottomed flask at

60 uC for 1 h in the presence of TETA, EDTA, and fructose led

to a 36% loss of mass. Similar treatment at 80 uC for 48 min led

to a 40% loss of mass. Conditions identical to the second

experiment but without fructose led to only a 10% loss of mass.

Berea sandstone at ambient pressure

Similar treatment of powdered Berea sandstone with all three

components at 60 uC for 4 h led to a 33% loss of mass. An

experiment at 80 uC for 48 min led to 32% loss of mass. Three

further experiments under the latter conditions were per-

formed without one of the components. When fructose and

TETA were present but EDTA was not, loss of mass was 28%

after 48 min. When EDTA and TETA were present but

fructose was not, there was no loss of mass. When EDTA and

fructose were present but TETA was not, there was no loss of

mass. Mass loss was measured as a function of time in a series

of discrete experiments at ambient pressure and 100 uC (Fig. 1).

After 30 min a mass loss of only 5% was obtained. The loss

increased to 38% at 48 min and 34% at 1 h. After an hour,

secondary precipitation26 of silicate occurred, resulting in little

or no net mass loss. At a slightly lower temperature, similar

results were obtained (Fig. 2).

Berea sandstone under pressure

Treatment of powdered Berea sandstone in an autoclave

permitted use of higher temperature (150 uC) and pressure.

With all three components present, loss of mass as a function

of time was monitored in a series of discrete experiments, as

illustrated in Fig. 3. After only 1 h, a mass loss of 39% was

achieved. With prolonged heating, however, mass loss

decreased drastically, leveling off at about 12% after 7 h.

Secondary precipitation of dissolved silicates apparently was

occurring.

Effect of pore size on filtration

All the above experiments were carried out with filtration of

the aqueous solution through a 0.45 mm (450 nm) filter. The

weights reflect the amount of material that failed to penetrate

the filter. When a 0.2 mm (200 nm) filter was used, little or no

mass loss was observed (and only trace amounts of silicate

were detected by ICP analysis of the filtrate).

Powder X-ray diffraction

Untreated samples and samples treated with TETA and

fructose for 60 min at 60 uC were examined for their diffraction

properties. Silica gel samples showed no diffraction peaks

other than those of the sample holder and consequently are

amorphous. Untreated Berea sandstone showed strong quartz

peaks and minor aluminosilicate phases (clays and feldspars).

Sandstone recovered after treatment contained less alumino-

silicates than untreated material.

Fig. 1 Dissolution of Berea sandstone at ambient pressure (100 uC).

Fig. 2 Dissolution of Berea sandstone at 80 uC and ambient pressure.

Fig. 3 Dissolution of Berea sandstone in an autoclave at 150 uC.
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Particle size distribution

Untreated samples and samples treated as for the X-ray

experiments were analyzed for particle size distribution. In a

plot of volume% vs. particle size, untreated silica gel exhibited

one major peak with a maximum at ca. 75 mm and a smaller

peak with a maximum at ca. 5 mm. The overall specific surface

area was 0.182 m2 g21. The respective values of D10, D50, and

D90 were 37.1, 67.9, and 107.4 mm (10, 50, and 90% of the

accumulated weight percentage are smaller than these respec-

tive values). The volume weighted mean was 107.4 mm.

Following treatment of the silica gel, the two original peaks,

now with maxima at ca. 8 and ca. 63 mm, were joined by a

small new peak with a maximum at ca. 450 mm. The overall

specific surface area had increased to 0.239 m2 g21, the

respective values of D10, D50, and D90 had decreased to 14.6,

56.4, and 106.8 mm, and the volume weighted mean had

decreased to 106.8 mm.

The same plot for untreated Berea sandstone (Fig. 4)

showed one major peak with a maximum at ca. 160 mm and

two broad minor peaks with maxima at ca. 6 and ca. 20 mm

with an overall specific surface area of 0.196 m2 g21. The

respective values of D10, D50, and D90 were 22.9, 144.9, and

271.0 mm, and the volume weighted mean was 271.0 mm.

Following treatment of the Berea sandstone, the peak at lowest

particle size had become a shoulder (ca. 5–10 mm), the second

small peak now with a maximum at ca. 25 mm had increased

slightly in size, and the large peak had moved only slightly to a

maximum at ca. 145 mm. The specific surface area had become

0.221 m2 g21, D10/D50/D90 were 18.0/119.0/222.0 mm, and the

volume weighted mean 122.5 mm.

Discussion

In past work, silicate has been digested under highly basic or

acidic conditions.22,26 With a weak base such as TETA, very

little dissolution or digestion occurs. Silica gel treated at 80 uC
and atmospheric pressure for 48 min showed a mass loss of

only 10% in the presence of TETA alone. With both TETA

and fructose present under the same conditions, the mass loss

was 40%. Clearly, fructose plays a critical role in optimizing

digestion. At only 60 uC for 60 min, with both TETA and

fructose, the mass loss was 35%. EDTA was present in all these

experiments, and mass loss was measured by weighing the solid

material before and after treatment.

Treatment of Berea sandstone with TETA, fructose, and

EDTA at 60–80 uC for 48–240 min led to a mass loss of

32–33%. When EDTA was omitted from the experiment, there

still was 28% mass loss after 48 min. When either TETA or

fructose was omitted, however, the mass loss was zero after

48 min. Thus EDTA plays a minor role, but both the chelating

agent fructose and the weak base TETA are necessary for any

dissolution to occur. As with silica gel, the mass loss in these

experiments with Berea sandstone was measured by measuring

the weight of the solid before and after treatment.

At slightly higher temperatures (100 uC), mass loss was

obtained as a function of time in a series of discrete experi-

ments. Fig. 1 shows that the maximal mass loss occurred at

48–60 min under these conditions. This observation indicates

secondary precipitation, which has been observed widely.26

Treatment with TETA and fructose gives optimal results after

a relatively short amount of time. Thus apparently negative

results (no mass loss) could occur if experiments were allowed

to run for longer periods of time. Similar results were obtained

at 80 uC (Fig. 2). Although ammonium ions can serve as

templates for silicate construction, our basic conditions

prohibit the formation of ammonium ions from TETA.

The maximal allowable temperature with ambient pressure

is approximately 100 uC. Higher temperatures would require

higher pressures, which we achieved by the use of an autoclave.

With TETA, fructose, and EDTA present at 150 uC for 7 h in

an autoclave, mass loss was monitored as a function of time

(Fig. 3). After 1 h, mass loss was 39%, comparable to results at

lower temperatures and pressures. After 5 h, however, mass

loss dropped to about 12% and remained there.

All these experiments involved filtering the solution through

a 0.45 mm filter and weighing the mass of the material that

failed to pass through the filter. When a 0.2 mm filter was used,

in the case of reaction at 80 uC for 4 h, little mass loss was

observed. Thus the digestion involves reduction in particle size

from macroscopic to nanometer (200–450 nm). A 200 nm sized

particle corresponds to an –(O–Si)n– length with n equaling

approximately 400 in one dimension (each O–Si–O unit

requires about 0.25 nm). The dissolution conditions have

reduced the silicate minerals from an essentially infinite solid

polymer to a highly disperse, low molecular weight material

that passes through a 0.45 mm filter but fails to pass through a

0.20 mm filter.

The X-ray experiments indicated that the silica gel samples

were amorphous and the Berea sandstone samples were

crystalline, even after treatment. No further information could

be obtained from the silica gel samples. Diminution of the

aluminosilicate peaks in relation to the quartz peaks for the

treated Berea sandstone samples indicates preferential diges-

tion of the aluminosilicate phases. Such phases have higher

surface area and looser crystal structure than the quartz phase

and hence are more susceptible to digestion.

Measurement of particle size distributions revealed that

profound changes had occurred following treatment of both

materials. The specific surface area of the silica gel had

increased by 31%, indicating the more exposed nature of the

treated material. Consequently, the volume weighted mean

had decreased by 5%. This overall figure, however, is not

descriptive of the changes that had occurred within the sample.

Fig. 4 Particle size distribution as a function of percentage volume

for (right curve) untreated Berea sandstone and (left curve) treated

Berea sandstone.
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Although a small third peak appeared at larger size, the

maximum of the major peak moved to a smaller particle size.

The net result is a 60% decrease in D10 and a 17% decrease in

D50, but only a 0.5% decrease of D90. Treatment of silica gel

by TETA and fructose has increased the surface area and

decreased the particle size.

Treatment of Berea sandstone does not give rise to the third

peak, but similar results are obtained for bulk properties. The

plot in Fig. 4 shows that the major peak moves to lower

particle size after treatment, and the minor peak at lower

particle size increases in intensity. The overall specific surface

area increased by 13%, and the volume weighted mean

decreased by 20%. Without the new peak at larger size, D10,

D50, and D90 all decreased, respectively by 22, 18, and 18%.

Once again, treatment by TETA and fructose has increased the

surface area and decreased the particle size.

Scheme 1, based on our earlier observations,17 provides a

possible mechanism for the action of fructose on silicate in a

weakly basic aqueous solution. In the first step, the weak base

TETA removes the most acidic hydrogen, which is found at

the anomeric position of fructose. In the second step, the basic,

anomeric oxygen attacks a tetracoordinate silicate grouping

(the wiggly lines in Scheme 1 indicate further connections to

silicon within the solid silicate matrix). The result, following

our experiments on the reaction between fructose and silicic

acid under highly basic conditions,17 is formation of penta-

coordinate silicon.

It is likely that this charged material would tend to be more

soluble in water than the uncharged tetracoordinate silicate.

Such a step by itself, however, cannot result in dissolution, as

no portion of the silicate matrix has split off. Otherwise, TETA

alone should bring about dissolution, which it does not. There

must be a special role for fructose, which we envisage to be

analogous to its reaction with silicic acid [Si(OH)4].17 We

observed that fructose, and only certain other furanose (five-

membered-ring) sugars, react with silicic acid, because they

have an anomeric HO group (at the 2 position in fructose) that

is cis to an adjacent HO group (at the 3 position). Only when

this structural grouping (cis HO–C–C–OH) is present can a

nearly planar chelate five-membered diolato ring form. When

the adjacent HO group is trans or when the sugar ring has six

members (pyranose), formation of the planar diolato ring is

stereochemically impossible.17

In the present context, the 3-OH in fructose displaces a

silicate O–Si bond in the third step of Scheme 1 to form the

illustrated, planar diolato chelate product and an extruded

silicate fragment (‘‘HO–’’). This formal step can occur by

either an associative or a dissociative mechanism, and at

present we cannot choose between the two possibilities. In the

associative mechanism, TETA initially removes the proton

from the 3-OH group. The resulting alkoxide ion attacks

silicon to form a doubly charged hexacoordinated chelate (the

planar diolato ring). Our earlier experiments17 and those of

Kinrade et al.13–16 have demonstrated that hexacoordinate

silicon can occur under these conditions. Loss of siloxide then

restores pentacoordination and produces (after reprotonation)

the extruded silicate fragment ‘‘HO–’’ depicted as a final

product in Scheme 1. In the dissociative mechanism, loss of

the siloxide fragment occurs initially from the pentacoordi-

nated species to form tetracoordinate silicon. Attack by the

deprotonated 3-OH group of fructose then produces the

pentacoordinate product in Scheme 1. By either variant, these

final steps begin the process of dissolution. Repetition of the

mechanism of Scheme 1 at multiple sites in the solid continues

to degrade the silicate matrix. We have found that fructose

succeeds in breaking the matrix down in this fashion to

particles of the size 200–450 nm.

Redeposition has been discussed thoroughly in the litera-

ture.26 In the present context it represents the reversal of the

process described in Scheme 1, probably without the involve-

ment of fructose. Redeposition or polysilicate formation takes

place by reformation of the stable Si–O–Si bonds. Thus

dissolution and redeposition are two aspects of an equilibrium

process. The redeposited material of course is not the same

as the original. Treatment of silica gel or Berea sandstone

with TETA and fructose results in some dissolution of the

aluminosilicate phases, some dispersion to colloidal-like

particles of size 200–450 nm, overall reduction in particle size,

and some production of redeposited solid material. This result,

achieved by environmentally benign conditions of weak

basicity, would permit flow of petroleum from silicate

formations or slurrying of concrete residues.

Experimental

Materials

Berea sandstone core (quartz content >85%) was supplied by

Schlumberger Corp. and was ground to a fine powder of size

,200 mesh ASTM (74 mm) with a mortar and pestle. Silica gel

for column chromatography (pore size 60 Å) was purchased

from Fisher and used as received.

Procedures

Dissolution of silica gel at ambient pressure. A typical

procedure involved heating a mixture of silica gel (1.0 g,Scheme 1
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16.7 mmol), D-fructose (1.20 g, 6.7 mmol), TETA (2.2 mL,

7.0 mmol), and ethylenediamine tetraacetic acid (EDTA)

tetrasodium salt (3.0 g, 6.7 mmol) in 100 mL of H2O to

60 uC in a 250 mL, round-bottomed flask for 1 h. The reddish

mixture was allowed to cool to room temperature and was

filtered with a 0.45 mm filtration membrane (Millipore). The

color results from decomposition of sugars in the presence of

base and is independent of the presence of silica.27 The residue

was washed with deionized H2O (3 6 50 mL) and dried in an

oven (110 uC) overnight. Recovered mass: 0.64 g; mass loss

(difference between original and recovered mass): 36.0%.

Dissolution of Berea sandstone at ambient pressure. A typical

procedure involved heating a mixture of the powdered

rock (1.05 g, 17.3 mmol), D-fructose (1.20 g, 6.7 mmol),

TETA (2.2 mL, 7.0 mmol), and EDTA tetrasodium salt (3.0 g,

6.7 mmol) in 100 mL of H2O to 60 uC in a 250 mL, round-

bottomed flask for 4 h. The dark mixture was allowed to cool

to room temperature and was filtered with a 0.45 mm filtration

membrane (Millipore). The residue was washed with deionized

H2O (3 6 50 mL) and dried in an oven (110 uC) overnight.

Recovered mass: 0.70 g; mass loss: 33.3%.

Dissolution of Berea sandstone in an autoclave. A typical

procedure involved heating a mixture of the powdered rock

(1.04 g, 17.3 mmol), D-fructose (1.20 g, 6.7 mmol), TETA

(2.2 mL, 7.0 mmol), and EDTA tetrasodium salt (3.0 g,

6.7 mmol) in 100 mL of H2O to 150 uC in a 250 mL autoclave

for 7 h. The dark mixture was allowed to cool to room

temperature and was filtered with a 0.45 mm filtration

membrane (Millipore). The solid residue was washed with

deionized H2O (3 6 50 mL) and was dried in an oven (110 uC)

overnight. Recovered mass: 0.92 g; mass loss; 11.5%.

Dissolution of Berea sandstone in an orbital shaker. A typical

experiment involved heating powdered rock (1.0 g, 17.3 mmol),

D-fructose (1.20 g, 6.7 mmol), TETA (2.2 mL, 7.0 mmol), and

EDTA (3.0 g, 6.7 mmol) in 100 mL of H2O at 80 uC at ambient

pressure in a 250 mL Erlenmeyer flask on an orbital shaker for

4 h. Two 1 mL aliquots of the liquid portion of the reaction

mixture were removed from the vessel every 15 min and were

filtered with a disposable Millipore filter (0.45 mm and 0.2 mm,

respectively). The aliquots were diluted to 10 mL with

deionized water and were subjected to ICP analysis. The ICP

results on the liquid portion showed that the concentration of

silicon peaked at 1900 mg L21 at about 1 h for the set using the

0.45 mm filter and became stable after that. For the set using

the 0.2 mm filter, the maximum silicon concentration was

20 mg L21 throughout the experiment. After 4 h, the solid

residue was washed with deionized H2O (3 6 50 mL) and

dried in an oven (110 uC) overnight. Recovered mass: 0.90 g;

mass loss: 10%.
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Seven ionic liquids (ILs) were tested for use in the regioselective acylation of 1-b-D-

arabinofuranosylcytosine (ara-C) by vinyl propionate, catalyzed by immobilized

Candida antarctica lipase B. The results demonstrated that the nature of both the cations and the

anions of ILs had a significant effect on the initial rate and the substrate conversion, but little

effect on the regioselectivity of the reaction. The lipase displayed enhanced activity toward ara-C

when the alkyl chain of CnMIm?BF4 increased in length (n = 4–8) and no acylation reaction

occurred in C4MIm?Cl or C4MIm?Br. To further enhance the initial rate and substrate

conversion, co-solvent mixtures of ILs and organic solvents were investigated. Among various

IL-containing systems examined, 10% (v/v) C4MIm?PF6–tetrahydrofuran gave the highest initial

rate and substrate conversion. In this reaction medium, the optimal water activity, vinyl

propionate/ara-C molar ratio, temperature and shaking rate were 0.07, 15 : 1 (mol/mol), 60 uC
and 250 rpm, respectively. Under these conditions, the initial rate, substrate conversion and the

regioselectivity were 94.0 mM h21, 98.5% and 99%, respectively. An additional comparative study

demonstrated that the enzymatic acylation proceeded with very similar initial rate, substrate

conversion, regioselectivity and activation energy whether the reaction medium was 10% (v/v)

C4MIm?PF6–tetrahydrofuran or 28% (v/v) hexane–pyridine (the best organic solvent mixture for

the reaction). However, the lipase exhibited a much higher stability in the IL-containing system,

which may also have environmental advantages. The product of the lipase-catalysed reaction was

characterized by NMR, FT-IR spectroscopy and was shown to be the 59-O-monoester of ara-C.

Introduction

Regioselective acylation of nucleosides possessing several

hydroxyl groups of similar chemical reactivity is a fundamental

challenge to organic chemists.1 Successful developments in this

area may lead to a variety of nucleoside derivatives that could

be employed not only as key building blocks in the synthesis of

oligonucleotides but also as effective pharmaceuticals for the

treatment of viral infections and tumors.1,2 Among such

compounds, fatty ester derivatives of 1-b-D-arabinofuranosyl-

cytosine (ara-C), which play a crucial role in the therapy of

acute leukemia and solid tumors, are particularly interesting.2,3

Currently, several strategies for selective acylation of ara-C

employing conventional chemical methods have been reported,

but their application is somewhat hampered by the relatively

low regioselectivity, the lack of easy access to some of the key

intermediates, and the environmental concerns of the pro-

cess.4,5 Consequently, more efficient methodologies for the

production of these compounds are of considerable industrial

significance. Enzymatic acylation of nucleosides in non-

aqueous media is a favorable and practicable option for

regioselective preparation of the target nucleoside esters under

mild conditions. In such a reaction the catalytic specificity of

the enzyme would avoid the need for additional chemical

protection/deprotection steps. Some efforts have been made

toward enzymatic acylation of nucleosides in organic solvents

and it has been found that one of the most troublesome

limitations is the poor solubility of the hydrophilic nucleosides

in most organic solvents.1,6–8 In fact, only polar organic

solvents, such as pyridine and DMF, have been commonly

used for this purpose.9,10 Unfortunately polar organic solvents

usually strip essential water from the enzyme molecules and

thus inactivate the biocatalyst. Acylation of ara-C has proved

to be especially difficult because this compound was found to

be unreactive in enzyme-catalysed acylation reactions unless

activated by conversion to a modified form such as N-butyryl-

1-b-D-arabinofuranosylcytosine.11 Recently in our laboratory

we have been addressing this problem by developing

methods for direct enzyme-catalysed regioselective acylation

of unmodified ara-C by using a variety of nonaqueous

media.12 Here we report our investigation of this reaction in

media containing ionic liquids (ILs), which was aimed towards

effective regioselective catalysis at the same time as minimizing

the use of environmentally harmful organic solvents.

Ionic liquids (ILs) have emerged as excellent nonaqueous

media for a great variety of biocatalytic reactions, and are

becoming more and more attractive in such applications.13–15

Their unique properties such as nonvolatility, nonflammabi-

lity, and excellent chemical and thermal stability have made

them an environmentally attractive alternative to conventional

organic solvents. Moreover, ILs are capable of dissolving a

aLab of Applied Biocatalysis, South China University of Technology,
Guangzhou 510640, P. R. China. E-mail: btmhzong@scut.edu.cn;
Fax: +86 20-22236669; Tel: +86 20-87111452
bBiomedical Research Centre, Sheffield Hallam University, Howard
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wide range of substrates, especially those with high polarity

such as carbohydrates and nucleosides, which are sparingly

soluble in common organic solvents. Another obvious

advantage is the possibility of designing a solvent with specific

properties (including polarity, hydrophobicity, viscosity and

solvent miscibility) by modifying the cation, anion, or attached

substituent of the IL.16 In recent years, a large number of

enzymatic reactions have been successfully carried out in

IL-containing systems, such as thermolysin-catalyzed synthesis

of Z-aspartame;17 alcalase-catalyzed resolution of amino

acids;18 hydroxynitrile lyase-promoted cyanohydrin forma-

tion;19 lipase-catalyzed ammonolysis;20 and enzymatic

esterification of carbohydrates.21–23 In many cases, enzymes

showed a comparable or even higher activity, stability and

selectivity in the IL-containing systems than in organic

solvents. However, very little work has been done on

enzymatic acylation of nucleosides in IL-containing systems.24

Encouraged by our recent achievements in the study of

enzymatic reactions in ILs20,25,26 and the possibility that some

types of ILs could offer both a high solubility of nucleosides

and a high stability of a lipase, we tried, for the first time, the

enzymatic acylation of ara-C with vinyl propionate (VP)

(Scheme 1) by an immobilized lipase in IL-containing systems,

in order to develop a novel and efficient route for the

preparation of a 59-O-monoester of ara-C.

Results and discussion

In order to structurally characterize the product of the

Novozym 435-catalyzed acylation of ara-C with VP in IL-

containing systems, 0.2 mmol of ara-C and 3 mmol VP were

reacted in the presence of the enzyme and the product was

purified as described in the Experimental section, before

characterization by FT-IR and 13C NMR analysis.

The FT-IR spectroscopy revealed that characteristic absorp-

tions in common with ara-C still existed in the product

spectrum, such as peaks at 3421–3444 cm21 (–OH and –NH

from the sugar and base moieties), 1648 cm21 (CLC from the

base moiety), and 1113/1078 cm21 (C–O–C, from the sugar).

In addition, a new absorbance at 1735 cm21, corresponding to

the carbonyl group of the acyl moiety, appeared in the product

spectrum, indicating that ara-C had been acylated. The

structure of the product was further confirmed by 13C NMR

spectroscopy and it was found that, compared with ara-C, the

spectrum of the product exhibited three additional carbon

signals at d 174.2, 27.3 and 9.6, characteristic of a propionyl

group. Moreover, the C-59 (d 61.6) of the sugar moiety shifted

downfield by y2.7 ppm and the resonance due to its

neighboring carbon atom C-49 (d 85.5) also showed an upfield

shift of y3.2 ppm, which suggested that the acyl group was

attached to the –OH at C-59.27 Thus the product was identified

as 59-O-propionyl ara-C.

