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Process options for converting renewable feedstocks to
bioproducts
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The relative advantages of different process options to convert
renewables to bioproducts are considered. Stress is laid on
one-pot processes and new value chains adapted to biomass
composition.
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This paper discusses the relative advantages of different process options to convert renewable

feedstocks (carbohydrates, vegetable oils, terpenes and lignocellulosic materials) into valuable

chemicals and polymers. Three process options are considered: (1) via degraded molecules,

(2) via platform molecules, (3) via one-pot processes. These routes can all be integrated in a

biorefinery scheme which maximises the value derived from biomass. These process options are

illustrated by selected examples underlining the green chemistry value of process options 2 and 3.

Stress is laid on new value chains adapted to biomass composition and on the use of recyclable

heterogeneous catalysts that lead to waste minimisation and decrease the processing cost of

renewables.

1 Introduction

The use of biomass for the production of energy, chemicals

and materials is one of the key issues of sustainable develop-

ment. Indeed, bio-based resources are renewable and CO2

neutral in contrast with fossil fuels. Furthermore, due to the

rapid increase of the oil price in 2005–2006 we face a new

situation where the market price of crude is higher than that of

biomass-derived pure molecules such as sucrose or glucose.

The cost of platform molecules derived from carbohydrates or

vegetable oils is fairly stable compared to that of fossil fuels

and even tends to decrease steadily with time. The SusChem

organisation in Europe has published its Implementation

Action Plan1 advocating the use of renewables as alternative

feedstocks for fuel and chemical production.

As far as bioproducts are concerned there are additional

benefits to using renewable feedstocks. Thus, the molecules

extracted from bio-based resources are already functionalised

so that the synthesis of chemicals may require a lower number

of steps than from alkanes, thereby decreasing the overall

waste generated. Also, bio-based products may have unique

properties compared to hydrocarbon-derived products, for

instance biodegradability and biocompatibility. Biomass pro-

cessing by clean catalytic routes minimising synthesis steps

fulfils several principles of green chemistry at the same time.2

On a mere economical ground, products issued from biomass

have a potential market differentiation and their marketing is

made easier because of their ‘‘natural’’ or ‘‘bio’’ label.

There is a severe competition for the production of food/

feed, bio-products (chemical and polymers) and transportation

biofuels (bioethanol and biodiesel) from agricultural crops.

Conventional crops based on cereals and seed oils could only

be a partial answer to the fuel issue because of the huge needs

at stake. To meet biofuel and chemicals demands in a more

substantial way, it is recommended1 that agricultural wastes

are processed, new crops grown on marginal land, and

fast-growing vegetative biomass (grass, wood, stems, leaves,

etc.) consisting of cellulose and ligno-cellulose rather than

using seeds (cereals and vegetable oils).

Various hurdles may hamper the development of renewables

for bio-product production. The main issue is the high cost

involved in processing renewable feedstock to chemicals.

Processes employed for the synthesis of chemicals from fossil

fuels improved continuously during more than a century

resulting in a very high degree of technical and cost

optimisation. In contrast, processes to derive chemicals from

biomass are comparatively in infancy and their cost weighs

heavily on the market price of bioproducts. Accordingly,

extensive research and development efforts in biotechnology,

chemistry and engineering are required to reduce processing

cost. As outlined in the SusChem Implementation Action

Plan1 a prerequisite for expending the use of biomass-derived

feedstocks is the development of alternative value chains. This

can be achieved by designing processing routes and catalytic

systems different from those employed from hydrocarbons

and adapted to the specific molecular structure of biomole-

cules. Whatever the route considered, it is mandatory to assess,

by life cycle analysis, the sustainability of processes starting

from renewable feedstocks, and to assess the benefits of

employing biomass rather than fossil fuels to prepare a given

chemical. Socio-economic life cycle assessment, rather than

simple conventional LCA, should be performed to assess the

societal impact of intensive agricultural activities covering

large land areas, increasing the water stress and impairing

biodiversity.

The present paper will focus on process options that could

be integrated in a biorefinery scheme to help to produce bio-

products at a more competitive market price contributing

to waste minimisation. The biorefinery concept has been

developed early in food and paper industries, and is now going

to be applied for the production of energy, chemicals and

materials from renewable feedstocks.1,3,4 The underlying idea

is to maximise the value derived from biomass by producing

energy and multiple products via well integrated processes,

valorising co-products and by-products and optimising the

Institut de recherches sur la catalyse et l’environnement de Lyon, 2
avenue Albert Einstein, Villeurbanne Cedex, 69626, France.
E-mail: pierre.gallezot@ircelyon.univ-lyon1.fr
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inputs (feedstock supply, water management) and outputs

(energy and product recovery, treatment of waste). Part of the

biomass is converted to fuels by gasification (syngas and

hydrogen), pyrolysis (bio-oil), and fermentation (biogas), while

the other part is converted, by successive operations involving

hydrolysis, fermentation and chemo-catalytic routes, to well-

identified platform molecules that can be employed as building

blocks in the synthesis of chemicals and polymeric materials.

However, in contrast with traditional refineries, the economy

of biorefineries will have to support the cost of transporting

low energy density raw materials across long distances, and life

cycle analysis should integrate the environmental impact of

transportation.

Large biorefineries for carbohydrate processing to biopro-

ducts are currently operating in the USA (e.g., Cargill

biorefinery at Blair, Nebraska) and in Europe (e.g., Roquette

bio-hub at Lestrem, France). Similarly, the production of

oleochemicals and biofuels can be integrated in biorefineries

using vegetables oils as the main feedstock and using platform

fatty acid esters, fatty alcohols and glycerol as platform

molecules.