It has been reported that Candida antarctica lipase B

(CAL-B), which is the enzyme component of Novozym 435,

has a rather narrow and deep channel leading to an open active

site.28 The 59-OH of the sugar moiety of ara-C may have an

easier access to the active site of CAL-B to attack the acyl–

enzyme intermediate than the other –OH groups at C-39 and

C-29, perhaps due to less steric hindrance factors, thus

resulting in preferential acylation at the 59-OH position.

It is well known that the catalytic properties of enzymes in

IL-containing systems are dependent on the type of IL used.29

We initially focused on the influence of the cation and the

anion of ILs on Novozym 435-mediated regioselective acyla-

tion of ara-C (Table 1, entries 1–7). In the case of 1-alkyl-3-

methylimidazolium tetrafluoroborate (CnMIm?BF4, n = 4–8),

both the hydrophobicity and the viscosity of ILs increase with

increasing length of the alkyl group attached on the cation,

while the polarity decreases to some extent.30 The reaction

became faster with the elongation of the alkyl chain of the

cation (Table 1, entries 1–4). In addition, Novozym 435

showed relatively high activity in C4MIm?PF6 as compared to

C4MIm?BF4 and no activity when C4MIm?Cl or C4MIm?Br

was the reaction medium. In all IL-containing systems

tested, the regioselectivity was effectively constant at 99%.

Collectively the results suggested that the anions are more

crucial in affecting the initial rate and the substrate conversion

than the cations. There were two possible explanations for this

difference. Firstly, the enzyme-compatible anions may show

lower hydrogen bond basicity, which would minimize inter-

ference with the internal hydrogen bonds of the enzyme.13,31

The PF6
2 anion, for example, spreads its negative charge over

six fluorine atoms and thus weakens hydrogen bond basicity of

C4MIm?PF6. Second, the enzyme-compatible anion PF6
2

Scheme 1 Novozym 435-catalyzed acylation of 1-b-D-arabinofuranosylcytosine with vinyl propionate.

This journal is � The Royal Society of Chemistry 2006 Green Chem., 2006, 8, 538–544 | 539

D
ow

nl
oa

de
d 

on
 0

7 
N

ov
em

be
r 

20
10

Pu
bl

is
he

d 
on

 0
4 

A
pr

il 
20

06
 o

n 
ht

tp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/B
60

03
97

D
View Online

http://dx.doi.org/10.1039/B600397D


exhibits lower nucleophilicity than the anions Br2 or Cl2 and

thus may have a lower tendency to change the enzyme’s

conformation by interacting with positively charged sites on

the enzyme.32,33

As can be seen in Table 1, the solubility of the substrate was

also greatly improved in all of the ILs tested compared to

common organic solvents used in enzymatic reactions, such as

THF and hexane, in which the solubility of the substrate was

lower than 0.01 mol l21. However, both the initial rate and the

substrate conversion of the lipase-mediated acyaltion of ara-C

with VP in the pure ILs tested were disappointingly low. As

an alternative, co-solvent mixtures of IL and organic solvent

were investigated. In principle, tetrahydrofuran (THF) can be

used as the solvent for enzymatic acylation of nucleosides2,6

and it has also been found to be freely miscible with the ILs

investigated in all proportions tested. Thus, it was employed as

the co-solvent with the ILs tested in this work. The effect of the

concentration of ILs on the acylation reaction was then

examined to determine the optimal concentration of each IL in

the co-solvent mixture. It was found that both the initial rate

and substrate conversion were significantly enhanced with

increasing concentration of C4MIm?BF4, C5MIm?BF4,

C6MIm?BF4, C8MIm?BF4, and C4MIm?PF6 up to 20%, 20%,

10%, 15% and 10% (v/v), respectively, beyond which further

increase in IL content resulted in a substantial decline in both

the reaction rate and the substrate conversion. Changes in the

concentration of ILs within the examined range, however,

showed little effect on the regioselectivity. The results of a

comparative study of Novozym 435-catalyzed acylation of

ara-C with VP in different co-solvent mixtures containing the

optimal concentration of each IL in THF are summarized in

Table 1 (entries 8–12). A possible reason that the presence of

the ILs at an appropriate concentration can boost the activity

of Novozym 435 and the reaction efficiency is that the ILs

might interact with charged groups of the enzyme, either in the

active site or at its periphery, causing changes in the enzyme’s

structure33 and thus making the enzyme’s conformation more

suitable for the formation of the acyl-enzyme intermediate. On

the other hand, a high concentration of IL causes not only a

high ionic strength of the reaction medium that might

inactivate the enzyme, leading to a lower enzymatic activity,

but also a high viscosity of the reaction mixture, which may

limit diffusion of substrates and products to and from the

active site of the enzyme, resulting in a drop in both the

reaction rate and the substrate conversion.13 Of the co-solvent

mixtures assayed, 10% (v/v) C4MIm?PF6–THF gave the

highest initial reaction rate and substrate conversion and thus

was selected for subsequent investigations.

To better understand Novozym 435-mediated acylation

reaction conducted in the novel system and further optimize

the reaction, the initial rate, the substrate conversion and the

regioselectivity of the reaction were investigated in the optimal

C4MIm?PF6–THF co-solvent system as a function of the

molar ratio of VP to ara-C, initial water activity, reaction

temperature and shaking rate. Fig. 1a depicts the clear aw

dependence of the acylation reaction performed in 10% (v/v)

C4MIm?PF6–THF co-solvent. Both the initial rate and the

substrate conversion of the acylation increased markedly with

increasing aw up to 0.07. Further increase in aw, however, led

to a lower reaction rate and a lower substrate conversion.

Although hydrolysis of the substrate could be inhibited when

aw was very low, the enzyme was incompletely hydrated and

thus showed somewhat lower acylation activity. On the other

hand, an aw above the optimum presumably allowed the

enzyme to become completely hydrated, but competitive

hydrolysis of both the substrate VP and the product

59-O-monoester limited the acylation. It was also observed

that too much water in the co-solvent system caused

aggregation of the enzyme, which was clearly related to the

decline in the reaction rate and the substrate conversion at

high aw. Little influence of aw on the regioselectivity was

observed. As a result, a careful regulation of aw to achieve the

optimum value of 0.07 was necessary for an efficient lipase-

catalyzed acylation of ara-C in the 10% (v/v) C4MIm?PF6–

THF system. Degradation of the IL by hydrolysis was not

detectable over the aw range tested (data not shown).

As shown in Fig. 1b, remarkable enhancement in both the

initial rate and the substrate conversion was observed with the

increase of the molar ratio of VP to ara-C up to 15, while

further increase in this ratio led to only a minor rise in the

initial rate and substrate conversion. It is also notable that

only a minor change in the regioselectivity of the reaction

Table 1 Effect of various ILs and IL/co-solvent mixtures on Novozym 435-mediated acylation of ara-C by VPa

Entry Medium Solubility of ara-C/mol l21 b V0/mMh21 Cc (%) Regioselectivity (%)

1 C4MIm?BF4 0.268 6.3 17.8 99
2 C5MIm?BF4 0.101 8.5 29.1 99
3 C6MIm?BF4 ,0.086 12.0 43.5 99
4 C8MIm?BF4 ,0.072 17.5 60.5 99
5 C4MIm?PF6 ,0. 064 27.1 65.1 99
6 C4MIm?Cl 0.871 0 0 0
7 C4MIm?Br 0.905 0 0 0
8 20% (v/v) C4MIm?BF4/THFc,d ,0.198 46.1 95.2 99
9 20% (v/v) C5MIm?BF4/THFc,d ,0.145 49.0 95.6 99
10 10% (v/v) C6MIm?BF4/THFc,d ,0.127 50.1 96.0 99
11 15 % (v/v) C8MIm?BF4/THFc,d ,0.075 52.0 97.0 99
12 10 % (v/v) C4MIm?PF6/THFc,d ,0.056 81.5 98.5 99
a The reaction conditions: 0.04 mmol ara-C; 0.6 mmol VP; 1000 U Novozym 435; 40 uC; 250 rpm; 2 ml of the reaction medium stated in each
case and various ILs; aw = 0.07. b The solubility of ara-C in each reaction medium was determined by HPLC analysis of saturated solutions at
40 uC. c Maximum substrate conversion. d Pyridine (20%, v/v) was added to the reaction media for dissolving the substrate.
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occurred with the change in the ratio of the two substrates. It

appears that the presence of a substantial excess of VP inhibits

the hydrolysis of the product (59-O-propionyl ara-C) and

pushes the reaction equilibrium towards the synthesis of

59-O-propionyl ara-C. Additionally, the hydrolysis of VP

might significantly reduce its concentration, thus reducing the

acylation rate and substrate conversion if VP is not initially

present in great excess.34

As shown in Fig. 1c, within the range from 25 to 60 uC,

higher reaction temperature resulted in both the higher initial

reaction rate and the higher substrate conversion in 10% (v/v)

C4MIm?PF6–THF. However, the reaction rate and the sub-

strate conversion dropped sharply above 60 uC. Temperature

showed little effect on the regioselectivity within the range

examined.

As can be seen in Fig. 1d, the reaction accelerated rapidly

with the increase in shaking rate up to 250 rpm, implying that

mass transfer was the rate-limiting step. Increasing the shaking

rate beyond 250 rpm did not significantly change the initial

rate observed. The shaking rate showed little effect on the

regioselectivity of the reaction.

When the reaction was carried out under the optimum

conditions described above, the initial rate, the substrate con-

version and the regioselectivity were as high as 94.0 mM h21,

98.5% and 99%, respectively.

Organic solvent systems containing hexane and pyridine

were also found to be effective media for this reaction and so a

28% (v/v) hexane–pyridine system, in which the initial rate,

regioselectivity, conversion and activation energy were very

similar to the 10% (v/v) C4MIm?PF6–THF medium (Table 2),

was used to compare the IL-containing system with an

organic solvent medium in terms of enzyme stability. Fig. 2

illustrates the deactivation profile of Novozym 435 at various

temperatures in 10% (v/v) C4MIm?PF6–THF and in 28% (v/v)

Fig. 1 The regioselective acylation of ara-C with VP mediated by Novozym 435 in the 10% (v/v) C4IMm?PF6–THF co-solvent system. (a) Effect

of initial water activity (aw) {0.04 mmol ara-C; 0.6 mmol VP; 1000 U Novozym 435; 40 uC; 250 rpm}. (b) Effect of the molar ratio of VP to ara-C

{0.04 mmol ara-C; 1000 U Novozym 435; 40 uC; 250 rpm; aw = 0.07}. (c) Effect of the reaction temperature {0.04 mmol ara-C; 0.6 mmol VP;

1000 U Novozym 435; 250 rpm; aw =0.07}. (d) Effect of the shaking rate {0.04 mmol ara-C; 0.6 mmol VP; 1000 U Novozym 435; 40 uC; aw = 0.07}.

Symbols: (r) V0; (#) C; (n) regioselectivity. All reactions were performed in 2 ml of reaction medium plus 20% (v/v) pyridine to promote

dissolving of the substrate.
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hexane–pyridine, assayed on the basis of acylation of ara-C by

VP. The much higher enzyme activity after incubation in 10%

(v/v) C4MIm?PF6–THF than in 28% (v/v) hexane–pyridine

under the same conditions demonstrated that the presence of

the ionic liquid in the reaction medium markedly increased the

thermal stability of Novozym 435, which can greatly improve

the re-use times of the enzyme as well as the efficiency of the

process. Besides the coating and protection of the essential

water surrounding the lipase by the IL, a greatly enhanced

interaction of the substrate with the active site of the lipase

in the presence of the IL could partly account for this.

Furthermore, enzyme–solvent interactions in different media

constitute an important factor in maintaining the active

conformation of the protein. Hence, the considerably

increased stability of Novozym 435 in the C4MIm?PF6–THF

mixture could be due in part to electrostatic interactions

between the IL and protein, leading to a more rigid protein

with a higher kinetic barrier against unfolding.

Conclusions

The IL C4MIm?PF6 can serve as an excellent co-solvent with

tetrahydrofuran in place of traditional organic solvents for

Novozym 435-mediated acylation of ara-C with greatly

enhanced solubility of the substrate, enzyme’s stability and

similar enzyme activity. Besides, both the ILs and biocatalyst

are reusable which made the process more environmentally

friendly than the traditional chemical procedures. This might

become a greener alternative for efficient preparation of the

59-O-monoester of ara-C. Additionally, the results reported

here suggest that enzymatic acylation of nucleosides in

IL-containing systems is a promising area that is worthy of

further study.

Experimental

Biological and chemical materials

Candida antarctica lipase B (CAL-B) immobilized on a

macroporous acrylic support (Novozym 435, 10 000 U g21)

was kindly donated by Novozymes (Denmark). 1-b-D-

Arabinofuranosylcytosine (ara-C) and vinyl propionate

(VP) were purchased from Aldrich (USA). The ionic

liquids 1-butyl-3-methylimidazolium tetrafluoroborate

(C4MIm?BF4), 1-amyl-3-methylimidazolium tetrafluoroborate

(C5MIm?BF4), 1-hexyl-3-methylimidazolium tetrafluorobo-

rate (C6MIm?BF4), 1-methyl-3-octylimidazolium tetra-

fluoroborate (C8MIm?BF4), 1-butyl-3-methylimidazolium

hexafluorophosphate (C4MIm?PF6), 1-butyl-3-methylimidazo-

lium chloride (C4MIm?Cl) and 1-butyl-3-methylimidazolium

bromide (C4MIm?Br) were obtained as gifts from Dr X.-H.

Li (Department of Chemical Engineering, South China

University of Technology, Guangzhou, China) and were all

of over 98% purity. ILs were dried at 200 uC for 48 h prior to

use. All other chemicals were obtained from commercial

sources and were of analytical grade.

General procedure for enzymatic acylation of ara-C

In a typical experiment, 2 ml of co-solvent mixture of ILs and

organic solvents containing 0.04 mmol ara-C, 0.6 mmol VP

and 1000 U (100 mg) Novozym 435 were incubated with

shaking (250 rpm unless stated otherwise) at a fixed

temperature stated for each experiment. Aliquots were with-

drawn at specified time intervals from the reaction mixture,

and then diluted 100 times with a water–methanol mixture

prior to HPLC analysis. In order to structurally characterize

the product, the reaction was scaled up (y0.2 mmol ara-C and

3 mmol VP). Upon completion of the reaction, the reaction

mixture was filtered to remove the immobilized enzyme and

evaporated under vacuum. The residue was extracted three

times with ethanol and the collected solution was further

evaporated to give the crude product. Then, it was dissolved in

t-BuOH for crystallization and the product was obtained as a

white powder (yield: .91%).

Separate experiments were also conducted in the various

media tested with no enzyme added and the results showed

Table 2 Enzymatic acylation of ara-C with VP in 10% (v/v) C4MIm?PF6–THF or 28% (v/v) hexane–pyridinea

Medium V0/mM h21 Cb (%) Regioselectivity (%) Ea
c/kJ mol21

10% (v/v) C4MIm?PF6–THFd 94.0 98.5 99 7.40
28% (v/v) Hexane–pyridine 91.1 98.0 98 7.47
a The reactions were conducted under the optimum conditions for each case. b The maximum substrate conversion. c The apparent activation
energy (Ea) of Novozym 435-catalyzed acylation of ara-C with VP was determined according to the linear regression analysis of the Arrhenius
plot. d Pyridine (20%, v/v) was added to the reaction media for dissolving the substrate.

Fig. 2 Thermal stability of Novozym 435 in 10% (v/v) C4MIm?PF6–

THF (%) and 28% (v/v) hexane–pyridine ($).
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that a chemical acylation reaction did not take place in the

absence of the enzyme under the reaction conditions described

above.

Control of the initial water activity

The initial water activity of the reaction media, the substrates

and the enzyme were controlled by gaseous equilibrium with

different saturated salt solutions in separate closed containers

at 25 uC. The following salts were used: LiBr (aw = 0.07),

LiCl (aw = 0.11), MgCl2 (aw = 0.33), Mg(NO3)2 (aw = 0.53),

NaCl (aw = 0.75), and KCl (aw = 0.85).33 A molecular sieve

was used to generate the nearly anhydrous reaction medium

(aw y 0).

Determination of activation energy

The reactions were performed in various reaction media and

different temperatures (varying from 25 to 60 uC). 1000 U

(100 mg) enzyme was added to 2 ml of the reaction mixture

(aw = 0.07) containing 0.04 mmol ara-C and 0.6 mmol VP.

The mixture was then incubated in a water-bath shaker

at 250 rpm. The apparent activation energy (Ea) of the

Novozym 435-catalyzed acylation of ara-C with VP was

calculated according to the linear regression analysis of the

Arrhenius plot.

Determination of enzyme thermal stability

In order to assess the thermal stability of the enzyme, 100 mg

aliquots of Novozym 435 were added into separate screw-

capped vials containing 2 ml of the selected medium {10% (v/v)

C4MIm?PF6–THF or 28% (v/v) hexane–pyridine} with a

fixed initial aw (0.07) and the reaction mixture was incubated

for 6 h at various temperatures from 30 to 65 uC. Then the

immobilized enzyme was recovered by filtration from the

reaction medium and added to a fresh volume of the same

reaction medium containing 0.04 mmol ara-C and 0.6 mmol

VP. The assay reaction was then incubated at 250 rpm and

40 uC and enzyme activity was measured by HPLC quantita-

tion of the product ester. The relative activity was expressed as

the ratio of the retained activity after incubation to the original

activity of the enzyme in the same reaction system.

Analytical methods

The reaction mixture was analyzed by RP-HPLC on a

4.6 6 250 mm (5 mm) Zorbax SB-C18 column (Agilent

Technologies Co., Ltd, USA) using an Agilent G1311A pump

and a UV detector at 276 nm. The mobile phase was a mixture

of ammonium acetate buffer (0.01M, pH 4.27) and methanol

(60/40, v/v) at a flow rate of 0.9 ml min21. The retention

times for 1-b-D-arabinofuranosylcytosine and 59-O-propionyl

1-b-D-arabinofuranosylcytosine were 2.67 and 4.51 min,

respectively. Regioselectivity was defined as the ratio of the

HPLC peak area corresponding to the indicated product to

that of all the products formed.35 The initial rate (V0) and

the substrate conversion (C) were calculated from the HPLC

data. The average error for this assay is less than 0.7%. All

reported data are averages of experiments performed at least

in duplicate.

Structure determination

The position of acylation in enzymatically prepared ester was

determined by 13C NMR (Bruker AVANCE Digital 400 MHz

Nuclear Magnetic Resonance Spectrometer, Bruker Co.,

Germany) at 100 MHz. DMSO-d6 was used as a solvent and

TMS was used as an internal reference. Chemical shifts were

expressed in ppm shift. The FT-IR spectra of both the

substrate and the product were recorded on a Nicolet

NEXUS2 470 Fourier-Transform Infrared Spectrometer

(Thermo Nicolet Co., USA).

ara-C. 13C NMR: d = 61.6 (C-59), 74.3(C-29), 76.7(C-39),

85.5 (C-49), 86.5(C-19), 93.1 (C-5), 144.0 (C-6), 154.3(C-2),

164.9(C-4); FT-IR(KBr): n (cm21) = 3357–3442 (OH, NH),

2933(CH), 1648 (CLC), 1110/1071(C–O–C).

59-O-Propionyl ara-C. 13C NMR d = 9.6 (–CH3), 27.34

(–CH2), 64.33 (C-59), 74.9 (C-29), 77.3 (C-39), 82.3 (C-49),

86.7(C-19), 93.2 (C-5), 143.5 (C-6), 154.9 (C-2), 165.4(C-4),

174.2 (CLO); FT-IR (KBr): n (cm21) = 3421–3444 (OH, NH),

2924 (C–H), 1735 (CLO), 1648 (CLC), 1113/1078(C–O–C).
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Hydroaminomethylation of long chain olefins with secondary amines was performed efficiently in

ionic liquids 1-n-alkyl-3-methylimidazolium tosylates [Rmim][p-CH3C6H4SO3] (R = n-butyl,

octyl, dedecyl, cetyl) with Rh-BISBIS (sulfonated 2,29-bis(diphenylphosphinomethyl)-1,19 -

biphenyl) complex as catalyst. High activity and selectivity for amines were achieved. The ionic

liquid containing catalyst can be easily separated from product and re-used several times with only

a slight decrease in activity.

Introduction

Hydroaminomethylation, discovered by Reppe1 in 1949,

represents an atom-economic and efficient one-pot process

for the synthesis of amines from olefins and primary or

secondary amines. This domino reaction consists of initial

hydroformylation of an olefin to an aldehyde and subsequent

formation of an enamine (or imine) followed by hydrogena-

tion. From both economic and environmental points of view,

this direct preparation process of amines from inexpensive

feedstock is superior to traditional procedures, which are

mostly multi-step and less atom-efficient with a number of by-

products.2 In the last decade, the reaction has been greatly

developed and applied in the synthesis of various amines, such

as aminomethyl steroids, diarylalkylamine, azamacrohetero-

cycles and polyamine dendrimers.3–6 The classical hydro-

aminomethylations are generally carried out in a homogeneous

catalysis system,7–10 where the difficulties of the catalyst

recovery and catalyst separation from products constitute

major drawbacks. Possible solutions to these problems include

‘heterogenizing’ a homogeneous catalyst, either by anchoring

the catalyst on a support, or by using a liquid–liquid two-phase

system. In 1999, Beller and co-workers11 investigated the

hydroaminomethylation of lower olefins (¡C5) in aqueous–

organic two-phase catalysis. Recently, Behr and co-workers12

studied the hydroaminomethylation of 1-octene with morpho-

line in temperature-dependent solvent systems, which allows

a reaction in a single-phase at a higher temperature

followed by a phase split at a lower temperature to be carried

out. We reported13 the hydroaminomethylation of long chain

olefins with poor water solubility in an aqueous–organic

biphasic system using the water-soluble rhodium complex

RhCl(CO)(TPPTS)2 [TPPTS: P(m-C6H4SO3Na)3] as catalyst

in the presence of the cationic surfactant cetyltrimethylammo-

nium bromide (CTAB). Although good activity and selectivity

were achieved and the catalyst could be easily separated

through phase separation, the catalyst recycling remained to be

improved.

Ionic liquids (IL) have recently attracted considerable

attention as efficient and environmental friendly reaction

media.14 The important advantages of ionic liquids include

negligible vapour pressure, high thermal stability, compatibi-

lity with various organic compounds and organometallic

catalysts, ease of separation from products and potential for

recycling. From these points of view, many types of reactions

such as Diels–Alder reaction,15a Heck reaction,15b dimeriza-

tion,15c and hydroformylation15d have been utilized in ionic

liquids. The commonly used ionic liquids consist of 1,

3-dialkylimidazolium cations and halogen containing anions,16

such as [AlCl4]2, [PF6]2, [BF4]2. The presence of halogen

atoms may cause concerns to some extent,17,18 such as the

liberation of toxic and corrosive HF and HCl into the

environment. Here we report an efficient hydroaminomethyla-

tion of long chain olefins in ‘greener’17 ionic liquids

[Rmim][p-CH3C6H4SO3] (R = n-butyl, octyl, dodecyl, cetyl)

catalyzed by Rh–BISBIS complex (Scheme 1). High activity

and selectivity for amines were obtained, and recycling of ionic

liquid and catalysts was realized.

Results and discussion

We firstly investigated the hydroaminomethylation of 1-dode-

cene with morpholine in ionic liquid [Bmim][BF4] (Table 1,

entry 1). Although good activity and selectivity were obtained,

the recovery and recycling of catalyst in ionic liquid were not

so good (entries 2 and 3). In view of some serious concerns

caused by halogen containing anions,17,18 ionic liquid 1-n-

alkyl-3-methylimidazolium tosylate [Bmim][p-CH3C6H4SO3]

Key Laboratory of Green Chemistry and Technology of Ministry of
Education at Sichuan University, College of Chemistry, Sichuan
University, Chengdu 610064, P.R. China.
E-mail: Luom2@yahoo.com.cn; Fax: 86-28-85462021;
Tel: 86-28-85462021
{ Electronic supplementary information (ESI) available: NMR and
mass spectra of the products in Table 3. See DOI: 10.1039/b601052k
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was selected as solvent for the Rh–BISBIS-catalyzed hydro-

aminomethylation of 1-dodecene. It is clear from the data in

Table 1 that the catalytic system formed by Rh(CO)2(acac) and

BISBIS in [Bmim][p-CH3C6H4SO3] was more active, giving

94.3% 1-dodecene conversion, 78.4% selectivity for tertiary

amine and 97.3% regioselectivity for linear amine (Table 1,

entry 4), superior to those obtained with [Bmim][BF4] under

similar reaction conditions (entry 1). At the end of the reaction

the products and ionic liquid were easily separated through

centrifugation. The rhodium catalyst is nearly completely

retained in the ionic liquid phase (0.03% rhodium leaching

detected by ICP-AES) and can be recycled several times with

only a slight decrease in activity and selectivity for amines

(entries 4–9). The decrease of the regioselectivity for linear

amines in recycles was mainly due to the partial oxidation of

ligand BISBIS during the separation of catalyst.19

Several kinds of ionic liquid with different alkyl substitu-

tents in imidazolium were used as solvents in the hydro-

aminomethylation. The result, summarized in Table 2,

suggested that there was a relationship between the lengths

of the olefin chain and alkyl substitutents in ionic liquid. The

dodecyl-substituted imidazolium ionic liquid showed better

activity and selectivity but inferior regioselectivity for linear

amines (Table 2, entry 3). Hydrophobic ligand TPP (triphe-

nylphosphine) and BISBI (2,29-bis(diphenylphosphinomethyl)-

1,19-biphenyl) were also examined, where the catalyst leaching

was obvious (0.5% rhodium leaching detected by ICP-AES)

and the recycling experiment was unsatisfactory.

The influences of the reaction temperature and syngas

pressure on the catalyst activity and selectivity in ionic liquid

[Bmim][p-CH3C6H4SO3] have been investigated and the results

are presented in Table 3. The optimum reaction result was

obtained at 130 uC and 5 MPa (Table 3, entry 5). Olefins of

different chain length also reacted with other amines with good

activity and selectivity, giving linear amines as major products

(entries 6–10). The hydroaminomethylation of 1-hexene

exhibited superior activity but inferior regioselectivity.

In summary, the biphasic hydroaminomethylation of long

chain olefins with amines has been efficiently performed in

ionic liquid [Rmim][p-CH3C6H4SO3] using Rh–BISBIS com-

plex as catalyst. The catalytic system offers good activity and

selectivity for linear amines with a good retention of the

catalyst in ionic liquid phase, which is economical and

environmentally friendly. The easy separation and recycling

of the catalyst make the reaction system promising and

attractive.

Experimental

Rhodium complexes Rh(CO)2(acac),20 water-soluble diphos-

phine ligand BISBIS21 and a series of ionic liquids18

[Rmim][p-CH3C6H4SO3] (R = n-butyl, octyl, dedecyl, cetyl)

Scheme 1

Table 1 Hydroaminomethylation of 1-dodecene and morpholine in ionic liquid and recycling of catalysta

Entry Cycle Dodecanec (%) Isomerized dodecened (%) Conversion (%) Selectivity for amine (%) L/B (amine)

1 1b 12.5 6.8 90.7 78.8 15.2
2 2b 18.8 8.4 85.0 68.0 10.3
3 3b 22.7 12.4 66.7 47.4 4.4
4 1 13.8 6.5 94.3 78.5 36.0
5 2 15.0 8.4 84.8 72.4 26.9
6 3 22.6 11.9 90.7 62.0 16.6
7 4 22.2 11.9 87.5 61.0 12.7
8 5 22.5 10.0 90.2 64.0 10.1
9 6 20.6 10.6 88.5 64.7 6.4
a Reaction conditions: 1-dodecene 5 mmol, morpholine 6 mmol, ionic liquid [Bmim][p-CH3C6H4SO3] 1 ml, Rh 0.01 mmol, BISBIS/Rh = 2.5,
130 uC, 3 MPa (CO:H2 = 1:1), 5 h. b Ionic liquid [Bmim][BF4] 1 ml. c Hydrogenation product. d By-product generated in the reaction.

Table 2 Hydroaminomethylation of 1-dodecene and morpholine in different ionic liquidsa

Entry Ionic liquid Ligand
Dodecanec

(%)
Isomerized
dodecened (%)

Conversion
(%)

Selectivity for
amine (%)

L/B
(amine)

1 [Bmim][p-CH3C6H4SO3] BISBIS 13.8 6.5 94.3 78.5 36.0
2 [Omim][p-CH3C6H4SO3] BISBIS 11.2 4.9 95.5 83.1 10.7
3 [Dmim][p-CH3C6H4SO3] BISBIS 9.5 3.4 95.2 86.4 3.8
4 [Cmim][p-CH3C6H4SO3] BISBIS 13.4 6.7 92.7 78.3 7.3
5 [Dmim][p-CH3C6H4SO3] TPPTSb 13.0 6.2 91.1 78.9 1.5
6 [Dmim][p-CH3C6H4SO3] TPPb 13.2 6.2 93.9 79.3 2.3
7 [Dmim][p-CH3C6H4SO3] BISBI 11.3 5.5 94.3 82.2 9.6
a Reaction conditions: 1-dodecene 5 mmol, morpholine 6 mmol, ionic liquid 1 ml, Rh 0.01 mmol, BISBIS/Rh = 2.5, 130 uC, 3 MPa (CO:H2 =
1:1), 5 h. b TPPTS/Rh = 20, TPP/Rh = 20. c Hydrogenation product. d By-product generated in the reaction.
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were synthesized according to the literature. 1-Olefin (Fluka)

and other reagents (AR) were as commercially supplied and

not treated further. Water was doubly distilled. Synthetic gas

was obtained by directly mixing carbon monoxide (99.9%) and

hydrogen (99.9%) with the ratio of 1 : 1. GC analysis was

performed on a gas chromatograph, HP 1890II, equipped with

an FID (hydrogen flame ionization detector) and a capillary

column SE-30 (30 m 6 0.25 mm). NMR spectra were recorded

on a Varian INOVA 400 MHz or Bruker AC-E 200 MHz

NMR spectrometer. Mass spectra (GC-MS) experiments were

conducted on Agilent-6890. The amount of Rh leaching in the

organic phase was determined by inductively coupled plasma-

atomic emission spectrometry (ICP-AES).

A general procedure for catalytic hydroaminomethylation

is as follows: catalyst precursor Rh(CO)2(acac) (0.01 mmol),

phosphine ligand BISBIS (0.025 mmol), ionic liquid

[Rmim][p-CH3C6H4SO3] (1 ml), 1-dodecene (5 mmol) and

morpholine (6 mmol) were added successively in a 60 ml

stainless steel autoclave equipped with a magnetic stirrer. The

autoclave was purged three times with synthetic gas and

charged to 3 MPa. After heating for 5 hours at 130 uC, the

autoclave was quickly cooled to ambient temperature. The

products and ionic liquid were easily separated through

centrifugation. The products in the organic phase were

analyzed by gas chromatography. The linear and branched

amines were purified by column chromatography (silica gel).

4-(2-Methyldodecyl)morpholine22

4-(2-Methyldodecyl)morpholine (entry 2, Table 3, branched

amine) dH (400 MHz, CDCl3) 0.75–0.81 (6H, m, 2 6 CH3),

0.93–0.98 (1H, m, CH2CHCH2N), 1.25–1.32 (17H, m, br, 8 6
CH2, CH2CHCH2N), 1.50–1.55 (1H, m, CH), 1.93–2.07 (2H,

m, CHCH2N), 2.23–2.31 (4H, m, CH2NCH2), 3.60 (4H, t, J =

4.4 Hz, CH2OCH2); dC (50 MHz, CDCl3) 67.07, 66.17, 54.12,

35.14, 31.91, 29.96, 29.85, 29.67, 29.34, 26.98, 22.68, 16.26,

14.10; m/z (EI) = 267 (M+22, C17H35NO), 210, 196, 182, 154,

140 (100%), 126, 100, 82, 55, 41, 28.

4-Tridecylmorpholine22

4-Tridecylmorpholine (entry 2, Table 3, linear amine) dH

(400 MHz, CDCl3) 0.88 (3H, t, J = 6.8 Hz, CH3), 1.25–1.32

(20H, m, br, 10 6 CH2), 1.42–1.52 (2H, m, CH2CH2N),

2.32 (2H, t, J = 7.6 Hz, CH2CH2CH2N), 2.45 (4H, s, br,

CH2NCH2), 3.73 (4H, t, J = 4.4 Hz, CH2OCH2); dC (100 MHz,

CDCl3) 67.0, 59.24, 53.81, 31.90, 29.62, 29.59, 29.55, 29.32,

27.51, 26.56, 22.65, 14.07; m/z (EI) = 269 (M+, C17H35NO),

140, 100 (100%), 87, 70, 55, 43, 28.

4-(2-Methylhexyl)morpholine

4-(2-Methylhexyl)morpholine (entry 6, Table 3, branched

amine) dH (400 MHz, CDCl3) 0.83–0.91 (6H, m, 2 6 CH3),

1.01–1.09 (1H, m, CH2CHCH2N), 1.18–1.43 (5H, m, br,

CH2CHCH2N, 2 6 CH2), 1.58–1.65 (1H, m, CH), 2.03–2.15

(1H, m, CHCH2N), 2.15–2.19 (1H, m, CHCH2N), 2.30–2.43

(4H, m, CH2NCH2), 3.70 (4H, t, J = 4.4 Hz, CH2OCH2); dC

(50 MHz, CDCl3) 67.01, 66.14, 54.18, 54.07, 34.80, 29.80,

29.20, 22.95, 16.22, 14.09; m/z (EI) = 185 (M+, C11H23NO),

100 (100%), 70, 56, 42, 28.

4-Heptylmorpholine23

4-Heptylmorpholine (entry 6, Table 3, linear amine) dH

(400 MHz, CDCl3) 0.85 (3H, t, J = 6.8 Hz, CH3), 1.19–1.28

(8H, m, br, 4 6 CH2), 1.40–1.51 (2H, m, CH2CH2N), 2.27–

2.31 (2H, m, CH2CH2N), 2.41 (4H, s, br, CH2NCH2), 3.70

(4H, t, J = 4.4 Hz, CH2OCH2); dC (50 MHz, CDCl3) 66.91,

59.17, 53.73, 31.72, 29.16, 27.41, 26.50, 22.54, 14.00; m/z (EI) =

185 (M+, C11H23NO), 100 (100%), 86, 70, 56, 41, 28.

4-(2-Methyloctyl) morpholine22

4-(2-Methyloctyl)morpholine (entry 7, Table 3, branched

amine) dH (400 MHz, CDCl3) 0.87–0.95 (6H, m, 2 6 CH3),

1.01–1.08 (1H, m, CH2CHCH2N), 1.22–1.42 (9H, m, br, 4 6
CH2, CH2CHCH2N), 1.60–1.67 (1H, m, CH), 2.03–2.08 (1H,

m, CH2CH2N), 2.10–2.18 (1H, m, CH2CH2N), 2.30–2.43 (4H,

m, br, CH2NCH2), 3.70 (4H, t, J = 4.4 Hz, CH2OCH2); dC

(50 MHz, CDCl3) 67.02, 66.15, 54.06, 35.11, 31.67, 29.61,

29.59, 26.91, 22.63, 16.22, 14.08; m/z (EI) = 213 (M+,

C13H27NO), 100 (100%), 87, 70, 56, 43, 28.

4-Nonylmorpholine23

4-Nonylmorpholine (entry 7, Table 3, linear amine) dH

(400 MHz, CDCl3) 0.81–0.91 (3H, m, CH3), 1.18–1.32 (12H,

m, br, 6 6 CH2), 1.40–1.51 (2H, m, CH2CH2N), 2.27–2.32

(2H, m, CH2CH2N), 2.41 (4H, s, br, CH2NCH2), 3.70 (4H, m,

CH2OCH2); dC (50 MHz, CDCl3) 66.65, 59.14, 53.67, 31.76,

Table 3 Hydroaminomethylation of different olefins with amines and variation of reaction conditionsa

Entry Olefins Amines
Temperature/
uC

Pressure/
MPa

Hydrogenated
olefin (%)

Isomerized
olefinc (%)

Conversion
(%)

Selectivity for
amine (%)

L/B
(amine)

1 1-Dodecene Morpholine 110 3 9.6 5.2 72.8b 72.0 28.1
2 1-Dodecene Morpholine 130 3 13.8 6.5 94.3 78.4 36.0
3 1-Dodecene Morpholine 150 3 16.3 8.6 95.2 73.8 27.1
4 1-Dodecene Morpholine 130 2 24.1 12.3 92.9 60.8 32.2
5 1-Dodecene Morpholine 130 5 11.2 5.8 95.6 82.2 41.6
6 1-Hexene Morpholine 130 3 8.5 4.4 97.0 86.7 11.9
7 1-Octene Morpholine 130 3 10.2 5.5 96.3 83.7 21.4
8 1-Decene Morpholine 130 3 12.8 6.0 95.0 80.2 25.3
9 1-Dodecene Piperidine 130 3 14.7 7.9 90.2 74.9 35.1

10 1-Dodecene Diethylamine 130 3 14.9 8.1 86.6 73.4 33.5
a Olefins 5 mmol, amines 6 mmol, ionic liquid [Bmim][p-CH3C6H4SO3] 1 ml, Rh 0.01 mmol, BISBIS/Rh = 2.5, t = 5 h. b 5.6% aldehyde was
detected. c By-product generated in the reaction.
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29.47, 29.44, 29.17, 27.42, 26.44, 22.55, 13.96; m/z (EI) = 213

(M+, C13H27NO), 100 (100%), 70, 56, 43, 28.

4-(2-Methyldecyl)morpholine

4-(2-Methyldecyl)morpholine (entry 8, Table 3, branched

amine) dH (400 MHz, CDCl3) 0.83–0.89 (6H, m, 2 6 CH3),

1.00–1.10 (1H, m, CH2CHCH2N), 1.15–1.60 (13H, m, br,

CH2CHCH2N, 6 6 CH2), 1.61–1.70 (1H, m, CH), 2.04–2.18

(2H, m, CH2CH2N), 2.38 (4H, s, br, CH2NCH2), 3.78 (4H, s,

br, CH2OCH2); dC (50 MHz, CDCl3) 67.02, 66.16, 54.17,

54.07, 35.14, 31.69, 29.94, 29.61, 29.63, 29.32, 26.97, 22.67,

16.26, 14.11; m/z (EI) = 241 (M+, C15H31NO), 100 (100%), 70,

55, 43, 28.

4-Undecylmorpholine24

4-Undecylmorpholine (entry 8, Table 3, linear amine) dH

(400 MHz, CDCl3) 0.88 (3H, t, J = 6.8 Hz, CH3), 1.20–1.35

(16H, m, br, 8 6 CH2), 1.41–1.55 (2H, m, CH2CH2N), 2.30–

2.34 (2H, m, CH2CH2N), 2.44 (4H, s, br, CH2NCH2), 3.72

(4H, t, J = 4.4 Hz, CH2OCH2); dC (50 MHz, CDCl3) 66.95,

59.21, 53.76, 31.67, 29.57, 29.54, 29.30, 27.47, 26.52, 22.64,

14.08; m/z (EI) = 241 (M+, C15H31NO), 207, 100 (100%), 70,

55, 43, 28.

N, N-Diethyl-2-methyl-1-dodecanamine

N, N-Diethyl-2-methyl-1-dodecanamine (entry 9, Table 3,

branched amine) dH (400 MHz, CDCl3) 0.80–0.92 (6H, m,

2 6 CH3), 0.93–1.10 (6H, m, N(CH2CH3)2 ), 1.18–1.48 (18H,

m, br, 9 6 CH2), 1.50–1.61 (1H, m, CH), 2.02–2.13 (1H, m,

CH2CH2N), 2.16–2.25 (1H, m, CH2CH2N), 2.42–2.58 (4H, m,

br, N(CH2CH3)2 ); dC (50 MHz, CDCl3) 60.33, 47.47, 35.30,

31.66, 31.40, 29.96, 29.62, 29.60, 29.30, 27.06, 22.63, 16.47,

14.06, 11.49; m/z (EI) = 255 (M+, C17H37N), 126, 86 (100%),

58, 41, 28.

N, N-Diethyl-1-tridecanamine25

N, N-Diethyl-1-tridecanamine (entry 9, Table 3, linear amine)

dH (400 MHz, CDCl3) 0.80–0.90 (3H, m, CH3), 0.94–1.04 (6H,

m, br, N(CH2CH3)2 ), 1.14–1.35 (18H, m, br, 9 6 CH2), 1.40

(4H, s, br, CH2CH2CH2CH2N), 2.34–2.41 (2H, m, CH2CH2N),

2.44–2.54 (4H, m, N(CH2CH3)2 ); dC (50 MHz, CDCl3) 52.66,

46.73, 31.63, 29.55, 29.26, 27.63, 26.78, 22.58, 13.98, 11.46; m/z

(EI) = 255 (M+, C17H37N), 86 (100%), 72, 58, 41, 29.

1-(2-Methyldodecyl)piperidine

1-(2-Methyldodecyl)piperidine (entry 10, Table 3, branched

amine) dH (400 MHz, CDCl3) 0.81–0.96 (6H, m, 2 6 CH3),

0.97–1.08 (1H, m, CH2CHCH2N), 1.14–1.50 (19H, m,

br, CH2CHCH2N, 8 6 CH2), 1.51–1.70 (5H, m, CH,

N(CH2CH2)2CH2,), 1.98–2.06 (1H, m, CH2N(CH2CH2)2CH2),

2.06–2.34 (1H, m, CH2N(CH2CH2)2CH2), 2.31 (4H, s, br,

N(CH2CH2)2CH2); dC (50 MHz, CDCl3) 66.57, 55.01, 35.42,

31.91, 30.24, 29.96, 29.68, 29.35, 27.07, 25.65, 24.52, 22.66,

16.53, 14.11; m/z (EI) = 267 (M+, C18H37N), 208, 180, 138, 98

(100%), 84, 69, 55, 41, 28.

1-Tridecylpiperidine26

1-Tridecylpiperidine (entry 10, Table 3, linear amine) dH

(400 MHz, CDCl3) 0.88 (3H, t, J = 6.8 Hz, CH3), 1.20–1.36

(20H, m, br, 10 6 CH2), 1.38–1.52 (4H, m, N(CH2CH2)2CH2,

CH2CH2N), 1.54–1.62 (4H, m, N(CH2CH2)2CH2), 2.22–

2.30 (2H, m, CH2N(CH2CH2)2CH2 ), 2.37 (4H, m, br,

N(CH2CH2)2CH2); dC (50 MHz, CDCl3) 59.66, 54.61, 31.70,

29.60, 29.34, 27.76, 26.89, 25.92, 24.47, 22.67, 14.06; m/z

(EI) =267 (M+, C18H37N), 98 (100%), 84, 69, 55, 41, 29.
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The nature of the active site in the Pd-catalysed aerobic selective oxidation of cinnamyl and crotyl

alcohols has been directly probed by bulk and surface X-ray techniques. The importance of high

metal dispersions and the crucial role of surface palladium oxide have been identified.

Introduction

The direct, aerobic selective oxidation of functionalised

hydrocarbons via platinum group metal catalysts has been a

matter of intense research and debate over the past decade.1

Such heterogeneously-catalysed routes to valuable fine and

agrochemical intermediates and products offer great potential

process, safety and environmental benefits over current

industrial syntheses employing stoichiometric reagents.2

However, full-scale commercialization of these alternative

catalytic clean technologies still awaits detailed knowledge of

the optimal reaction conditions, activation protocols and

deactivation pathways. This information, in turn, requires

better insight into both surface reaction mechanisms and

nature of the active catalyst site.

Supported monometallic and p-block promoted Pt and Pd

catalysts have been the most extensively investigated,1,3,4 with

particular focus on deactivation pathways. These studies,

generally exploring either metal leaching (corrosion), surface

‘over-oxidation’, or irreversible adsorption of side-products,

have provided useful information into optimal start-up/

operating conditions, but almost no direct insight into the

requisite Pd/Pt species driving the catalytic cycle.

Recent in-situ ATR-IR studies by Baiker and co-workers

have found some direct evidence for the accumulation of

strongly-bound CO at the surface of a 5 wt% Pd–Al2O3

catalyst during the oxidative dehydrogenation of 1u alcohols,

which may play a role in site-blocking.5–7

Unfortunately the picture regarding the role of oxygen,

specifically its interaction and regulation of the active catalytic

site, is much less clear. A number of purely kinetic investiga-

tions have hypothesised that Pd and Pt surfaces are

deactivated by so-called overoxidation.8–13 Consequently,

several groups have inferred that the requisite active site must

comprise reduced metal centres, and claim that ‘pre-reduction

treatments’, paradoxically under inert atmospheres, are neces-

sary to generate active sites.14 A few studies have also turned

to electrochemical potential methods to shed further insight

into the catalyst oxidation state.15–17 However, these indirect

measurements, made in the presence of base/acid electrolytes

and Pt foil/wire auxiliary electrodes, introduce a host of

possible corrosive/promotional perturbations, and do not

mimic simple alcohol oxidation reaction conditions in organic

media. Indeed it seems remarkable that the first direct

spectroscopic studies of the metal oxidation state, within a

working Pd/C catalyst during cinnamyl alcohol oxidation,

were only very recently undertaken.18,19 Our measurements

provided strong support for emerging evidence that palladium

oxide may also play an important role in conferring catalytic

activity.20 In this paper we set out to test, and validate this

hypothesis, by systematically tuning the degree of surface

oxidation in a series of Pd/Al2O3 catalysts and correlating their

resultant performance in the oxidative dehydrogenation of

cinnamyl alcohol.

Experimental

Catalyst preparation

A series of c-alumina (Degussa 180 m2 g21) supported

palladium catalysts were prepared from tetraamine

palladium(II) nitrate solution (Johnson–Matthey assay 4.16%

Pd) by the incipient wetness technique. Dried samples were

calcined at 500 uC in static air for 2 h then reduced under H2

(approximately 10 cm3 min21) at 400 uC for 2 h. Catalysts were

stored in air and not re-activated prior to use. Pd loadings, as

determined by ICP-OES, ranged from 0.06 and 8.54 wt% in

order to give a broad range of metal dispersions.

Catalyst characterisation

X-ray photoelectron spectra were acquired at normal emission

on a Kratos AXIS HiS spectrometer equipped with a charge

neutraliser and Mg Ka excitation source (1253.6 eV). Binding

energy (BE) referencing was employed using the adventitious

carbon peak (285 eV) and valence band. Wide scans were

recorded for surface elemental analysis (pass energy 160 eV),

with high resolution spectra recorded at 40 eV pass energy.

Spectral fitting was performed using CasaXPS Version 2.3.5

with a common line shape adopted for all Pd components.

XAS measurements were made on Station 9.3 of the

Daresbury SRS facility, using a Si(220) double-crystal mono-

chromator with a beam current/energy of 150 mA/2 GeV.

Transmission Pd (24.35 keV) K-edge spectra were acquired

using powdered catalysts mounted in stainless steel washers.

The lowest loading samples (¡1 wt% Pd) were measured in

fluorescence mode. Spectra were fitted using the Daresbury

aDepartment of Chemistry, University of York, York, UK YO10 5DD.
E-mail: afl2@york.ac.uk; Fax: 44 1904 432516; Tel: 44 1904 434470
bDepartment of Chemistry, University of Glasgow, Glasgow, UK
G12 8QQ
{ Electronic supplementary information (ESI) available: chi data and
crotyl alcohol reaction profiles. See DOI: 10.1039/b601984f
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EXSPLINE and EXCURV98 packages for background sub-

traction, and phase shift determination and fitting procedures,

respectively. Reference transmission spectra of PdO (>99%

Lancaster) and a 10 mm Pd foil standard were also recorded.

A Micromeritics PulseChemisorb 2700 surface area analyser

was used to determine both BET surface areas, by N2

physisorption, and metal dispersions by H2 chemisorption.

Samples were degassed at 100 uC for 1 h, or reduced at 400 uC
under flowing H2 for 1 h prior to surface area and dispersion

measurements, respectively. Powder XRD measurements were

performed using a Siemens D5000 diffractometer with a Cu

Ka X-ray source. Data were collected in theta–theta mode

over a 2h range of 10–70u with a step size of 0.02u.

Reactor measurements

Alcohol oxidation was performed using a Radleys Carousel

Reaction Station equipped with 10 ml reactor tubes. Reactors

were charged with 8.4 mmol of cinnamyl or crotyl alcohol

(Aldrich 99%) in toluene, with mesitylene as an internal

standard. Reactions were performed under air at 60 uC with

50 mg of catalyst. Blank reactions were conducted in parallel

under identical conditions in the presence of the bare Al2O3

support. Samples were periodically withdrawn for analysis

using a Varian CP3800 GC equipped with CP-8400

AutoSampler and DB5 capillary column (film thickness

0.25 mm, id 0.32 mm, length 30 m). Cinnamaldehyde and

crotonaldehyde were the principal reaction products (>92%).

There were no side-products attributable to toluene oxidation.

Reactions were run for up to 24 h with initial rates determined

from the linear portion of the reaction profile. Catalyst

selectivity and overall mass balances (closure was >98%)

were determined using reactant and product response factors

with quoted conversions and selectivities ¡2 and ¡3%,

respectively.

Results and discussion

Catalyst characterisation

The bulk and surface structural properties of the Pd–Al2O3

series were both extensively characterised in order to identify

the key factors influencing their catalytic reactivity. The

surface areas of all samples fell only slightly from around

136 to 96 m2 g21 across the series with increasing palladium

loading. Surface elemental analysis revealed that the Pd

content rose linearly with bulk loading up to y1 wt%, shown

in Fig. 1, slowing down at high loadings, corresponding to a

maximum surface palladium concentration of only 1.3 wt%.

The large discrepancy between bulk and surface concentra-

tions at higher loadings indicates this plateau coincides with

the onset of large Pd cluster formation. This observation is

supported by dispersion measurements across the series via

H2 chemisorption (Table 1), which show the Pd dispersion

remains y40–50% for loadings below 1 wt% total Pd,

dropping significantly at higher loadings. These dispersions

translate to cluster sizes from 22 Å to 78 Å. The principal

errors in these size estimates arise from the accuracy of the

ICP-OES metal analysis (¡0.01 wt%) and titrated H2 volumes

(¡0.01 ml), and are shown in the table below.

The emergence of large Pd crystallites with metal loading

was also followed by XRD. The diffractograms in Fig. 2 do

not exhibit any reflections associated with Pd-derived phases

for bulk loadings below 1.5 wt%, consistent with the lower

particle size detection limit of y30 Å for powder XRD. Higher

loadings result in the emergence of broad features around 40u
and 46u associated with fcc Pd crystals. Peak-fitting of these

reflections yields volume-averaged Pd particle sizes of y60 Å

and 80–100 Å (each ¡5 Å factoring in both intrinsic linewidth

and step-size) for the 2 wt% and 8.54 wt% samples, respec-

tively, in agreement with Table 1. No ordered palladium oxide

phases were observed across the series.

XAS investigations were subsequently undertaken to

shed more detailed insight into the local Pd environment,

Fig. 1 Surface versus bulk Pd loadings for Pd–Al2O3 series.

Fig. 2 X-ray diffractograms for Pd–Al2O3 as a function of bulk

loading.

Table 1 Elemental analysis and physical properties

Bulk Pd
loading (wt%)

Surface Pd
loading (wt%)

Dispersion
(%)

Particle
sizea/Å

0.06 0.14 40 27 ¡ 9
0.44 0.35 40 28 ¡ 6
0.84 0.69 51 22 ¡ 6
1.48 0.69 31 36 ¡ 6
2.02 0.89 24 46 ¡ 5
4.72 0.95 26 42 ¡ 4
8.54 1.29 14.2 78 ¡ 4
a Sizes calculated according to ref. 21 assuming an equal ratio of
(111):(110):(100) facets.
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particularly within the smaller clusters. Resultant background-

subtracted Pd K-edge spectra for the Pd–Al2O3 series are

shown in Fig. 3, along with bulk PdO and Pd standards for

comparison. All spectra were normalised to give unity edge-

jumps 1000 eV above the edge. Visual inspection of the

XANES region shows strong similarities between the lowest

loading materials and PdO reference, indicating a similiar high

oxidation state. The low (¡0.5 wt% Pd) loading samples also

show rapidly damped EXAFS oscillations consistent with low

coordination numbers and corresponding short-range order.

Representative background subtracted, k3-weighted chi data

are shown in Fig. 4 for the 0.06, 0.4, 2 and 8.5 wt% Pd–Al2O3

samples along with their associated fits. The corresponding

radial-distribution functions are shown in Fig. 5 and the fitted

parameters given in Table 2.

Spectral fitting confirmed that the high loading samples

conformed well to metallic palladium environments with

nearest neighbour coordination numbers and bond lengths in

excellent agreement with bulk fcc Pd. Particle size estimates

based upon predicted coordination numbers from molecular

modelling simulations22,23 indicate Pd clusters ranging between

40 and 70 Å diameter for the 2 and 8.5 wt% samples,

respectively. These values compare favourably with the

analogous XRD and dispersion estimates: however, it is

important to note that the sensitivity of EXAFS-derived first

shell coordination numbers on particle size decreases sharply

for clusters >30 Å, for which H2 chemisorption provides

more accurate estimates. As the Pd loading is decreased below

2 wt%, the lower EXAFS first-shell coordination numbers, and

loss of higher coordination shells, indicate the formation of

very small, sub-30 Å clusters, which lie below the detection

limit of powder diffraction. For the 0.4, 0.8 and 1.5 wt%

materials the average local Pd environment remains dominated

by Pd–Pd interatomic scattering. Despite their small size, these

Fig. 3 Normalised Pd K-edge EXAFS spectra for Pd–Al2O3 cata-

lysts. Reference PdO and Pd spectra are also shown.

Fig. 4 Raw background-subtracted EXAFS spectra for Pd–Al2O3 series.

Fig. 5 Radial distribution functions for Pd–Al2O3 series.
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Pd clusters retain lattice parameters almost identical to the

bulk value of 2.74 Å. This observation is consistent with that

of Nosova and co-workers,24 who showed that Pd–Pd

interatomic distances in supported Pd catalysts were essentially

insensitive to either particle size or support effects.

In contrast, the lowest loading 0.06 wt% Pd–Al2O3 sample

loses almost all characteristic palladium metal features. Indeed

the best fit to the EXAFS spectrum was obtained using only

Pd–O shells at 2.03 Å and 2.49 Å. The first of these shells is in

good agreement with that observed within bulk PdO: however,

the second shell cannot be readily assigned to any ordered

palladium oxide and may reflect intimate contact with oxygen

in the underlying support (i.e., Pd–O–Al coordination), as

observed for highly dispersed platinum that adopts 2-dimen-

sional, raft-like morphologies on silica.25,26

Similar surface structures, closely related to palladium

aluminate wherein palladium atoms are localised on vacant

octahedral aluminium sites, have been previously postulated

from EXAFS measurements of highly dispersed (0.3 wt%)

Pd–Al2O3 catalysts.27

The average palladium bulk environment thus evolves

from bulk-like Pd crystallites to smaller metallic particles with

decreasing Pd loading, before eventually forming highly

dispersed, oxidic clusters. Associated changes in the overall

palladium oxidation state were also examined by tracking the

white-line intensity (i.e., maximum in first peak post-edge)

across the normalised series (Fig. 6). High palladium oxidation

states give rise to a strong peak in the absorption just above

the edge-jump (termed the white-line), due to excitation of core

electrons into unoccupied (predominantly) 4d states that

extend above the Fermi level. This absorbance is attenuated

in metallic Pd due to the greater 4d-band occupancy. Fig. 5

shows a general decrease in the white-line intensity (and thus

oxidation state) with increasing palladium loading with the

limiting value for the 8.5 wt% sample of 0.97 approaching that

of the bulk metal. It is interesting to note that while the fitted

EXAFS parameters for the 0.06 wt% sample in Table 2 reveal

an oxygen-dominated local environment, the corresponding

white-line is significantly less than is expected for pure PdO.

This may reflect either averaging of multiple Pdd+ environ-

ments within the highly dispersed clusters, or the presence of

a truncated, PdO-like, phase at the alumina interface with

properties intermediate between those of the bulk Pd and PdO.

In any event the XAS data show increasing electron density on

the Pd clusters as the loading rises, and a corresponding

reduction in the formal oxidation state towards Pd0.

XPS provides additional insight into the electronic pro-

perties of the surface of the Pd clusters. Fig. 7 presents

background-subtracted Pd 3d XP spectra which all show the

characteristic set of 3d3/2,5/2 doublets (DBE = 5.25 eV).28

Table 2 Structural parameters derived from fitted EXAFS of Pd–Al2O3 series

Sample

Parameter

CN1
Pd–Pd CN2

Pd–Pd CN1
Pd–O CN2

Pd–O r1
Pd–Pd/Å r2

Pd–Pd/Å r1
Pd–O/Å r2

Pd–O/Å s1
Pd–Pd s2

Pd–Pd s1
Pd–O s2

Pd–O R-Factor

Pd foil 12 6 — — 2.74 3.87 — — 0.010 0.018 — — 22.9
8.54 wt% 12 7 — — 2.74 3.85 — — 0.013 0.023 — — 19.5
4.72 wt% 11.3 7.7 — — 2.74 3.84 — — 0.015 0.028 — — 25.3
2.02 wt% 10.8 7.9 — — 2.74 3.84 — — 0.014 0.026 — — 37.1
1.48 wt% 9.2 8.7 — — 2.74 3.82 — — 0.017 0.033 — — 54.2
0.84 wt% 7.5 8.4 — — 2.74 3.86 — — 0.016 0.032 — — 44.1
0.44 wt% 5.4 4.9 — — 2.74 3.83 — — 0.017 0.033 — — 58.7
0.06 wt% — — 4.58 3.79 — — 2.03 2.49 — — 0.023 0.007 48.9
PdO 8 2 4 4 3.07 3.45 2.03 — 0.017 0.005 0.007 — 32.3

Fig. 6 White-line intensities from the normalised Pd–Al2O3 EXAFS

spectra. Fig. 7 Pd 3d XP spectra for Pd–Al2O3 series.
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The overall spectral intensities rise with Pd loading, as

expected from Fig. 1. Of greater interest, however, is the

progressive change in peak shape, and shift to lower binding

energy, of the peak centroid as the palladium loading

increases. In order to better understand these changes, spectra

were deconvoluted using two common sets of component

doublets with binding energies closely matching those of bulk

Pd (335 eV) and PdO (336.9 eV). Peak line shapes and doublet

separations were kept constant during fitting throughout

the series. All spectra could be accurately fitted using only

these two metal and oxide chemical states. Fig. 7 reveals a

continuous increase in the proportion of reduced (metallic)

surface Pd with increasing loading, in accordance with the

X-ray absorption data. The surface electronic properties of the

supported clusters essentially revert to those of the bulk metal

for loadings above 2 wt% Pd. It is also interesting to note the

small decrease in core-level binding energies of both chemical

states with loading (y0.2 eV): this reflects the well-known

cluster A bulk transition and associated changes in initial and

final-state contributions to core-hole screening.29,30

The switchover from a predominantly oxidised to a reduced

palladium surface with falling dispersion (increasing cluster

size) is clearly revealed in Fig. 8. This compares the

deconvoluted spectra of the 0.06 and 8.5 wt% Pd–Al2O3

samples, while the inset quantifies the amount of exposed

palladium present as surface oxide over the entire series. The

resultant trend is in direct accordance with the corresponding

XANES measurements, confirming that both bulk and surface

environments evolve simultaneously from oxide to metal with

increasing cluster size. It is interesting to note that the Pd XP

spectra for the 0.06 wt% sample in Fig. 8 still exhibit a small

but significant proportion of reduced palladium. This con-

trasts with the associated fitted EXAFS, which only indicate

Pd–O distances. The discrepancy most likely reflects the

averaging nature of the EXAFS technique, which will be

insensitive to small amounts of any surface-localised Pd0

environments.

Allylic alcohol oxidation

The catalytic performance of the Pd–Al2O3 series towards the

selective oxidation of cinnamyl and crotyl alcohols was

subsequently screened using a parallel reaction station.

Reaction profiles for the cinnamyl substrate monitored over

24 hours are shown in Fig. 9.

Oxidation required the presence of Pd–Al2O3, with all

catalysts exhibiting similar profiles; a fast, initial linear

conversion regime during the first 100 min, followed by slower

conversion. These reaction profiles are generic to partial

oxidation of a host of alcohols/carbohydrates (e.g., refs. 8, 9

and 14 and ref. 31) over various Pd and Pt catalyst formula-

tions. The transition from rapid to slow oxidation was

independent of the degree of conversion, eliminating the

possiblity that this switchover is attributable to mass-transport

limitations, and consistent with on-stream catalyst deactiva-

tion as widely reported in the literature. Of greater interest is

the variation in conversion, and more particularly initial

oxidation rates, with Pd loading (into which this paper also

represents the first systematic investigation). Considering the

former first, the lowest conversion of 16% was unsurprisingly

obtained for the 0.06 wt% sample. Conversion rose con-

tinuously as the loading increased up to 0.44 and 0.84 wt% Pd

(respective conversions of 61 and 99% cinnamyl alcohol). This

may be readily rationalised in terms of a simple increase in the

number of ‘active’ exposed palladium surface sites. However,

this roughly linear increase in performance with palladium

content was arrested above 1 wt%. Indeed, additional Pd

actually retarded conversion, in line with the larger particle

sizes and poorer dispersions. This observation is particularly

noteworthy since almost every previous study of alcohol

selective oxidation over the past two decades has focused on

high (typically 5 wt%) Pt or Pd loading catalysts.

Fig. 8 Comparison of deconvoluted 0.06 and 8.5 wt% Pd–Al2O3 Pd

3d XP spectra. Inset shows variation of surface oxide with Pd loading.

Fig. 9 Reaction profiles for cinnamyl alcohol selective oxidation over

Pd–Al2O3 catalysts.
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The improved catalytic performance at lower loadings

becomes even more striking when turnover frequencies

(TOFs) are calculated across the series (Fig. 10). It is

immediately apparent from these TOFs that the intrinsic

catalytic activity shows an inverse correlation with total Pd

loading (and thus particle size). Indeed, each surface site

exposed on the highly dispersed, oxidic 0.06 wt% sample is

y26 times as active as those on the larger metallic clusters

present in the 8.54 wt% sample. It is important to note that

these values are based upon initial rates measured at low

conversion simultaneously under identical reaction conditions,

and thus cannot be attributed to mass-transport differences.

The significance of this trend is reinforced by the analogous

results for crotyl alcohol oxidation also shown in Fig. 10 (for

simplicity these reaction profiles are presented in the electronic

supplementary information{), which confirm that lowering the

palladium dispersion dramatically enhances catalyst activity.

The higher TOFs towards oxidation of the linear, short-chain

crotyl alcohol over its aromatic counterpart may reflect a

smaller ensemble requirement, or weaker adsorption of the

crotonaldehyde product. We are currently undertaking fast

XPS studies of both alcohols over model Pd(111) surfaces to

identify their molecular adsorption geometries and associated

kinetic parameters. Building upon this data, Fig. 11 now

provides the first unequivocal evidence for a direct positive

correlation between the presence of palladium oxide surface

sites and corresponding reactivity in cinnamyl alcohol selective

oxidation over supported Pd catalysts. These results support

our recent in-situ XAFS measurements which revealed that

on-stream reduction of PdOx to Pd metal suppresses cinnamyl

alcohol oxidation, and that catalyst pre-reduction likewise

dramatically impairs oxidation.19

Conclusions

The aerobic selective oxidation of cinnamyl and crotyl

alcohols to cinnamaldehyde and crotonaldehyde, respectively,

exhibits a strong dependence on metal loading over Pd–Al2O3

catalysts. This dependency is directly linked to the Pd

disperion and associated degree of surface oxidation: catalyst

activity scales directly with the proportion of exposed surface

palladium oxide. Conversely, reduced palladium metal sites

perform poorly in oxidative dehydrogenation, possibly due to

their stronger adsorption of by-products and concomitant

rapid self-poisoning.
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A single-step air oxidation of cyclohexane, based on a new lipophilic catalytic system, leads to the

production of adipic acid with excellent results. The catalytic activity outperforms previous

reported catalytic systems for this reaction, and provides an environmentally benign alternative to

an important industrial reaction.

Introduction

Adipic acid (1) is a very important intermediate used for the

manufacture of polyamide 6,6 (Nylon-6,6), urethane foams,

plasticizers, lubricants etc. It is currently produced from

benzene, via cyclohexane (2) or cyclohexene or phenol, in

three different multistep processes. These all include, as a

final step, a nitric oxidation of a cyclohexanol/cyclohexanone

mixture (Scheme 1).1

This last step dates back to 1893 and was first industrialized

by DuPont in the early 1940s.2 The main drawback of this

reaction is the generation of large amounts of the strong

greenhouse gas N2O. Nevertheless, despite undeniable

advances in air oxidation for the conversion of hydrocarbon

feedstocks to bulk chemicals,3 the last step of adipic acid

synthesis has never been replaced.

Many interesting attempts have been described for the direct

synthesis of 1 from 2, but they generally suffer from low

volumetric efficiency, i.e. lack of productivity, moderate

selectivities or difficult processability, and often require

specific oxidizing agents, whereas air is the only acceptable

oxidant from an economical point of view.4

Our challenge was to build up an economically viable

process avoiding N2O production, and thus use of nitric acid.

The most interesting option is the direct conversion of 2 into 1

(in a single step). We report here the results obtained for the

development of a new environmentally benign method for the

efficient production of 1 by air oxidation of 2 based on an

innovative catalytic system.5

Results and discussion

We began the study by defining a theoretical process flow

chart which would meet the following requirements: a single

stage chemical process, an easy recovery of the product, a

straightforward recycling of the catalyst, no solvent, no

greenhouse gas co-production and a good selectivity for 1

(above 70%). This block diagram is presented in Fig. 1.

It is based on a lipophilic catalyst which would be recycled

with the unreacted 2. Indeed, as with most radical oxidations,

one of the main obstacles to the substantial improvement of

aRHODIA Recherches, 85 av. Freres Perret, Saint Fons, France
bCEA, 17 rue des Martyrs, Grenoble, France.
E-mail: jean-pierre.simonato@cea.fr; Fax: +33 438 785117;
Tel: +33 438 781139
{ Electronic supplementary information (ESI) available: Table com-
paring catalytic systems used in the direct synthesis of adipic acid from
cyclohexane. See DOI: 10.1039/b600903d

Scheme 1 Current industrial processes for the synthesis of adipic acid.

Fig. 1 Schematic flow chart for a one-step adipic acid synthesis from

cyclohexane (cat: lipophilic catalyst).
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the selectivity at high alkane conversion is over-oxidation,

therefore conversion of 2 will have to be limited and most of 2

will have to be recycled to the oxidation step. Moreover,

partially oxidized species like cyclohexanone and cyclohexanol

which are highly soluble in 2 will also be recycled directly into

the oxidation reactor, allowing further oxidation into 1. At the

end of the reaction, water will be added to solubilize 1, which

will be crystallized later by cooling the aqueous solution, and

finally filtered and dried.

Following this concept, drastic specifications were set for

the possible lipophilic catalytic system. The catalyst should

be very hydrophobic to avoid loss at the extraction step,

resistant to oxidizing media, thermally stable, cheap, available

at industrial scale, and of course selective for the direct

synthesis of 1 from 2.

In previous studies, it was shown that combinations of

manganese and/or cobalt salts with carboxylic acids such as

acetic acid were effective for this reaction.4a–e,6 Moreover,

while studying leaching effects of metal containing zeolites,

Fajula et al. showed that these metals (cobalt, manganese)

could be active at very low concentrations.6 Hence, our first

experiments were carried out in 25 mL batch reactors to screen

potentially active lipophilic carboxylic acids (at 1 mol% to

ensure complete solubility), with tiny loadings of MnII set at

100 wppm (Fig. 2).

These preliminary experiments were conducted with the

aim of validating the feasibility of the concept with many

carboxylic acids, and not to perform acute data acquisition. As

expected, a significant improvement in the conversion of 2 was

observed by the addition of various lipophilic carboxylic acids.

Acetic acid, which is not hydrophobic, was also tried for

comparison since it is often described as a solvent for this

reaction. It was 40% less effective when compared to 4-tert-

butylbenzoic acid (3) which gave the best results.

To gain an insight into the catalytic system, the catalytic

activity of six catalytic systems were monitored in a 100 mL

semi-batch reactor by plotting the initial oxygen consumption

rate with respect to the Hammett constant (Fig. 3).

A good correlation was found for four carboxylic acids,

indicating that the electronic configuration of the lipophilic

acid plays a crucial role on oxidation kinetics: the stronger the

acid, the faster the oxidation. Interestingly, 3,5-di-tert-butyl-

benzoic acid and 3 were away from the line defined by the

other acids. Both compounds showed a reasonable activity and

resulted in a good selectivity for adipic acid, whereas stronger

acids such as C8F17CO2H (not plotted) or 4-trifluoromethyl-

benzoic acid were also very active but far less selective, leading

to side reactions such as the formation of large amounts of

formic acid.

Many attempts were carried out to define the catalytically

active species and understand the way 2 is transformed into 1,

mainly by relying on published works.4a,b,d,7 This appeared to

be extremely difficult due to the complexity of the medium,

the number of radical intermediates and the coordination

chemistry of cobalt and manganese atoms with 3.8 To date, we

are not able to explain the remarkable effect of 3 on the

multistep (and certainly multipathway) mechanism of this

oxidation reaction.

Optimization of reaction conditions was performed with the

most promising acid 3 which fulfills all the requirements as

defined in the process concept (vide supra). Several parameters

were studied (Fig. 4) showing an optimum amount of 3 at

10–13 wt% and an optimum temperature of 140 uC. However,

regarding both productivity and selectivity, the best conditions

appeared to be 10–12 wt% of 3, a temperature of 130 uC and a

target conversion for 2 of nearly 10%.

Fig. 2 Screening of lipophilic carboxylic acids (1 mol%) for the

oxidation of 2 (4.5 g) at 120 uC, 100 bar air for 3 h in the presence of

100 wppm MnII and 1 mol% of cyclohexanone (radical initiator)/2.

Fig. 3 Initial oxygen consumption rate in a semi-batch reactor versus

Hammett constant for six lipophilic carboxylic acids. Conditions:

120 uC, 100 wppm MnII, 5 wt% RCOOH, cyclohexanone 1 mol%

(radical initiator)/2, 100 bar air.

Fig. 4 Optimization of temperature and 3 content for the direct

synthesis of 1 from 2. Conditions: 100 wppm MnII, cyclohexanone

1 mol% (radical initiator)/2, 100 bar air.

This journal is � The Royal Society of Chemistry 2006 Green Chem., 2006, 8, 556–559 | 557

D
ow

nl
oa

de
d 

on
 0

7 
N

ov
em

be
r 

20
10

Pu
bl

is
he

d 
on

 0
7 

A
pr

il 
20

06
 o

n 
ht

tp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/B
60

09
03

D
View Online

http://dx.doi.org/10.1039/B600903D


Although this optimized system already gave acceptable

productivity, we looked for co-catalysts in order to improve it.

After screening more than thirty metallic precursors as co-

catalysts, we found that the best results were obtained with

cobalt. By reducing the amount of manganese by a factor of

two to 50 wppm and adding 20 wppm of cobalt, a synergistic

effect was observed: the productivity was multiplied by more

than 3 and the selectivity was strongly improved (Figs. 5a

and b). It is of note that no impact of metallic precursors of

cobalt and manganese was observed.

It must be stressed that glutaric acid and succinic acid are

also produced during the reaction. In the present work, the

molar ratio of 1 to the dicarboxylic acids is slightly above 80%.

Although they are not desired products, perfectly selective air

oxidation of 2 into 1 would be ideal, in reality these two

products are always co-produced with 1. Nevertheless, both

glutaric and succinic acids are valuable products and must be

considered as such.

Semi-batch experiments were then carried out in a 1 L

reactor under 20 bar of air pressure (continuous for gas

and batch for liquid phase). During the first run, the selectivity

for 1 was 34% for a 10% conversion of 2. After water

extraction of 1, the organic phase containing 3 was recycled

into the reactor and additional 2, corresponding to the amount

consumed in the first run, was added. The selectivity in 1

increased to 44% during the recycling experiment under

similar conditions, indicating that partially oxidized species

(cyclohexanol/cyclohexanone) were effectively converted into

the desired product. Second and third recycling experiments

led to similar results. Since these experiments were conducted

by a semi-batch process, we expected a better selectivity for the

continuous trials because over-oxidation products of 1, such as

3-hydroxyadipic acid and formic acid, were observed due to

long residence time.

Under entirely continuous conditions, a 56% selectivity

into 1 at 10.4% conversion was obtained (value measured after

four residence times to ensure representative sampling). After

recycling of the organic phase, the selectivity increased to

70.6% (above the initial target) and the measured productivity

of 1 exceeded 95 g L21 h21.

It was verified that no loss of 3 occurred during the

oxidation step, and no degradation by-products of 3 were

observed by GC-MS analysis of the final reaction mixture.

Conclusions

In summary, we have demonstrated the potential of a new

solventless process for making adipic acid in one step from

cyclohexane based on an innovative approach. A new catalytic

system was discovered using a very stable lipophilic carboxylic

acid and very low loadings of manganese and cobalt salts. The

measured catalytic activity outperforms previously reported

catalytic systems for this reaction.9 Moreover, this new way to

produce adipic acid avoids the final nitric oxidation step which

Fig. 5 (a) Comparison of oxygen consumption rates without and with cobalt co-catalyst during air oxidation of cyclohexane. Conditions: 130 uC,

10 wt% of 3, cyclohexanone 1 mol% (radical initiator)/2, 100 bar air. 100 wppm MnII ($); 50 wppm MnII + 20 wppm CoII (m). (b) Bar chart

comparing the product selectivities of the major products without and with cobalt co-catalyst. Conditions: 130 uC, 10 wt% of 3, cyclohexanone

1 mol% (radical initiator)/2, 100 bar air. 100 wppm MnII (grey); 50 wppm MnII + 20 wppm CoII (black).
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generates a strong greenhouse gas, and thus provides an

environmentally benign alternative to an important industrial

reaction.

Experimental

Typical procedure for cyclohexane oxidation under continuous

conditions.

The experimental setup for the continuous reaction consists

of a 1.5 L mechanically stirred titanium autoclave. A typical

procedure for the cyclohexane air oxidation was as follows:

546 g of cyclohexane, 62 g of 4-tert-butylbenzoic acid, 50 mg

of Co(OAc)2?4H2O, 140 mg of Mn(OAc)2?4H2O and 6 g of

cyclohexanone (radical initiator) were added to the reactor.

The autoclave was brought to the operating temperature and

pressure (under nitrogen), and held at a constant pressure

(20 bar) with a flow of 250 L h21 of air and nitrogen, from

20 : 80 to 100 : 0 in 20 min. An automatic gas oxygen-

measuring instrument and gas chromatography apparatus

measured online the O2, CO and CO2 concentrations of tail

gas. At 10% conversion of cyclohexane, the reaction medium

was partly removed by a control valve, and a feeding mixture

with a composition identical to the initial mixture was

introduced to maintain the reaction medium at a constant

volume. After four residence times, the reaction was stopped

and the mixture was cooled at room temperature. Product

analysis was carried out by HPLC and GPC using internal

standards.
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Recent interest in ionic liquids as green replacements for volatile organic solvents has led to an

abundance of rapid toxicity testing to provide guidelines for safe designer engineering and

synthesis. While toxicity tests have provided a wealth of information, no studies to our knowledge

have investigated the mutagenicity of ionic liquids, which should be just as important for design

guidelines. Here we present the results of the United States Environmental Protection Agency (US

EPA) Ames Test for mutagenicity using Salmonella typhimurium strains TA98 and TA100 to ten

ionic liquids. These include compounds with imidazolium, pyridinium and quaternary ammonium

cations. Tests with these bacteria provide information on the ability of a chemical to cause

frameshift and missense mutations, respectively, and can be related to higher organism

carcinogenicity. Our test results indicated that none of the ten compounds tested met the US EPA

criteria for mutagenicity. Two of the imidazolium cation ionic liquids indicated tendencies toward

mutagenicity, but only at the highest doses.

Introduction

In the past several years, there has been a dramatic increase in

both academic and industrial interest in novel ‘‘green’’ ionic

liquids (ILs). Chemical engineers have been developing ILs to

replace conventional volatile organic solvents that contribute

to serious air pollution and can result in photochemical smog,

ozone layer depletion and global climate change. Ionic liquids

are one class of chemicals that have potential as benign

industrial alternatives. These organic salts have vanishingly

low vapor pressures, are liquid at ambient conditions, and do

not evaporate or cause air pollution.1 Substitution of ILs for

traditional solvents could potentially improve environmental

health and save industry billions of dollars in environmental

mitigation and clean-up.2

Ionic liquids are designed with large organic cations, such as

imidazolium, pyridinium, or quaternary ammonium, with

alkyl chain substituents that alter the hydrophobicity of the

molecule. Common IL anions include hexafluorophosphate

(PF6
2), tetrafluoroborate (BF4

2), chloride (Cl2), nitrate

(NO3
2) and bromide (Br2). Designer engineering has made

ILs suitable for many applications, including electrolytes in

batteries, metal catalysts, solvents in liquid–liquid extractions,

and many reactions, including hydrogenations, Diels–Alder

reactions, alkylations and others.2–6

While ILs may reduce the costs and environmental

mitigation of air pollution, release of water soluble ILs into

aquatic environments may lead to water pollution. For

example the IL 1-butyl,3-methylimidazolium chloride

(bmimCl), was only minimally retained by geologic adsorption

in non-interlayer clay systems.7 The strength of sorption of

ILs to soils and sediments can be related to the substituted

alkyl chain length.8 Minimal sorption of ILs could result in

unimpeded transport of the chemical through subsurface

groundwater, leading to a complex tradeoff between reduced

air pollution at the expense of increased water pollution.

Pyridinium, imidazolium and pyrrolidinium ILs have

recently been nominated to the United States National

Toxicology Program (NTP) for toxicological testing, based

upon their widespread interest as possible alternatives to

organic solvents, as well as their potential to enter aquatic

systems.9 The boom of designer solvent synthesis as well as

industrial and governmental interest in ILs has sparked a

corresponding increase in rapid IL toxicity testing, to

determine effective concentrations, or concentrations at which

a deleterious effect is observed in a proportion of the test

organism population (EC-50). Results of these tests have

recently been reviewed.10 Generally, most tests have indicated

that IL toxicity increases with increasing alkyl chain sub-

stituent length, regardless of the test organism or cell line.11–14

Toxicity was also related mainly to the IL-cation and is

independent of the anion. Tests that examined biodegrad-

ability of non-branched alkyl substituted imidazolium ILs

indicated that they are not readily biodegradable, so that if

ILs entered an aquatic system, they would most likely persist

as well as be transported.15,16

While research investigating the toxicity of imidazolium,

pyridinium and quaternary ammonium ILs has elucidated and

addressed many important issues in environmentally friendly

IL-design and synthesis, no studies to date have investigated

the mutagenicity of these compounds. Incorporation of prior

knowledge about IL mutagenicity is just as crucial in green

chemical design as information on organismal toxicity. The

US-NTP recommendation for testing ILs cites structural

similarities of ILs to the herbicide Paraquat, which caused

an increased incidence of carcinomas in rat exposure experi-

ments.9,17 Preliminary and unpublished genotoxicity results

using the Sister Chromatid Exchange (SCE) assay suggest that

there may be a trend of increasing genotoxicity with increasing

alkyl chain length in imidazolium ILs, as with toxicity.18 This
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suggests that ILs may also be mutagenic, but, to our knowl-

edge, no studies have been performed to address this question.

Here we present results of the Ames Test for mutagenicity

with ten ionic liquids: 1-butyl-3-methylimidazolium bromide

(bmimBr), 1-hexyl-3-methylimidazolium bromide (hmimBr),

1-octyl-3-methylimidazolium bromide (omimBr); 1-butyl-3-

methylpyridinium bromide (bmpyrBr), 1-hexyl-3-methylpyri-

dinium bromide (hmpyrBr), 1-octyl-3-methylpyridinium

bromide (ompyrBr); tetramethylammonium bromide (4M-

ammBr), tetraethylammonium bromide (4E-ammBr), tetra-

butylammonium bromide (4B-ammBr), tetrahexylammonium

bromide (4H-ammBr) (Fig. 1). This assay uses two standard

strains of histidine-requiring Salmonella typhimurium (TA98

and TA100) bacterial mutants that revert after interaction with

mutants to histidine-independent wild-type state. The rate of

reversion indicates the degree of mutagenicity and can be

related to the carcinogenicity of the test compound to

mammals. The Ames Test for mutagenicity is a standard US

EPA protocol for rapid mutagen screening, and an extensive

database of results for a broad range of chemicals is readily

available.19,20

Results and discussion

Our results indicate that none of the ten ILs tested fit the three

USEPA criteria for classification as a mutagenic compound.

That is, that none of the ILs tested exhibited (1) a significant

relationship between the number of revertant colonies and

dose concentration and (2) a two-fold or more increase in the

number of revertant colonies over the number of spontaneous

revertants seen in the control and (3) a Mutagenicity Index

(MI) value greater than 2.0 or a Mutagenicity Activity Ratio

(MAR) greater than 2.5. However, some of the compounds

we examined did fit one or more of the criteria and may be

considered potentially mutagenic, particularly at high doses.

We used 2-aminofluorene and sodium azide as positive

controls, both of which yielded 20–100 times more revertants

than the number of spontaneous revertants, indicating a high

level of mutagenicity and confirming proper test strain

function.

Fig. 1 Chemical structures of imidazolium, pyridinium and quatern-

ary ammonium ionic liquids.

Table 1 Salmonella typhimurium strain TA98 frameshift mutation test results for 3-imidazolium ionic liquids. Statistically significant p values are
indicated in bold

No S9 RLE added S9 RLE added

Dose/mg plate21 No. revertants MI MAR R2 p value No. revertants MI MAR R2 p value

1-Butyl,3-methylimidazolium bromide (bmimBr)
0.01 15.33 ¡ 2.08 0.81 ¡ 0.11 20.19 0.4932 0.011 25.00 ¡ 5.57 0.83 ¡ 0.19 20.20 0.0021 0.888
1 16.33 ¡ 3.51 0.86 ¡ 0.18 20.14 26.33 ¡ 6.03 0.88 ¡ 0.20 20.15
5 26.33 ¡ 5.03 1.39 ¡ 0.26 0.39 31.00 ¡ 5.29 1.03 ¡ 0.18 0.04

20 28.67 ¡ 6.66 1.51 ¡ 0.35 0.51 25.67 ¡ 4.73 0.86 ¡ 0.16 20.17
Controls
(10 mg 2-aminofluorene) 3021.33 ¡ 554.04
DMSO 20.33 ¡ 4.73 28.67 ¡ 7.09
H2O 20.00 ¡ 2.65 26.00 ¡ 3.61
Spontaneous 18.67 ¡ 3.51 30.00 ¡ 6.08

1-Hexyl,3-methylimidazolium bromide (hmimBr)
0.01 22.66 ¡ 2.08 1.19 ¡ 0.11 0.19 0.0159 0.696 22.00 ¡ 6.56 0.73 ¡ 0.22 20.32 0.0878 0.350
1 19.00 ¡ 7.00 0.99 ¡ 0.37 0.00 25.33 ¡ 2.89 0.84 ¡ 0.10 20.19
5 19.00 ¡ 2.65 1.00 ¡ 0.14 0.00 26.66 ¡ 4.73 0.89 ¡ 0.16 20.13

20 22.00 ¡ 5.00 1.15 ¡ 0.26 0.16 27.00 ¡ 4.58 0.90 ¡ 0.15 20.12
Controls
(10 mg 2-aminofluorene) 3021.33 ¡ 554.04
DMSO 20.33 ¡ 4.73 28.67 ¡ 7.09
H2O 20.00 ¡ 2.65 26.00 ¡ 3.61
Spontaneous 18.67 ¡ 3.51 30.00 ¡ 6.08

1-Octyl,3-methylimidazolium bromide (omimBr)
0.05 18.67 ¡ 3.51 0.85 ¡ 0.16 20.18 0.5403 0.006 29.33 ¡ 5.13 0.92 ¡ 0.16 20.11 0.0015 0.905
0.10 20.67 ¡ 5.51 0.94 ¡ 0.25 20.07 26.33 ¡ 8.74 0.82 ¡ 0.27 20.23
0.5 31.33 ¡ 9.29 1.42 ¡ 0.42 0.49 37.00 ¡ 7.55 1.16 ¡ 0.24 0.20
1.0 34.00 ¡ 6.24 1.55 ¡ 0.28 0.63 27.33 ¡ 7.77 0.85 ¡ 0.24 20.19

Controls
(10 mg 2-aminofluorene) 3488.00 ¡ 640.97
DMSO 21.00 ¡ 4.36 28.00 ¡ 9.54
H2O 23.00 ¡ 3.46 26.00 ¡ 4.36
Spontaneous 22.00 ¡ 6.24 32.33 ¡ 8.08
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Imidazolium compounds

Our test results for bmimBr mutagenicity to TA98 without S9

rat liver enzyme (RLE) added yielded a significant regression

(p = 0.011) and at very high doses (20 mg plate21) the average

number of revertants (28.67 ¡ 6.66, n = 3) was near double the

number of spontaneous revertants (18.67 ¡ 3.51, n = 3)

(Table 1). Also the MI value at 20 mg plate21 dose was 1.51 ¡

0.35, which is close to the cutoff value of 2.0. However, in the

TA98 test with S9 RLE added, none of the criteria for

mutagenicity were met, even at high treatment doses

(Table 1). This indicates that bmimBr may cause frameshift

mutations at high doses, but that the mutagenicity may be

diminished within an organism due to enzyme activity. Our

tests for bmimBr mutagenicity to TA100 with and without S9

RLE did not fit any of the criteria for missense mutagenicity

(Table 2).

None of the test criteria were met in our TA98 or TA100

tests with hmimBr (Tables 1 and 2) even at high doses,

indicating that hmimBr is nonmutagenic. Our test results for

omimBr mutagenicity to TA98 without S9 RLE added yielded

a significant regression (p = 0.006, Table 1). At 1.0 mg plate21

the average number of revertants (34.00 ¡ 6.24, n = 3) was

near double the number of spontaneous revertants in the

control (22.00 ¡ 6.24, n = 3), and the MI value was 1.55 ¡

0.28. We used lower doses (0.05 to 1.0 mg plate21) of omimBr

than the other two imidazolium compounds because at high

doses, omimBr caused a toxic effect to the test bacteria and

confounded mutagenicity results. Our TA98 test results with

S9 RLE added did not indicate any criteria for mutagencity,

again indicating that omimBr may cause frameshift mutations

at doses exceeding 1 mg, but that the mutagenicity will be

reduced within an organism. Our tests for omimBr mutageni-

city to TA100 without S9 RLE added did not fit any of the

criteria for missense mutagenicity (Table 2). In the treatment

with S9 RLE, we did obtain a significant regression (p =

0.015), however, the number of revertants, even at the highest

dose (172.00 ¡ 15.10, n = 3) was not double the number of

spontaneous revertants (152.33 ¡ 11.15, n = 3) and none of

the MI values were near 2.0, indicating that omimBr likely

does not cause missense mutations.

Pyridinium compounds

We found that none of the criteria for mutagenicity were met

in any of our tests with bmpyrBr, hmpyrBr or ompyrBr, even

in the highest dose treatments (Tables 3 and 4). This suggests

that pyridinium ionic liquids should not cause frameshift or

missense mutations. We used lower doses for ompyrBr because

it is more toxic than the lower alkyl chain-length pyridinium

compounds and had toxicity effects on the test organisms at

doses exceeding 1.0 mg plate21.

Table 2 Salmonella typhimurium strain TA100 missense mutation test results for 3 imidazolium ionic liquids. Statistically significant p values are
indicated in bold

No S9 RLE added S9 RLE added

Dose/mg plate21 No. revertants MI MAR R2 pvalue No. revertants MI MAR R2 p value

1-Butyl,3-methylimidazolium bromide (bmimBr)
0.01 144.33 ¡ 26.50 1.13 ¡ 0.21 0.12 0.0134 0.720 163.33 ¡ 29.14 1.23 ¡ 0.22 0.20 0.0788 0.377
1 147.00 ¡ 21.28 1.15 ¡ 0.17 0.14 117.33 ¡ 20.53 0.88 ¡ 0.15 20.10
5 171.00 ¡ 10.44 1.34 ¡ 0.08 0.31 136.00 ¡ 21.17 1.02 ¡ 0.16 0.02

20 143.00 ¡ 16.09 1.12 ¡ 0.13 0.11 124.67 ¡ 17.01 0.94 ¡ 0.13 20.05
Controls
Sodium azide 2312.00 ¡ 835.87
DMSO 129.00 ¡ 10.15 131.00 ¡ 6.08
H2O 118.00 ¡ 19.97 145.33 ¡ 27.39
Spontaneous 128.00 ¡ 7.55 133.00 ¡ 7.00

1-Hexyl,3-methylimidazolium bromide (hmimBr)
0.01 129.67 ¡ 12.66 1.01 ¡ 0.10 0.01 0.0116 0.739 144.00 ¡ 16.52 1.08 ¡ 0.12 0.07 0.1853 0.162
1 117.33 ¡ 7.02 0.92 ¡ 0.05 20.08 161.33 ¡ 30.09 1.21 ¡ 0.23 0.18
5 118.33 ¡ 37.63 0.92 ¡ 0.29 20.07 154.00 ¡ 6.00 1.16 ¡ 0.05 0.14

20 128.00 ¡ 12.49 1.00 ¡ 0.10 0.00 129.67 ¡ 29.14 0.98 ¡ 0.22 20.02
Controls
Sodium azide 2312.00 ¡ 835.87
DMSO 129.00 ¡ 10.15 131.00 ¡ 6.08
H2O 118.00 ¡ 19.97 145.33 ¡ 27.39
Spontaneous 128.00 ¡ 7.55 133.00 ¡ 7.00

1-Octyl,3-methylimidazolium bromide (omimBr)
0.05 126.67 ¡ 9.02 1.09 ¡ 0.08 0.08 0.0833 0.363 153.67 ¡ 9.71 1.01 ¡ 0.06 0.01 0.4602 0.015
0.1 161.00 ¡ 26.29 1.39 ¡ 0.23 0.33 139.33 ¡ 14.19 0.92 ¡ 0.09 20.08
0.5 142.67 ¡ 20.23 1.23 ¡ 0.17 0.19 160.33 ¡ 6.66 1.05 ¡ 0.04 0.05
1.0 127.00 ¡ 14.53 1.09 ¡ 0.13 0.08 172.00 ¡ 15.10 1.13 ¡ 0.10 0.13

Controls
Sodium azide 2490.67 ¡ 551.74
DMSO 126.00 ¡ 20.66 144.33 ¡ 20.53
H2O 119.67 ¡ 7.57 137.67 ¡ 16.26
Spontaneous 116.00 ¡ 6.93 152.33 ¡ 11.15
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Quaternary ammonium compounds

As with the pyridinium ILs, our tests with the four quaternary

ammonium ILs, 4-M ammBr, 4-E ammBr, 4-B ammBr and

4-H ammBr, did not meet any of the criteria for mutagenicity

(Tables 5 and 6). This suggests that quaternary ammonium ILs

should not cause frameshift or missense mutations. We used

lower doses for 4-H ammBr because it had a toxic effect to the

test bacteria at doses above 0.05 mg plate21. Additionally, 4-M

ammBr had a toxic effect at 20 mg plate21, so we removed this

dose from our regression calculations.

Conclusion

Our results for the Ames Test for mutagenicity indicated that

none of the imidazolium, pyridinium or quaternary ammo-

nium ILs we tested cause frameshift or missense mutations.

Some of the imidazolium IL tests (bmimBr and omimBr)

indicated trends toward potential mutagenicity at high doses,

but did not meet the USEPA criteria for classification as a

mutagen, Additionally, the doses we used were often an order

of magnitude higher than many other published Ames Test

results.19 Based upon these results, we suggest that designer

synthesis and engineering of new green ILs rely more upon

the pyridinium and quaternary ammonium cations than the

imidazolium cations, to reduce any potential for mutagenicity.

This study represents the first examination, to our knowledge,

of IL mutagenicity. However, further studies beyond initial

screening with the Ames Test may be necessary to determine

whether chronic exposure to ILs may cause an increased

incidence of carcinoma. The Ames Test is a short-term test,

and it cannot be expected to fully predict carcinogenicity in

animals. Because ILs have not been examined in other in vitro

systems or in vivo systems, we are unable to relate the lack of

bacterial mutagenicity of these compounds directly with a lack

of carcinogenicity. These preliminary tests, however, can play

an important role in setting priorities for future testing and as

an aid in selecting and designing benign and environmentally

friendly green solvents.

Experimental

Imidazolium and pyridinium ILs were synthesized by Dr

JaNeille Dixon, University of Notre Dame, Department of

Chemical Engineering, according to standard procedures.21–23

Quaternary ammonium ILs were purchased from Acros

Organics, New Jersey. Mutagenicity of the ten ILs: bmimBr,

hmimBr, omimBr, bmpyrBr, hmpyrBr, ompyrBr, 4M-ammBr,

4E-ammBr, 4B-ammBr and 4H-ammBr were tested using the

United States Environmental Protection Agency Standard

Table 3 Salmonella typhimurium strain TA98 frameshift mutation results for 3 pyridinium ionic liquids. Statistically significant p values are
indicated in bold

No S9 RLE added S9 RLE added

Dose/mg plate21 No. revertants MI MAR R2 p value No. revertants MI MAR R2 p value

1-Butyl,3-methyl pyridinium bromide (bmpyrBr)
0.01 20.67 ¡ 2.08 1.03 ¡ 0.10 0.04 0.0801 0.255 21.33 ¡ 4.51 0.76 ¡ 0.16 20.27 0.0090 0.708
1 21.33 ¡ 2.08 1.07 ¡ 0.10 0.07 26.00 ¡ 3.61 0.93 ¡ 0.13 20.08
5 21.00 ¡ 9.54 1.05 ¡ 0.48 0.05 24.33 ¡ 12.10 0.87 ¡ 0.43 20.15
7.5 19.67 ¡ 3.06 0.98 ¡ 0.15 20.02 25.00 ¡ 13.08 0.89 ¡ 0.47 20.12

10 22.00 ¡ 5.29 1.10 ¡ 0.26 0.11 23.33 ¡ 11.68 0.83 ¡ 0.42 20.19
20 25.33 ¡ 8.38 1.27 ¡ 0.42 0.28 26.00 ¡ 7.00 0.93 ¡ 0.25 20.08
Controls
(10 mg 2-aminofluorene) 3291.33 ¡ 609.08
DMSO 17.33 ¡ 4.04 28.67 ¡ 6.51
H2O 21.00 ¡ 5.00 27.33 ¡ 3.51
Spontaneous 19.67 ¡ 5.51 28.00 ¡ 10.44

1-Hexyl,3-methyl pyridinium bromide (hmpyrBr)
0.01 18.00 ¡ 4.36 0.86 ¡ 0.21 20.16 0.2998 0.065 24.00 ¡ 2.00 1.04 ¡ 0.09 0.04 0.1822 0.166
1 24.33 ¡ 7.09 1.16 ¡ 0.34 0.18 25.00 ¡ 3.00 1.09 ¡ 0.13 0.08
5 23.67 ¡ 2.31 1.13 ¡ 0.11 0.14 27.67 ¡ 3.51 1.20 ¡ 0.15 0.19

20 28.00 ¡ 3.46 1.33 ¡ 0.16 0.37 27.67 ¡ 2.52 1.20 ¡ 0.11 0.19
Controls
(10 mg 2-aminofluorene) 3291.33 ¡ 609.08
DMSO 17.33 ¡ 4.04 28.67 ¡ 6.51
H2O 21.00 ¡ 5.00 27.33 ¡ 3.51
Spontaneous 19.67 ¡ 5.51 28.00 ¡ 10.44

1-Octyl,3-methyl pyridinium bromide (ompyrBr)
0.05 27.00 ¡ 5.57 1.23 ¡ 0.25 0.26 0.0513 0.479 29.00 ¡ 8.72 0.91 ¡ 0.27 20.12 0.0695 0.408
0.1 19.00 ¡ 7.94 0.86 ¡ 0.36 20.16 26.00 ¡ 10.44 0.81 ¡ 0.33 20.24
0.5 21.00 ¡ 8.00 0.95 ¡ 0.36 20.05 32.67 ¡ 11.93 1.02 ¡ 0.37 0.03
1.0 28.00 ¡ 9.17 1.27 ¡ 0.42 0.32 32.33 ¡ 3.51 1.01 ¡ 0.11 0.01

Controls
(10 mg 2-aminofluorene) 3488.00 ¡ 640.97
DMSO 21.00 ¡ 4.36 28.00 ¡ 9.54
H2O 23.00 ¡ 3.46 26.00 ¡ 4.36
Spontaneous 22.00 ¡ 6.24 32.33 ¡ 8.08
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Ames Test for mutagenicity.24 We used His2 Salmonella

typhimurium strains TA98 for the detection of frameshift

mutations (e.g., addition or removal of base pairs) and TA100

for the detection of missense mutations (e.g., replacement of

one nucleotide base pair in DNA by another). Cultures

were kindly provided by Mary Harrison and Dr George

Bennett, Rice University. Strains TA98 and TA100 are

daughter strains of S. typhimurium strains TA1538 and 1535,

respectively, but contain the resistance transfer factor plasmid

(R factor) pKM 101, which increases sensitivity to certain

mutagens. All test strains were maintained and stored

according to USEPA standard protocol, and new master

plates were created every 4 weeks. Test strain function

(histidine requirement, rfa mutation, uvrB and R factor) was

confirmed each time a new set of master plates was prepared

from frozen stock.

We performed mutagenicity tests both with and without

metabolic activation with S9 rat liver enzyme (RLE) mix. The

S9 Rat Liver Homogenate in KCl was purchased from MP

Biomedicals, Ohio; RLE mix was prepared according to

USEPA standard protocol. Relevancy of this in vitro bacterial

test to carcinogenesis is increased by adding rat-liver homo-

genate to the test system, because it contains enzymes which

perform several metabolic conversions similar to those of

mammalian organs.24

Preliminary data we obtained from a rapid spot-test

screening experiment indicated that the ILs tested were non-

mutagenic at quantities below 1 mg plate21. We performed

triplicate Primary Mutagenicity Assays using IL concentra-

tions of 0.01 , 1 , 5 and 20 mg plate21. However, for some of

the tests we used lower dosages because the IL had a toxic

effect to the test bacterium which confounded mutagenicity

test results. These chemicals were omimBr, ompyrBr, 4E-

ammBr and 4H-ammBr. For the TA98 frameshift mutation

test, we used a broader range of dose levels of bmpyrBr

because the preliminary testing yielded questionable results

with a lower sample size. Briefly, test strains from the master

plates were grown overnight (16 h) in Oxoid Nutrient Broth

Number 2. Bacterial culture (100 mL), top agar (2 mL) and

different doses of IL were mixed and poured onto a minimal

agar plate. For tests containing RLE, 500 mL of the S9 mix

was added as well. We used 1.5 mg plate21 of sodium azide

dissolved in distilled H2O as a positive control for tests using

TA100 and 10 mg plate21 2-aminofluorene in DMSO for

TA98. Sterile distilled H2O and DMSO were used as negative

controls. The plates were incubated at 37 uC for 48 h and His+

revertant colonies were counted and the presence of a

background lawn was confirmed. The number of revertants,

corrected for the controls, is directly related to the mutageni-

city of the test compound. A chemical is considered to be

Table 4 Salmonella typhimurium strain TA100 missense mutation test results for 3 pyridinium ionic liquids. Statistically significant p values are
indicated in bold

No S9 RLE added S9 RLE added

Dose/mg plate21 No. revertants MI MAR R2 p value No. revertants MI MAR R2 p value

1-Butyl,3-methyl pyridinium bromide (bmpyrBr)
0.01 166.67 ¡ 28.94 1.36 ¡ 0.24 0.32 0.0182 0.676 154.00 ¡ 8.00 0.99 ¡ 0.05 0.00 0.0494 0.488
1 176.67 ¡ 33.84 1.39 ¡ 0.30 0.35 206.00 ¡ 6.00 1.34 ¡ 0.04 0.34
5 205.33 ¡ 6.11 1.67 ¡ 0.05 0.60 171.00 ¡ 7.00 1.11 ¡ 0.05 0.11

20 182.67 ¡ 12.70 1.49 ¡ 0.10 0.43 188.00 ¡ 13.00 1.22 ¡ 0.08 0.22
Controls
Sodium azide 2312.00 ¡ 835.88
DMSO 130.67 ¡ 10.69 142.33 ¡ 13.58
H2O 130.33 ¡ 11.02 148.33 ¡ 11.02
Spontaneous 123.33 ¡ 10.12 154.00 ¡ 15.62

1-Hexyl,3-methyl pyridinium bromide (hmpyrBr)
0.01 131.00 ¡ 20.07 1.07 ¡ 0.16 0.06 0.1290 0.251 174.00 ¡ 14.00 1.13 ¡ 0.09 0.13 0.0248 0.625
1 156.67 ¡ 22.03 1.27 ¡ 0.18 0.24 167.00 ¡ 29.00 1.08 ¡ 0.19 0.08
5 159.33 ¡ 41.10 1.30 ¡ 0.33 0.26 160.00 ¡ 24.00 1.04 ¡ 0.16 0.04

20 166.67 ¡ 18.58 1.36 ¡ 0.15 0.32 163.00 ¡ 9.00 1.06 ¡ 0.06 0.06
Controls
Sodium azide 2312.00 ¡ 835.88
DMSO 130.67 ¡ 10.69 142.33 ¡ 13.58
H2O 130.33 ¡ 11.02 148.33 ¡ 11.02
Spontaneous 123.33 ¡ 10.12 154.00 ¡ 15.62

1-Octyl,3-methyl pyridinium bromide (ompyrBr)
0.05 169.00 ¡ 24.52 1.46 ¡ 0.21 0.38 0.0052 0.823 144.67 ¡ 23.16 0.95 ¡ 0.15 20.05 0.0465 0.501
0.1 143.00 ¡ 8.19 1.23 ¡ 0.07 0.20 144.67 ¡ 16.28 0.95 ¡ 0.11 20.05
0.5 109.00 ¡ 91.54 0.94 ¡ 0.79 20.05 152.33 ¡ 19.03 1.00 ¡ 0.13 0.00
1.0 155.33 ¡ 32.87 1.34 ¡ 0.28 0.29 135.00 ¡ 10.00 0.89 ¡ 0.01 20.11

Controls
Sodium azide 2490.67 ¡ 551.74
DMSO 126.00 ¡ 20.66 144.33 ¡ 20.53
H2O 119.67 ¡ 7.57 137.67 ¡ 16.26
Spontaneous 116.00 ¡ 6.93 152.33 ¡ 11.15
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mutagenic if the number of induced revertants is two or more

times greater than the number of spontaneous revertants. A

two-fold increase in induced revertants coincides with a 90%

probability that tumors will be induced by the compounds in

laboratory animals.24

Using revertant colony count data, we calculated the

Mutagenicity Index (MI) for the 4 test levels of the 10 ILs

tested. MI = Rt/Rc, where Rt = mean number of revertant

colonies with test chemical, and Rc = mean number of

spontaneous revertant colonies obtained with a negative

control on the day of the test. A significant positive

mutagenic effect is determined by a calculated MI ¢ 2 and a

linear relationship between dosage and number of revertant

colonies.24,25

We also calculated the Mutagenic Activity Ratio (MAR) for

the 4 test levels of the 10 ILs tested. MAR = (E 2 c)/c9, where

E = number of revertant colonies, c = number of spontaneous

revertants in same test, and c9 = historic lab number for

spontaneous revertants.

The National Enforcement Investigations Center (NEIC)

uses the MAR value as an additional criterion for determining

positive mutagenic activity. A MAR of ¢ 2.5 is equivalent

to a 95% probability that a substance would produce

tumors if administered to laboratory animals, and that it is

carcinogenic.24
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Table 5 Salmonella typhimurium strain TA98 frameshift mutation results for 4 quaternary ammonium ionic liquids

No S9 RLE added S9 RLE added

Dose/mg plate21 No. revertants MI MAR R2 p value No. revertants MI MAR R2 p value

Tetramethylammonium bromide (4M-ammBr)
1 29.33 ¡ 5.13 1.47 ¡ 0.26 0.49 0.2300 0.192 25.33 ¡ 2.08 0.90 ¡ 0.07 20.11 0.0020 0.997
5 21.00 ¡ 6.56 1.05 ¡ 0.33 0.05 29.67 ¡ 11.84 1.06 ¡ 0.42 0.07

10 21.67 ¡ 6.43 1.08 ¡ 0.32 0.09 25.67 ¡ 4.04 0.92 ¡ 0.14 20.09
Controls
(10 mg 2-aminofluorene) 3291.33 ¡ 609.08
DMSO 17.33 ¡ 4.04 28.67 ¡ 6.51
H2O 21.00 ¡ 5.00 27.33 ¡ 3.51
Spontaneous 19.67 ¡ 5.51 28.00 ¡ 10.44

Tetraethylammonium bromide (4E-ammBr)
0.01 21.00 ¡ 1.00 0.91 ¡ 0.04 20.11 0.0536 0.469 27.67 ¡ 4.04 1.20 ¡ 0.18 0.19 0.1396 0.232
1 30.67 ¡ 6.43 1.33 ¡ 0.28 0.40 40.00 ¡ 6.56 1.74 ¡ 0.29 0.68
5 21.67 ¡ 4.16 0.94 ¡ 0.18 20.07 28.67 ¡ 2.52 1.25 ¡ 0.11 0.23

20 29.33 ¡ 14.01 1.28 ¡ 0.61 0.33 27.00 ¡ 4.58 1.17 ¡ 0.20 0.16
Controls
(10 mg 2-aminofluorene) 3001.33 ¡ 528.91
DMSO 22.66 ¡ 2.08 30.67 ¡ 4.73
H2O 22.33 ¡ 6.11 26.00 ¡ 4.58
Spontaneous 22.67 ¡ 6.51 23.00 ¡ 8.19

Tetrabutylammonium bromide (4B-ammBr)
0.01 18.00 ¡ 4.58 0.78 ¡ 0.20 20.26 0.0076 0.787 28.00 ¡ 2.00 1.22 ¡ 0.09 0.20 0.0871 0.352
1 24.67 ¡ 4.73 1.07 ¡ 0.21 0.09 26.33 ¡ 8.08 1.14 ¡ 0.35 0.13
5 20.33 ¡ 2.31 0.88 ¡ 0.10 20.14 24.00 ¡ 9.17 1.04 ¡ 0.40 0.04

20 20.00 ¡ 7.00 0.87 ¡ 0.30 20.16 23.00 ¡ 2.65 1.00 ¡ 0.12 0.00
Controls
(10 mg 2-aminofluorene) 3488.00 ¡ 640.97
DMSO 21.00 ¡ 4.35 28.00 ¡ 9.54
H2O 23.00 ¡ 3.46 26.00 ¡ 4.36
Spontaneous 22.00 ¡ 6.24 32.33 ¡ 8.08

Tetrahexylammonium bromide (4H-ammBr)
0.001 18.33 ¡ 4.04 0.83 ¡ 0.18 20.19 0.1980 0.230 23.00 ¡ 2.00 0.72 ¡ 0.06 20.36 0.1730 0.265
0.01 26.67 ¡ 17.67 1.21 ¡ 0.80 0.25 22.33 ¡ 5.86 0.70 ¡ 0.18 20.39
0.05 31.33 ¡ 6.43 1.42 ¡ 0.29 0.49 18.00 ¡ 8.19 0.56 ¡ 0.26 20.56

Controls
(10 mg 2-aminofluorene) 3488.00 ¡ 640.97
DMSO 21.00 ¡ 4.35 28.00 ¡ 9.54
H2O 23.00 ¡ 3.46 26.00 ¡ 4.36
Spontaneous 22.00 ¡ 6.24 32.33 ¡ 8.08
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The generation of ozone from air using an electrochemical cell consisting of an air cathode, a

polymer-electrolyte-membrane (PEM), and a doped tin oxide anode is reported. This synthesis is

environmentally friendly compared to the conventional high-voltage corona discharge process

since NOx formation is eliminated; a higher ozone concentration is generated; and lower energy

may be required.

Introduction

Ozone is a powerful oxidant in advanced oxidation processes

for treating water and solids. Ozone is a green oxidant since it

self decomposes in time, leaving no residual effects. It can also

oxidize persistent pathogens and contaminants more effec-

tively than chlorine.1,2 The conventional route to synthesize

ozone is through high voltage corona discharge (CD) in air

producing a 2 to 3% concentration of ozone.3 The overall

energy consumption of the CD process is high since cooling

and drying of air are needed in additional to the electrical

energy. This process can produce NOx as a by-product unless

pure oxygen is supplied, which would require additional

energy. The energy required to purify air to oxygen is at least

two times that of making ozone from oxygen.4

The alternative route of ozone generation via water

electrolysis is attractive since NOx is not generated and only

a low voltage source is needed. If dissolved ozone is the desired

product, then the water electrolysis route is more direct and

effective. Some losses of ozone to oxygen are expected in the

slow dissolution of gaseous ozone generated by the CD process

due to self-decomposition. The electrochemical synthesis

of ozone has been examined with a number of anode

materials.5–11 The electrolytic route to generate ozone has

been reviewed recently.12,13 Until now, only low efficiency has

been demonstrated and the most efficient anode material, lead

dioxide is environmentally prohibitive for a general usage. A

high current efficiency and a high concentration of ozone have

only been demonstrated recently by the authors using a doped

tin oxide electrode.14,15 Some previous reported investigations

of water treatment used anodes with undoped tin oxide16 or tin

oxide doped with different elements.17,18 The focus of these

investigations was direct electro-oxidation, and little ozone

was detected. Our previous results of high ozone genera-

tion14,15 were obtained in a three-electrode test cell containing

different acid electrolytes. For corrosion and safety con-

sideration, it would be desirable to have an acid free

process, particularly for domestic household applications.

Furthermore, hydrogen generated at the cathode during

electrolysis creates a safety concern. The water consumed

during electrolysis will need to be replenished regularly to

maintain the electrolyte for sustained operation. Here we

present, for the first time, the use of the highly efficient nickel–

antimony doped tin oxide as the anode in a water filled

polymer electrolyte membrane (PEM) cell fitted with an air

cathode. Oxygen from the air is consumed in the porous

cathode and ozone is produced in pure water and can subse-

quently evolve into the gas phase for gaseous ozone produc-

tion. A 15% ozone concentration in the gas phase, 20 mg L21

dissolved ozone, and a 15% percent current efficiency are

observed here. These ozone concentrations reported are

much higher than the CD process. In the following sections,

we describe the experimental setup, the mechanism of the

electrode processes, and the broader implications of the results

for general environmental applications.

Experimental

The electrochemical cell

The operation of the electrochemical generator is shown

schematically in Fig. 1. Oxygen from air diffuses into the gas

diffusion cathode and combines with protons to form water

when receiving electrons from the external circuit. Ozone is

Department of Chemistry, The University of Hong Kong, Pokfulam
Road, Hong Kong. E-mail: hrsccky@hku.hk; Fax: (852) 2857 1586 Fig. 1 Illustration of ozone generation in the electrochemical cell.
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generated at the anode by oxidation of water with electrons

released to the external circuit, protons are simultaneously

produced. The protons subsequently diffuse through the

proton exchange membrane back to the cathode. The net

reaction is the conversion of oxygen to ozone without any

consumption of water or protons. With the solid polymer

electrolyte providing the protons, the ozone generation occurs

in pure water without the need of an acid supporting

electrolyte, eliminating the corrosive hazard. The anode was

prepared by repeated coating of a titanium mesh with an

alcohol solution containing SbCl3 (BDH, 99.5%), SnCl4?5H2O

(98%, ABCR) and NiCl2?6H2O (Merck, 98%) precursors

followed by pyrolysis at 500 uC. The procedure was similar

to that previously described.14,15 A 4.0 cm 6 6.0 cm titanium

mesh (99.5% Goodfellow) with a nominal aperture of 0.19 mm

and wire diameter of 0.23 mm was spot-welded with a 1 mm

diameter titanium wire (99.5% Goodfellow). The mesh and

wire assembly was then treated in 10% boiling oxalic acid for

1 hour, washed with distilled water, and dried before being

dip-coated with the precursor solution and pyrolyzed in air.

The dip coating and pyrolysis procedure was repeated 7 times

and the loading onto the Ti mesh was 61 mg total or

2.55 mg cm22 per nominal area, as determined by the weight

gained. The cathode was prepared by pasting 55% Pt/C

catalyst (De Nora North America, ETEK Division) onto one

side of a 4 cm 6 6 cm carbon cloth (ETEK. 30% wet proofed).

The platinum loading on the cathode was 4.5 mg cm22. The

membrane-electrolyte-assembly (MEA) was prepared by hot

pressing at 140 uC the cathode, a solid electrolyte Nafion 117

membrane (Fuel Cell Scientific) and the anode.

Quantification of ozone production

The amount of ozone generated was determined by a setup as

shown in Fig. 2. The water side of the MEA was housed in

an acrylic chamber with a gas outlet connected to a 10%

potassium iodide bath for idometric measurement. The ozone

oxidized iodide to iodine stoichiometrically and the amount of

iodine was determined by titration with sodium thiosulfate

with a starch end point, as described in the literature.19 The

volume of the water chamber was 10 ml. After about 20 min of

electrolysis, the ozone concentration in the gas and water

phase reached equilibrium. The generated gas was then let out

through the tube and absorbed by the KI solution. The

unabsorbed residual gas was collected at the top of an inverted

graduated cylinder to determine its volume, which was about

7 ml after 30 min. This unabsorbed gas is mainly oxygen

generated from the reaction of ozone with KI, or from the

electrolysis of water in the PEM. The ozone concentration in

the water phase was determined by UV spectrometer (Perkin

Elmer Lambda 20). Water samples were extracted with a

syringe from an opening fitted with a rubber septum. The

ozone concentration in the gas phase was calculated from the

amount of ozone absorbed by the KI solution and the residual

gas volume at the top of the inverted cylinder.

The electrolysis was performed at constant cell voltage

and controlled by a Radiometer Copenhagen/Dynamic-Eis

Voltalab PGZ301 potentiostat/galvanostat. The number of

coulombs passed during the electrolysis was accurately

counted by a built-in integrator. All experiments were carried

at room temperature of 20 uC.

Results and discussion

Ozone concentration

Using our experimental setup, we examined the issues of ozone

synthesis in terms of ozone concentrations, current efficiency,

and energy efficiency. Upon application of a constant voltage

across the PEM cell, ozone was generated in water and

accumulated until part of the ozone moved from the water

phase to the gas phase above. As shown in the aqueous ozone

concentration time profiles in Fig. 3, a steady-state was

reached after 25 minutes of applied voltage. At this point,

ozone was generated steadily in water, then entered into the

gas phase, and was eventually absorbed by the KI solution in

the absorption chamber. The steady-state dissolved ozone

concentration depended on the applied voltage and varied in

the range of 5 mg L21 to 20 mg L21. This level of dissolved

ozone concentration is more than sufficient for most applica-

tions and is usually not attained in the conventional CD

process.20 Solubility of ozone in water depended on the gas

Fig. 2 The schematic drawing of the experimental apparatus. (1)

acrylic frame; (2) acrylic chamber; (3) cathode; (4) nafion membrane;

(5) anode; (6) hole for extracting water sample; (7) tube for gas

transfer; (8) 10 ml cylinder with graduated marks; (9) beaker.

Fig. 3 Ozone concentration in water vs. the electrolysis time at

different voltage.
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phase ozone concentration, temperature, pH, and the presence

of other dissolved species. For a 48.5 mg L21 ozone concen-

tration (y2%) generated in the gas phase, the dissolved ozone

concentration was 6.7 mg L21 in a pH 7.1 solution at 25 uC.21

To avoid disturbance to the titration experiment and the

determination of steady-state gas phase ozone concentration,

liquid samples were not withdrawn for dissolved ozone

measurements after 30 min. The steady-state concentration

of ozone in the gas phase correlated to that in the water phase

and varied with applied voltage in the same way, as shown in

Fig. 4. The highest ozone concentration in gas phase was

15.6% (v/v) equivalent to 334.3 mg L21 (STP), at a voltage of

2.0 V. This concentration was much higher than that achieved

by the CD process, which was about 10% (v/v) using a cool,

dry, and pure oxygen supply.22

For applications requiring a source of high concentration

gaseous ozone,22 the electrochemical process described here

provides a convincing and convenient alternative to the CD

process. Pure oxygen tank, cooling, and drying are not

required in the electrochemical cell. The scalable and

modularizable generation is particularly attractive for small

and medium scale usage. Previously, a complex procedure was

adopted to provide high concentration gaseous ozone for some

processes of preparing semi-conductor surfaces.23

Current efficiency

Fig. 3 and 4 show an optimum cell voltage of 2.0 V for highest

ozone concentration. The effect of the cell voltage was partly

analysed in light of the parallel electrochemical oxidation of

water to form oxygen,

2H2O A 4H+ + 4e2 + O2, (1)

which had an equilibrium potential of 1.23 V (RHE). The

oxygen evolution reaction was thermodynamically more

favourable than the ozone reaction

3H2O A 6H+ + 6e2 + O3, (2)

which had an equilibrium potential of 1.52 V (RHE).

The presumed role of the doped tin oxide material at the

anode was to suppress the kinetics of oxygen evolution

reaction and enhance the activation of the ozone generation

reaction. Eqn (1) and (2) represent only the overall reactions

and the detailed mechanisms may have involved individual

steps of precursors and intermediates such as oxygen and

hydroxyl free radicals, adsorbed oxygen, and other ions. The

specific effect of voltage and materials to individual steps

would require more refined experimental works. The electro-

chemical kinetics of the oxygen evolution reaction and the

ozone generation reaction were different. The increase of

voltage beyond a certain value may have promoted more

oxygen generation than ozone generation. The decrease of

ozone concentration beyond the optimum voltage of 2.0 V can

be partly explained by this reasoning. It is also possible that

the catalytic material or other electrode components were

degraded by a high voltage.

While the efficiency of ozone generation falls beyond 2.0 V,

the current increased steadily and linearly with applied voltage,

as shown in Fig. 5. The effectiveness of using current to

produce ozone can be quantified by the current efficiency

which is defined according to Faraday’s law as

g = [(moles of ozone generated) nF/C ] 6 100%, (3)

where n is the number of electrons transferred (n = 6 in eqn (2)),

F is the Faraday’s constant, and C is the amount of electric

charge passed.

The 15.2% current efficiency observed at 2.0 V is the highest

value reported for a MEA cell with a static water electrolyte,

whereas a value of ,10% was reported for PbO2 anode

without water flow at room temperature.24–27

The loss of current efficiency was mainly due to production

of oxygen either directly at the parallel electrochemical step of

eqn (1) or the subsequent decomposition of ozone to oxygen in

the water phase and in the gas phase. The half-life of ozone at

room temperature is 30 minutes and some losses of ozone to

oxygen were expected. It has been demonstrated26 that current

efficiency improved by as much as 50% with forced convection

of water. We may therefore expect the current efficiency to

reach over 20% in our MEA cell with flowing water.

Fig. 4 Applied voltage vs. ozone concentration in gas and water

phases. Fig. 5 Applied voltage vs. current density and current efficiency.
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A further increase in current efficiency can be envisaged by

improving the interfacial contact of the anode and the solid

polymer electrolyte. A 36.2% current efficiency was observed

in our previous work using a wet acidic electrolyte15 where the

immersed mesh electrode was in more complete contact with

protons and water. In the MEA construction, the mesh anode

and the solid electrolyte had a planer interfacial contact and

the solid-solid interface had limited contact area. Onda et al.26

have shown that by using a multi-layer mesh structure in

contact with Nafion, interfacial contact was improved and

the ozone concentration was increased by 40% compared to

a single layer mesh electrode. We may expect a further

improvement with a better interfacial construction between the

anode and the solid polymer electrolyte.

Energy efficiency

The ozone production rate was the amount of ozone generated

in a unit time period, and changed with the applied voltage,

as shown in Fig. 6. The ozone was generated on a 4.0 cm 6
6.0 cm anode. In principle, the production rate scaled with

the electrode area, subject to limitations of uniform current

distribution and mass transport. Experience of established

electrochemical technologies, such as fuel cells and chloroalka-

line production, was helpful to large scale electrochemical

generation of ozone. From Fig. 6, the highest steady-state

ozone production rate was 12.6 mg h21 achieved at a cell

voltage of 2.0 V over a period of hours. The corresponding

energy consumption per unit ozone was also shown in Fig. 6. It

varied with voltage in the trend opposite to that of production

rate. The energy consumption Ep in kW h kg21 ozone was

determined by:

Ep = (VI )/Q, (4)

where Q in kg h21 is the ozone production rate, I in A is the

current, and V in volts is the applied cell voltage. From Fig. 6,

the lowest energy consumption of 48 kW h kg21 ozone was

achieved at 2.0 V. This energy consumption was lower than the

lowest energy consumption reported (65 kW h kg21) on

PbO2.27 It was demonstrated on a PbO2 electrode that forced

convection improved energy consumption by 50%. We would

expect a similar improvement when water is circulated through

the anode compartment of the PEM cell. The best reported

CD energy efficiency was 9.5 kW h kg21 ozone, assuming that

the supplies of cooling water and dry, pure oxygen were

available.28 The typical energy requirement was 2y3 times this

value when drying, cooling, and oxygen purification were all

considered. This would make the energy efficiency of the

electrochemical route comparable to the CD process.

The effect of current and voltage on efficiency as given in

eqn (4) gave some interesting insight into alternatives in the

operation of electrolytic ozone generation. The electrochemical

route required a higher free energy barrier since the starting

raw material is water, compared to oxygen in the CD process.

The possibility of electrooxidation of oxygen to ozone exists

with the reaction

O2 + H2O A 2H+ + 2e2 + O3, (5)

which is a 2 electron process with an equilibrium potential of

2.03 V. If oxygen was produced electrochemically via eqn (1),

then the overall process was still a 6 e transfer and the energy

consumption remains the same. If, however, oxygen was

supplied to the anode, e.g. via aeration, and with efficient

mass-transfer, then there would have been a substantial gain in

energy efficiency. The cell voltage may have increased with

reaction (5), but the 1/3 reduction in current per ozone

produced lead to an overall decrease in energy consumption, as

shown in Eqn (4). The concept of the aerated anode therefore

warrants further investigation.

On the other hand, there also exists an alternative route of

hydrogen evolution to replace the oxygen reduction reaction at

the cathode, given as

2H+ + 2e2 A H2, (6)

which has an equilibrium potential of 0 V. The simultaneous

production of hydrogen may be desirable in some applications.

In renewable energy applications, hydrogen is produced by

electrolysis of water as stored or transportable energy. Oxygen

is a byproduct of electrolysis that may be discarded. Co-

generating of ozone instead of oxygen in electrolytic hydrogen

production can be very desirable. The choice of hydrogen

evolution in eqn (6) over oxygen reduction in reverse of eqn (1),

however, would require a higher operating cell voltage due to

the lower equilibrium potential. In addition, water would be

consumed and would need to be replenished steadily to keep

the function of the PEM cell. The generation of two useful

products: hydrogen and ozone are of interest in environmental

applications.

Conclusions

The advantages of the electrochemical route for ozone

generation are demonstrated with a polymer–electrolyte–

membrane (PEM) cell housed with a novel doped tin oxide

anode. Compared to the conventional corona discharge

process, the ozone concentrations in gas and dissolved phases
Fig. 6 Applied voltage vs. ozone production rate and energy

consumption.
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were higher, there were no risks of nitrogen oxide byproducts,

and improved energy efficiencies were expected. The electro-

chemical route offers a modular, scalable production. Further

improvements and optimization are expected by forced

convection, more thoroughly contacted electrolyte-anode

interface, and alternatives in anode and cathode operations.

The green synthesis of ozone should widen applications of

ozonation for a better environment.
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A clean, rapid and energy-efficient approach to solid–aqueous heterogeneous reactions was

developed utilizing the synergistic effect of microwave and ultrasound irradiation. The dramatic

acceleration in reaction rates might be explained by the removal of a passivation coating on the

substrate particles and the resultant enhancement in mass and heat transfer.

Introduction

To achieve the goal of sustainability, the ‘‘greening’’ of

chemical processes has become a major issue in academia

and industry. The search for alternative reaction media to

replace volatile, flammable and often toxic solvents commonly

used in organic synthetic procedures is an important objective

of the development of green chemical processes.1 From both

the environmental and economic points of view, using aqueous

media to perform organic reactions has attracted intense

interest, since water is considered to be the most environ-

mentally acceptable, safe and inexpensive solvent.2 In addi-

tion, using water as the solvent generally means easier workup

because most organic compounds are lipophilic and are easily

separated from aqueous media.

However, implementation of many organic reactions in

water is not straightforward due to its intrinsic limitation

related to the problem of reacting hydrophilic reagents with

hydrophobic substrates in heterogeneous systems. In the case

of aqueous reactions between hydrophobic organic particles

and water-soluble reagents, another unavoidable problem one

might encounter is the formation of a capsule-like passivating

layer on the surface of substrate particles due to the poor

water-solubility of the products. The precipitation on the

surface of the substrate may decelerate (or even interrupt) the

mass transfer between substrate and reagent in aqueous media,

and therefore slow or stop the reaction. This problem could be

addressed by using polar water-miscible organic co-solvents.2

Unfortunately, this defeats the original intention of reducing

the environmental burden of organic contaminants and,

furthermore, complicates work-up procedures. In order to

circumvent this dilemma, therefore, an alternative, eco-friendly

method that would enable efficient execution of these reactions

is highly desirable.

Previous work from our group has demonstrated that

combined microwave and ultrasound irradiation (CMUI)

gave significant rate enhancements and improved yields in

aqueous organic reactions, such as hydrazinolysis of esters,3

Williamson ether synthesis,4 Knoevenagel–Doebner reactions5

and Mannich reactions.6 To overcome the above-mentioned

limitation, we considered an alternative approach that takes

advantage of the synergy between microwave and ultrasound

irradiation. In particular, we thought that the employment of

the CMUI technique, if applicable to the model reaction,

might solve some of the operational problems associated with

the surface passivation in aqueous synthesis.

4H-Pyrans constitute the structural unit of a series

of natural products,7 photoactive materials8 and drug

candidates.9 For example, a 4H-pyran derivative, ethyl

2-amino-6-bromo-4-(1-cyano-2-ethoxy-2-oxoethyl)-4H-chro-

mene-3-carboxylate (HA14-1), has been found to bind Bcl-2

protein and induce apoptosis of tumor cells.9b Thus, the

synthesis of 4H-pyrano[2,3-c]pyrazoles was chosen as a

‘‘proof-of-concept’’ reaction in our investigation. To identify

the generality of the protocol, substrates bearing both electron-

donating and -withdrawing substituents on phenyl were

employed (Scheme 1). Although this reaction is thermodyna-

mically favored in polar organic solvents,10 it is slow in water.

Results and discussion

As a starting point for the development of our methodology

we chose the transformation of 5-ethoxycarbonyl-2-amino-4-

phenyl-3-cyano-6-methyl-4H-pyran, 1a, as a model. A mixture

of powdered 1a (100–120 mesh), aqueous hydrazine mono-

hydrate and a catalytic amount of piperazine was heated under

different conditions and the time–conversion profiles were

determined by HPLC. Very recently, Sharpless’ group has

found that some organic reactions, such as Diels–Alder

reactions, ene reactions, Claisen rearrangements, and nucleo-

philic opening of epoxides, showed unexpected reactivity in

aqueous suspensions.11 However, our control experiment

failed under aqueous suspension conditions. As illustrated in

Fig. 1, when heated by a thermostatted oil bath under vigorous

Shanghai Key Laboratory of Chemical Biology, Institute of Pesticides &
Pharmaceuticals, East China University of Science and Technology,
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magnetic stirring, the model reaction was found to proceed

sluggishly, and only 9% conversion of starting material was

observed within 20 min [curve (a)]. Interestingly, the trend of

the rate-enhancement of different conditions in this reaction is

not fully consistent with that observed in our previous

investigations.3–6 We were surprised that an unexpectedly

long reaction time was required to obtain the desired

4H-pyrano[2,3-c]pyrazole in a reasonably high yield, even

with microwave irradiation (power level: 200 W). In contrast,

the ultrasound-promoted (power level: 50 W; frequency:

20 KHz) oil bath-heated reaction proceeded much faster than

the reaction carried out with microwave irradiation (99% vs.

48% conversion, 20 min). Hence, the rate-limiting step in

these reactions might be the mass transfer at the solid–liquid

interface. To show the usefulness of CMUI, a control

experiment was carried out using the same amount of reactants

with the apparatus we described previously (microwave

200 W/2450 MHz + ultrasound 50 W/20 KHz).3 As expected,

a dramatic acceleration in reaction rate was observed, with

the conversion increasing to 100% within 1 min [curve (d)],

indicating the critical role of the sonication for the success of

this reaction.

Using the optimized reaction conditions, we next investi-

gated the substrate generality. Various 5-ethoxycarbonyl-2-

amino-4-aryl-3-cyano-6-methyl-4H-pyrans, 1a–h, were treated

with hydrazine monohydrate in water under CMUI (Table 1).

In all cases, reaction times ranged from 40 to 60 seconds and

the yields were very high (89–93%). All products are known

compounds and their structures were confirmed by melting

point, IR, NMR and MS data.

A likely explanation for this dramatic rate enhancement is as

follows. In many heterogeneous reactions, the rate-determin-

ing step is the mass transfer process at the interface between

two (or more) phases. Since the product, 4H-pyrano[2,3-

c]pyrazole, is insoluble in the aqueous phase, it presumably

forms a thin layer on the surface of particles, which decelerates

(or even prevents) the mass transfer between the substrate and

reagent in aqueous media. It could be predicted that the

removal of this inactive surface coating would result in

dramatic acceleration of reaction rates. Irradiation of liquids

by power ultrasound leads to cavitation phenomena. When a

passivation coating is present on the solid surface, the shock

waves from cavitational collapse will remove it and provide a

cleaner surface. As a result, the mass transfer near the surface

will be enhanced.12 In addition, shock waves exert large

forces on small particles, producing high-velocity interparticle

collisions. The particles collide with each other in a random

manner with large impact forces (the so-called grinding

effect).13 In this way, product coatings on the surface could

be peeled off, and brittle solids may be shock-fragmented to

give an increased surface area. As a result, the reactions can be

carried out efficiently without any organic co-solvent, despite

the poor solubility of substrates in aqueous media.

The development of high-speed synthesis is strongly

needed for both laboratory synthesis and industrial produc-

tion. With faster reactions, a greater quantity of compounds

can be produced per unit time. As discussed by Clark and

his colleagues,14 the energy-efficiency is also an important

criterion in evaluating the ‘‘greenness’’ (environmental accept-

ability and economic viability) of a reaction process.

Apparently, our flash protocol provides a significant reduction

in energy consumption in comparison with other routes.

Conclusion

In summary, we have demonstrated our strategy for aqueous

organic reactions using the synergistic effect of microwave

and ultrasound irradiation by utilizing ‘‘proof-of-concept’’

models. Importantly, the strategy described above should

not be limited to the model reactions but could in principle

be applied to other aqueous organic reactions as well.

This work will not only lead to a practical synthetic method

but also expand the versatility of clean organic reactions

in water.

Fig. 1 Time–conversion diagram for the model reaction under

various conditions.

Table 1 Aqueous synthesis of 4H-pyrano[2,3-c]pyrazole under CMUI

Product Ar Time/s Yield (%)a Mp/uC (obs.) Mp/uC (lit.)

2a C6H5 50 90 245–246 244–24516

2b 4-CH3O–C6H4 55 92 212–213 21017

2c 4-OH–C6H4 60 89 223–224 225–22618

2d 4-NO2–C6H4 40 92 251–252 251–25216

2e 4-Cl–C6H4 40 93 234–235 23517

2f 2-Cl–C6H4 40 92 245–246 247–24919

2g 3-CH3O-4-OH–C6H3 60 92 233–234 233–23516

2h 3-Br–C6H4 45 90 223–224 223–22416

a Isolated yields.
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Experimental

The starting 5-ethoxycarbonyl-2-amino-4-aryl-3-cyano-6-

methyl-4H-pyrans 1a–h were readily prepared from aromatic

aldehydes, malononitrile and ethyl acetoacetate.15

Typical procedure under CMUI

Piperazine (0.03 g, 0.4 mmol) and 85% N2H4?H2O (0.30 g,

6.0 mmol) were added to a suspension of powdered 1

(5.0 mmol, particle diameter: 100–120 mesh) in 10 mL of

water. The mixture was then treated under combined micro-

wave and ultrasound irradiation for the indicated duration.

The crude product was collected by filtration, washed with

water and air dried. Recrystallization from ethanol afforded

pure 6-amino-3-methyl-5-cyano-4-aryl-1,4-dihydropyrano[2,3-

c]pyrazoles 2. All products are known and gave 1H NMR, FT-

IR and MS (EI) spectra consistent with the assigned structures.

Selected spectral data: 6-amino-3-methyl-5-cyano-4-(3-bro-

mophenyl)-1,4-dihydropyrano[2,3-c]pyrazole 2h: FT-IR (KBr)

nmax 3410, 3370, 3320, 3315, 3180, 2975, 2920, 2195, 1645, 1610,

1605, 1490, 1400, 1160, 1070, 1040, 885, 780, 750, 690 cm21;
1H NMR (500 MHz, DMSO-d6) dH 1.80 (s, 3H, CH3), 4.62 (s,

1H, 4-H), 6.98 (s, 2H, NH2), 7.17 (d, 1H, J = 7.6 Hz, ArH),

7.28 (t, 1H, J1 = 7.8 Hz, J2 = 7.8 Hz, ArH), 7.34 (s, 1H, ArH),

7.42 (d, 1H, J = 8.9 Hz, ArH), 12.16 (s, 1H, NH) ppm; MS (EI)

m/z 332.0 (M+, 5), 264.0 (18), 185.1 (19), 175.1 (100), 128.1

(29), 109.0 (38), 66.0 (19).
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This paper describes a study conducted on the catalytic esterification of 2-ethylhexanoic acid with

2-ethyl-1-hexanol in supercritical carbon dioxide (SC-CO2). The effect of pressure (150–250 bar),

temperature (75–140 uC), flow rate of CO2 (0.36–0.72 g min21), mole ratio of the alcohol to the

acid (0.5–2), and the type of catalyst (Amberlyst1 15 as a strong solid-acid catalyst, zirconium

oxide as a Lewis acid catalyst, and Novozym 435 as an enzymatic catalyst) has been evaluated.

The ester, 2-ethylhexyl 2-ethylhexanoate, was continuously synthesized with 100% selectivity and

40% conversion using zirconium oxide, while the enzymatic catalysis gave no significant

conversion (3%) due to acid inactivation. Amberlyst1 15 preferentially catalyzed the dehydration

of 2-ethyl-1-hexanol to produce 2-ethyl-1-hexene. High temperatures favoured this reaction, so at

140 uC and 150 bar, the conversion to alkene was 99%. This catalyst was stable within the

explored pressure interval. An excess of acid resulted in higher ester yield, while increasing the

flow rate had no significant impact. Supercritical conditions were compared to liquid phase

conditions in n-hexane. The results proved that the conversion to substrates was higher in

SC-CO2, although the selectivity changed. Results were related to the solvating capacity and mass

transport properties of the supercritical solvent.

Introduction

In the past decade, supercritical fluids have received extensive

attention as green solvents for chemical reactions,1–6 and the

extraction of organic7,8 and inorganic compounds9 from

different matrices. Supercritical carbon dioxide (SC–CO2) is

an attractive and suitable solvent for chemical reactions

because of its low critical temperature (31.3 uC) and moderate

critical pressure (73.8 bar), its non-toxicity, high diffusivity,

solvent strength variability, and the ease of separating the

solvent from the products.

Heterogeneous catalytic chemical reactions in SC–CO2 are

generally performed in the continuous flow mode but they can

also be performed in batch reactors.10 Examples of such

processes are dehydration,11,12 esterification,13 and hydroge-

nation14 reactions.

High molecular weight esters can be used as food additives,

in cosmetics, for pharmaceutical uses, and as lubricants.15 The

production of these esters is usually carried out under equili-

brium conditions and can be shifted towards the products by

using an excess of the reactants (alcohol or acid) or by removal

of the products (ester or water) from the reaction vessel. In

liquid phase esterification using a Dean–Stark apparatus,

water-insoluble solvents such as benzene, toluene, or carbon

tetrachloride are used to separate out the water, and shift the

equilibrium toward the products.16

The catalytic dehydration of alcohols to the respective

alkene is gaining increasing importance as a synthetic

methodology. Since a highly acidic medium is required, the

direct dehydration of an alcohol to an alkene is problematic

under normal conditions, and side reactions may occur,

reducing product quality.17 As an industrially useful example,

isobutene can be synthesized from the dehydration of t-butyl

alcohol for the production of methyl t-butyl ether and other

high-octane gasoline components.18

The aim of this work has been to investigate the synthesis of

2-ethylhexyl 2-ethylhexanoate (2E2E) from the esterification

of 2-ethylhexanoic acid with 2-ethyl-1-hexanol in the presence

of Amberlyst1 15 as a strong solid-acid catalyst, zirconium

oxide as a Lewis acid catalyst, and the lipase Novozym 435 as

an enzymatic catalyst. As side reactions, the dehydration of

2-ethyl-1-hexanol to produce 2-ethyl-1-hexene (2E1H) and the

dehydration of two molecules of the alcohol to produce the

symmetrical 2-ethylhexyl ether (2EHE) have been followed.

The effect of the reaction temperature, pressure, CO2 flow rate,

the molar ratio of the substrates, and the type of catalyst

on the conversion of the substrates has been explored. Since

this reaction has not been reported under normal conditions

using the catalysts used in this work, the reaction was also

performed in n-hexane. The results have been compared to

establish the advantages of using a supercritical fluid versus the

use of an organic solvent.

Knowledge of the phase behaviour is a requirement for

designing heterogeneous catalytic reactions under near or super-

critical conditions. Therefore, the solubility of the reactants in

SC–CO2 was previously studied.19 The solubility of 2-ethyl-1-

hexanol and 2-ethylhexanoic acid in SC–CO2 (1 : 1 molar

ratio in the equilibrium cell) was found to be similar over the

pressure range of 95–180 bar. This finding was related to the

existence of intermolecular hydrogen bonding between mole-

cules of 2-ethyl-1-hexanol and 2-ethylhexanoic acid.20

aDepartment of Chemistry, Isfahan University of Technology, Isfahan,
84156-83111, Iran. E-mail: ghazi@cc.iut.ac.ir; Fax: +98-311-3912350;
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Experimental

Materials

Carbon dioxide with purity of 99.95% was purchased from

ZamZam Co. Ltd (Isfahan, Iran). 2-Ethyl-1-hexanol, 1-hexa-

nol, n-hexane, and Amberlyst1 15 were purchased from

Merck. The Amberlyst1 15 (strongly acidic cation exchanger,

macroporous in H+ form) was dried to constant weight in an

air oven at 90 uC, before use. The catalyst acid capacity was

4.81 meq g21, measured by titration against standard base.21

Zirconium oxide catalyst was prepared from zirconyl(IV)

chloride octahydrate (ZrOCl2?8H2O, purity >99%, from

Merck) as previously reported.17 2-Ethylhexanoic acid was

purchased from Tat Chemical Co. (purity >99%, Isfahan,

Iran). 2-Ethylhexyl 2-ethylhexanoate and 2-ethylhexyl ether

were synthesized in toluene using p-toluenesulfonic acid

(Farzin Chemicals Co., Isfahan, Iran) as catalyst. The achieved

purity in both cases was >99%, as verified by GC-FID.

Novozym 435, a lipase from Candida antarctica, immobilized

on a macroporous acrylic resin with a water content of

1–2 wt%, was kindly provided by Novo Nordisk, Denmark.

Apparatus and procedure

The esterification reaction was carried out using the con-

tinuous flow apparatus shown in Fig. 1. The major compo-

nents included a carbon dioxide feeding line, a preheater, an

equilibrium cell where CO2 was saturated by the reactants, a

fixed catalyst bed, a pressure control device, and a product

collection system. The CO2 was pumped by a JASCO model

PU-980 reciprocating pump. The preheater consisted of 316 ss

coiled 1/160 ss tubing. The equilibrium cell had a volume of

8 ml and was filled with glass beads in order to decrease the cell

dead volume and increase the contact area between the

substrates and the CO2. The tubular reactor, made of 316 ss,

had an internal volume of 15 ml and contained 8–9 g of

catalyst. These three elements were placed in an air oven to

keep the temperature within ¡1 uC using a thermocouple

controller device (Alton Ray Co., model TC14, Tehran, Iran).

The pressure was controlled by a backpressure regulator

(JASCO BP 1580–81) to within ¡1 bar. The effluent was

quenched in the system shown in Fig. 2, consisting of a

condenser and a coil which used an aqueous ethylene glycol

solution as the refrigerant. The liquid product was collected in

a two-neck 5 ml flask that was immersed into a 250 ml beaker

filled with the same cooling solution. The temperatures of the

collection flask and the condenser were maintained at 212 uC
and 28 to 210 uC respectively.

At the beginning of each experiment, the carbon dioxide was

pressurized and circulated through the preheating coil to reach

the operating temperature before entering the equilibrium

cell, where the desired amount of 2-ethyl-1-hexanol and

2-ethylhexanoic acid was placed. Then, the SC–CO2 saturated

with the substrates went through the catalytic bed. The SC–

CO2, along with the products and unreacted species, was

depressurized through the backpressure regulator, and solutes

were gathered in the sample collection system. The same

procedure was followed when n-hexane was used as solvent.

After each assay, the catalytic bed was washed with n-hexane

and dried for the next run.

Fig. 1 Scheme of the continuous flow apparatus. 1: CO2 capsule, 2: purifier, 3: cooling bath, 4: pump, 5: oven, 6: preheating coil, 7: two-position

six-port valve, 8: equilibrium cell, 9: catalyst bed, 10: thermocouple and temperature controller, 11: backpressure regulator, 12: collection system,

13: wet gas flow meter.

Fig. 2 Scheme of the product collection system. 1: cooling fluid

pump, 2: beaker, 3: cooling liquid, 4: coil, 5: collection vial, 6:

condenser, 7: thermometer.
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Reported yields were affected by the way the components

were collected at the exit of the system, so different purge tests

were performed with (1) glass beads, (2) n-hexane or (3) glass

beads plus n-hexane in the collection flask. The results after a

6 hour run are reported as the trapping efficiency in Table 1.

By using the third method of collection, the solute loss due to

aerosol formation and entrainment was significantly reduced,

being lower than 5% for the alcohol and 4% for the acid and

the ester. Therefore, this method was used to conduct all the

experimental work, providing a mass balance closure higher

than 95%.

Analytical method

After addition of 1 ml of 1-hexanol as an internal standard, the

trapped mixture was transferred to a volumetric flask and

made up to 5 ml with n-hexane. The samples were analyzed

with GC-TCD (Shimadzu Co. model GC-14A) with a packed

SE-30 column using the following temperature programming:

the GC injection port and the detector temperature were set at

240 uC and 250 uC respectively, the column temperature was

programmed from 50 uC to 90 uC at a rate of 6 uC min21,

and from 90 uC to 240 uC at a rate of 40 uC min21. Peak

identification of 2E2E and 2EHE was accomplished by

comparison of sample peak retention times with those of

standard solutions. Alkene presence was verified by passing

the gases exiting from the trap through a dilute solution of

bromine in carbon tetrachloride and observing that the

solution was decolourized. Moreover, the exit gases were

quenched in a 2.5 m long, 1.5 mm i.d. 316 ss tubing immersed

in a thermostatted water bath at 5 uC, and analyzed by GC-

MS (Trio 1000, Fisons Instruments, model 8060) confirming

the presence of the alkene. No other products were detected, so

only the ester, the ether and the alkene were used to calculate

yield and selectivity. Average uncertainty in reported data was

less than 10%.

The molar percentage yield of 2E2E and 2EHE was defined

as the amount of each compound produced from the initial

quantity of 2-ethyl-1-hexanol. Alkene yield was determined

on the basis of mass balance calculations as the difference

between the initial moles of 2-ethyl-1-hexanol and the moles

of ester and ether produced and the moles of unreacted

2-ethyl-1-hexanol.

Conversion was defined based on alcohol disappearance. In

SC–CO2 experiments with Amberlyst1 15, conversion was

100% in all cases since no alcohol was detected on the effluent.

Moreover, at the end of each experiment the catalytic bed was

washed with n-hexane and the solution was analyzed by

GC-TCD, and no alcohol was detected in the solution.

Results and discussion

In the following sections, the effect of operating conditions,

substrate molar ratio and solvent flow rate on the continuous

esterification of 2-ethylhexanoic acid with 2-ethyl-1-hexanol in

SC–CO2 is discussed. For these experiments, a strong acid

catalyst (Amberlyst1 15) was used. Then, other catalysts

were explored. Side reactions were also followed, i.e. the

formation of the ether and the alkene. The use of a super-

critical solvent was compared to the use of a typical organic

one because the investigation of whether the catalytic activity

of the materials changed under supercritical conditions is of

crucial importance in scaling-up the process. All experiments

were carried out ensuring saturation conditions, so the CO2 to

substrate molar ratio and the substrate flow rate (F) were

estimated from the solubility values reported elsewhere.19 The

contact time (W/F) between the substrates and the catalyst was

calculated as (mass of catalyst)/(mass of substrates per min),

and is reported in min.

Effect of temperature

Temperature may affect the esterification yield in different

ways. On one hand, an increase in temperature would have

a positive effect on the kinetic constant, as defined by the

transition state theory. However, high temperatures may

promote side reactions, such as dehydration, if their activation

energy is higher than that of esterification, reducing the ester

yield. On the other hand, high temperatures would decrease

density and so solubility of reactants, which can reduce the

rate of the esterification reaction. Therefore, the effect of

temperature is not easy to predict.

The production of 2E2E, 2EHE, and 2E1H from 2-ethyl-1-

hexanol and 2-ethylhexanoic acid in SC–CO2 at different

temperatures and 150 bar is shown in Table 2. Raising the

temperature from 75 to 110 uC increased the yield of 2E2E and

2EHE. A further increase in temperature from 110 to 140 uC
reduced the conversion of the reactants (alcohol and acid) to

the ester significantly. This decrease in ester yield could be

attributed to the promotion of the dehydration reaction. Due

to the high selectivity towards the alkene at these conditions,

Table 1 Purge tests for 2-ethyl-1-hexanol (2E1He), 2-ethylhexanoic
acid (2EHA), and 2-ethylhexyl 2-ethylhexanoate (2E2E)a

Purge method

Trapping efficiency (%)

2E1He 2EHA 2E2E

1b 66.5 72.1 71.4
2c 89.4 94.5 93.6
3d 94.6 96.8 95.7
a Reaction conditions: CO2 flow rate = 0.54 g min21; pressure =
150 bar; temperature = 110 uC; time of purge = 6 h. b Recovery on
glass beads. c Recovery in n-hexane. d Recovery on glass beads and
n-hexane.

Table 2 The formation of 2-ethylhexyl 2-ethylhexanoate (2E2E),
2-ethylhexyl ether (2EHE) and 2-ethyl-1-hexene (2E1H) from
2-ethyl-1-hexanol and 2-ethylhexanoic acid in SC–CO2 at different
temperaturesa

T/uC
CO2/alcohol/acidb

molar ratio W/Fb/min

Yield (%)

2E2E 2EHE 2E1H

75 77.2 : 1.2 : 1.0 268 15.2 ND 84.8
110 217.3 : 1.5 : 1.0 667 22.5 2.1 75.4
140 512.7 : 1.8 : 1.0 1402 0.2 0.9 98.9
a Other reaction conditions: catalyst = Amberlyst1 15 (amount =
8.5 g); CO2 flow rate = 0.36 g min21; pressure = 150 bar; initial
alcohol/acid molar ratio in the equilibrium cell = 1.0. ND: not
detected. b Estimated by extrapolation of the solubility values
reported in ref. 19.
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the method could be used for the dehydration of the alcohol to

the alkene with high yield (98.8%) in a continuous system.

Effect of pressure

Pressure affects reaction rate in supercritical fluids in two

ways. First, the reaction rate constant may change with

pressure. Secondly, pressure can vary some physical para-

meters, such as the partition coefficient, dielectric constant,

and fluid Hildebrand solubility parameter. Effectively, by

increasing the pressure, the solubility of 2-ethyl-1-hexanol and

2-ethylhexanoic acid in CO2 is increased.19 If the solubility is

increased, then solvent load is higher, and at equal total flow

rate, the amount of reactants passing through the catalyst bed

per unit of time is higher. Consequently, residence time of the

reactants is also increased as pressure is raised.

The effect of pressure on ester production was investigated

between 150 and 250 bar, at a temperature of 110 uC, and is

reported in Table 3. The results showed that conversions

were approximately constant, i.e. independent of the pressure.

This behaviour might be due to the fact that at a pressure

beyond 130 bar, the solubility of 2-ethyl-1-hexanol and

2-ethylhexanoic acid is nearly constant (i.e., the solubility is

in the plateau portion of the solubility–pressure curve).19 It

also means that the change in pressure did not significantly

affect solvent properties (e.g. solvation capacity or mass

transfer properties). In any case, the Amberlyst1 15 catalytic

activity did not decrease either, indicating that this catalyst

was stable at high pressures.

Effect of CO2 flow rate

The influence of solvent flow rate was investigated within the

interval 0.36–0.72 g min21. Results are reported in Table 4. No

significant changes in process yield were observed. This implies

that within the interval of explored flow rates, the solvent

remained saturated by the alcohol and the acid, and the

contact time with the solid catalyst was enough to achieve

maximum conversion in all cases. It also means that the

external mass transport did not control the process, which in

consequence would be controlled by internal diffusion or

equilibrium. However, it is expected that mass transport

resistance within the pores is minimized due to the high

diffusivity of compounds in supercritical fluids, as will be

shown later.

Effect of molar ratio of reactants

The initial molar ratio (R) of 2-ethyl-1-hexanol to 2-ethyl-

hexanoic acid in the equilibrium cell was varied from 0.5–2. It

was previously proven that the variation of this ratio also

affected the solubility in CO2.19 For example, at 60 uC and

138 bar, the solubility of the alcohol increased as R was

raised. The opposite happened to the acid. Moreover, it

was shown that in SC–CO2 the alcohol to acid molar ratio was

closer to the proportion in the equilibrium cell. Consequently,

the molar composition of the CO2–substrate mixture and the

proportion between the reactants entering the reactor would be

different if R is varied. In similar fashion, the contact time with

the catalyst would be altered too. Therefore, the impact of

this parameter on process yield was investigated. The results

are presented in Table 5. When the acid was in excess, the

yield of 2E2E and 2EHE was increased. This could be due to

the fact that the esterification yield is controlled by protona-

tion of 2-ethylhexanoic acid, so a surplus of this compound

would favour the ester production versus the dehydration

product. In contrast, an excess of alcohol did not exert a

significant effect.

Effect of catalyst type

From the results presented up to now, it can be concluded that

Amberlyst1 15 can not selectively catalyze the esterification

reaction under any conditions. In fact, the alcohol dehydration

to produce the alkene seemed to be the preferential reaction on

this strong acid catalyst. Therefore, to increase the selectivity

of the reaction towards ester formation, the reaction was

carried out in the presence of a softer acidic catalyst and an

enzyme.
Table 3 The formation of 2E2E, 2EHE and 2E1H from 2-ethyl-1-
hexanol and 2-ethylhexanoic acid in SC–CO2 at different pressuresa

P/bar

Yield (%)

2E2E 2EHE 2E1H

150 22.5 2.1 75.4
200 21.0 2.0 77.0
250 27.4 2.9 69.7
a Other reaction conditions: catalyst = Amberlyst1 15 (amount =
8.5 g); CO2 flow rate = 0.36 g min21; Temperature = 110 uC; Initial
alcohol/acid molar ratio in the equilibrium cell = 1.0; CO2/alcohol/
acid molar ratio entering the reactor = 217 : 1.5 : 1.0; W/F =
667 min (assuming that pressure did not significantly affect substrate
solubility as indicated in ref.19).

Table 4 The formation of 2E2E, 2EHE and 2E1H from 2-ethyl-1-
hexanol and 2-ethylhexanoic acid in SC–CO2 at different CO2

flow ratesa

CO2 flow rate/g min21 W/Fb/min

Yield (%)

2E2E 2EHE 2E1H

0.36 667 15.2 ND 84.8
0.54 444 12.2 ND 87.8
0.72 333 16.0 ND 84.0
a Other reaction conditions: catalyst = Amberlyst1 15 (amount =
8.5 g); temperature = 110 uC; pressure = 150 bar; initial molar ratio
of the alcohol to the acid = 1.0; CO2/alcohol/acid molar ratiob =
217 : 1.5 : 1.0. ND: not detected. b Estimated by extrapolation of the
solubility values reported in ref.19.

Table 5 The formation of 2E2E, 2EHE and 2E1H from 2-ethyl-1-
hexanol and 2-ethylhexanoic acid in SC–CO2 with different initial
molar ratios of the alcohol to the acid (R)a

R

Yield (%)

2E2E 2EHE 2E1H

0.5 31.9 11.6 56.5
1.0 22.5 2.1 75.4
2.0 24.6 3.4 72.0
a Other reaction conditions: catalyst = Amberlyst1 15 (amount =
8.5 g); CO2 flow rate = 0.36 g min21; temperature = 110 uC;
pressure = 150 bar.
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The comparison of the activity of all the catalysts at 110 uC
and 150 bar is shown in Table 6. In the presence of zirconium

oxide, the conversion was not complete but it was selective to

the ester, since no ether or alkene was detected. Therefore, it

seems that this Lewis acid type of catalyst is more suitable

for this kind of reaction than Amberlyst1 15. This is also in

agreement with the reported selectivities in the liquid phase for

other esterification reactions.22,23

Novozym 435 has been previously used to synthesize

isoamyl acetate from isoamyl alcohol and acetic anhydride in

SC–CO2 with an esterification yield of 100% in continuous

operation, proving that is very stable at high pressures.24 It

may also maintain its catalytic activity in non-aqueous media

at fairly high temperatures. For example, it was able to

catalyze the transesterification of octadecanol with palmityl

stearate at 130 uC for a considerable time in butylbenzene.25

However, it is very sensitive to acidity of the medium. Thus, its

activity decreased by up to three times when the pH was

reduced from its optimal value (7.7) to 3.5.26 Moreover, some

acids (e.g. acetic acid) may act as potent inhibitors of lipase

activity causing dead-end inhibition or acidification of the

enzyme microaqueous environment.24,27 Another possibility

could be the inhibition by the alcohol, but this is unlikely to

happen since no indication of isoamyl alcohol inhibition was

observed for this same enzyme.24,27 In consequence, it seems

that the lack of activity detected in this work (only 3% ester

yield) could be mainly due to low medium pH and/or enzyme

inhibition caused by the acid substrate.

Effect of type of solvent

The use of a supercritical fluid as an alternative to organic

solvents for chemical reactions may be beneficial if the process

is controlled by the mass transfer, since the diffusion coeffi-

cients of the reactants and products in this medium are much

higher than in liquid media. However, the density of the super-

critical medium is normally lower and so its solvating capacity

for reactants and products is reduced. This may alter the selec-

tivity and the process yield. To compare the process in both

types of solvents, selected tests were conducted in n-hexane. In

these tests, the n-hexane flow rate was 0.36 g min21, the

pressure was 150 bar and the ratio of the alcohol to the acid in

the equilibrium cell was 1.0, in the same quantities as in the

SC–CO2 tests. The results are shown in Table 7.

In n-hexane, the catalysts performed differently than in SC–

CO2 – both catalysts seemed to be less active in this medium.

For example, Amberlyst1 15 gave a maximum conversion

of 43% at 140 uC, while under similar conditions, reactant

conversion was 100% in SC–CO2. In a similar fashion,

zirconium oxide, which provided 40% conversion to the ester

in supercritical conditions, was not active at all in n-hexane.

The selectivity also changed – in supercritical conditions

Amberlyst1 15 favoured the production of the dehydration

product, while in n-hexane the only product was the ester.

It seems that mass transfer was accelerated in supercritical

conditions, facilitating the access of the reactants to the active

sites of the catalyst, and so providing higher conversions. The

change in selectivity can be attributed to different reasons. One

possibility is that one of the compounds had a very high

molecular size or a bulky structure that retarded its approach

to the active centers. Therefore, in supercritical conditions,

its diffusion would be easier, favouring one of the routes of

reaction. This does not seem to be the case because the

molecular size and steric hindrance of the alcohol and the acid

are quite similar. Likewise, the ester and the ether are

comparable in size and structure, so it is not feasible that

one diffused much faster than the other, altering the selectivity

of the reaction in such magnitude. The other possibility is that

the most acidic sites responsible for dehydration are located in

the inner pores of the catalysts, and so at supercritical

conditions the alcohol can penetrate into them more easily

than in n-hexane – but this is unlikely to happen in both

catalysts. What seems to be more probable is that the solubility

of the alcohol is higher in SC–CO2 than in n-hexane. If more

alcohol is available in the bulk medium, then the reaction that

uses two molecules of alcohol is preferred.

Conclusions

This work demonstrated that selective and continuous

production of 2-ethylhexyl 2-ethylhexanoate from the esterifi-

cation of 2-ethylhexanoic acid with 2-ethyl-1-hexanol could be

carried out in supercritical carbon dioxide over a medium

acidity catalyst (zirconium oxide) with good yield. If the

reaction is performed over a highly acidic catalyst, the reaction

is very selective to the dehydration product. Although several

methods have been reported which perform the dehydration

reaction using strong acids at high temperatures,28,29 this

method provides a way to do it under milder conditions.

Operation at high pressure did not decrease the catalysts’

activity, and compared to the liquid organic phase, substrate

conversion was higher due to the beneficial mass transfer

properties of the supercritical solvent. Consequently, SC–CO2

Table 6 The formation of 2E2E, 2EHE and 2E1H from 2-ethyl-1-
hexanol and 2-ethylhexanoic acid in SC–CO2 using different catalystsa

Catalyst

Yield (%)

2E2E 2EHE 2E1H

Amberlyst1 15 22.5 2.1 75.4
Zirconium oxide 40.4 ND ND
Novozym 435 3.4 ND ND
a Other reaction conditions: CO2 flow rate = 0.36 g min21;
temperature = 110 uC; initial alcohol/acid molar ratio in the
equilibrium cell = 1.0; CO2/alcohol/acid molar ratio entering the
reactor = 217 : 1.5 : 1.0; W/F: 667 min (estimated by extrapolation
of the solubility values reported in ref.19). ND: not detected.

Table 7 The formation of 2E2E, 2EHE, and 2E1H from 2-ethyl-1-
hexanol and 2-ethylhexanoic acid in n-hexane using different catalystsa

Catalyst Temperature/uC

Yield (%)

2E2E 2EHE 2E1H

Amberlyst1 15 110 18 ND ND
140 43 ND ND

Zirconium oxide 110 ND ND ND
a Other reaction conditions: n-hexane flow rate = 0.36 g min21;
pressure = 150 bar; initial alcohol/acid molar ratio in the equilibrium
cell = 1.0. ND: not detected.
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can be considered an environmentally benign alternative to

conventional organic solvents for the synthesis of both

products, the ester and the alkene. Further advantages of

using this solvent would be the facilitation of product

recovery, since no solvent residues are left in the final product.
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