2 Process options for biomass conversion to

bioproducts

Within the biorefinery framework several processing options

of renewables feedstocks can potentially be employed to

produce bioproducts. The three main options discussed in this

paper are given in the scheme of Fig. 1. They will be illustrated

by selected examples and their respective advantages and

limitations will be discussed in the following sections.

2.1 From biomass to products via degraded molecules

Biomass derivatives can potentially be converted to synthesis

gas by adapting well known steam or autothermal reforming

processes leading to syngas. Syngas is then converted, by

Fischer–Tropsch synthesis, to hydrocarbons, which are subse-

quently converted to chemicals by usual synthesis routes

developed for petroleum feedstock. This approach has been

little developed, particularly for the production chemicals. The

overall sustainability and economy of the value chain—

biomass to chemicals by gasification—is doubtful because it

involves a succession of energy-demanding, high temperature

reactions yielding hydrocarbons with different chain lengths

which must be separated, and only a fraction of them can be

used for the synthesis of intermediates by dehydrogenation

or oxidation reactions. At the least, sustainability of this

approach must be validated by life cycle analysis. A more

appealing route consists of performing aqueous phase reform-

ing of biomass directly yielding alkanes. Thus, water solution

of ethylene glycol, glycerol and sugar-derived polyols were

converted to hydrogen and alkanes conversion at 550 K under

15–50 bar pressure.5,6 Selectivities to H2, CO2 and alkanes

were tuned with different bifunctional metal catalysts. Higher

alkanes, with the number of carbon atoms ranging from C7 to

C15, were obtained in several steps involving acid catalysed

dehydration followed by base-catalysed aldol condensation,

and the resulting products were dehydrated and hydrogenated

to liquid alkanes over bifunctional catalysts in a four-phase

reactor.7 Although the aim of these studies was to produce

transportation fuels, the organic products formed during the

dehydration step could be valuable starting material for

chemical synthesis. However, reforming of renewables should

be conducted with organic wastes or vegetative biomass rather

than with high priced molecules such as sugar polyols obtained

from cereals.

Another approach to produce chemicals via degraded

molecules is the fast pyrolysis of biomass at high temperatures

in the absence of oxygen, which results in gas, tar and up to

80 wt% of a liquid phase, so-called bio-oil, which is a mixture

of hundreds molecules. Some of the compounds produced by

pyrolysis were identified as fragments of the basic components

of biomass, viz. lignin, cellulose and hemicellulose. The bio-oil

composition depends upon the nature of starting materials and

process conditions.8,9 Some valuable compounds present in

bio-oils, particularly phenolic compounds issued from the

degradation of lignin, can potentially be recovered. Thus,

furfural and furfuryl alcohol can be recovered in amounts up

to 30 wt% and 12–30%, respectively. Also, phenol–formalde-

hyde resins have been prepared from bio-oils containing a high

fraction of phenolic compounds.10,11 Although bio-oils are

primarily of interest for fuel production, their use as a source

of chemicals may become attractive in the future. However,

the sustainability and green character of biomass to gas or

biomass to liquid processes is questionable and should be

validated by life cycle analysis.

2.2 From biomass to products via platform molecules

2.2.1 Identification of main platform molecules. As far as

carbohydrates are concerned a number of platform molecules

are already well identified and currently employed to synthe-

size speciality and fine chemicals. Monosaccharides, such as

glucose and fructose, and disaccharides, such as sucrose, that

are easily obtained with great purity from various carbohy-

drate-containing crops, are well known platform molecules in

sugar chemistry. Lactose, with a production of 6 6 105 t y21,

Fig. 1 Process options to bioproducts from carbohydrates or ligno-

cellulosic materials integrated in a biorefinery scheme (simplified).
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is also a useful platform molecule obtained from the milk

industry. Most of the other platform molecules are obtained

by fermentation from glucose or other carbohydrates using

continuously improved processes with new genetically

modified bacteria or yeasts.12 The followings biomass-derived

platform molecules are potentially useful building blocks for

chemical synthesis: aspartic acid, 1,4-diacids (succinic, fumaric

and malic), ethanol, glutamic acid, glucaric acid, 2,5-hydro-

xymethylfurfural, 2,5-furandicarboxylic acid, 3-hydroxypropio-

nic acid, 2-hydroxypropionic acid, itaconic acid, levulinic acid,

1,3-propanediol. This list includes the top platform molecules

identified by the US Department of Energy.13 In the future the

challenge will be to produce fermentable sugars from cellulose

and hemicelluloses, which are available in huge amounts from

vegetative biomass.

Vegetable oils or triglycerides obtained from the seeds

of various plants are the source of a wide variety of fatty

acid esters and derivatives (fatty acids and alcohols) with

different molecular structures (chain length, number and

position of CLC bonds), that can be used as platform

molecules, as well as glycerol, which is a co-product of

triglycerides transesterification.

The three main platform molecules employed in terpene

chemistry are a-pinene and b-pinene, which are extracted from

turpentine oil (350 000 t y21), a co-product of paper pulp

industry, and limonene extracted from citrus oil (30 000 t y21).

2.2.2 Catalytic conversion of platform molecules. Conversion

of platform molecules by catalytic routes involving one or

more steps is currently used to synthesize a wide variety of

specialties and fine chemicals. The present trend is to develop

heterogeneous processes, allowing an easy recovery of the

catalyst or continuous operation in fixed-bed reactors. This is

illustrated in the following examples.

Terpenes. Terpenes (a-pinene 1, b-pinene 2, and limonene 3)

are employed in the synthesis of flavours and fragrances

(F&F), although these compounds are often more easily

obtained by catalytic routes from hydrocarbons.

p-Cymene 4, a precursor of p-cresol and various F&Fs, was

obtained by dehydrogenation of a-pinene at 300 uC in a

continuous fixed-bed flow reactor in the presence of 0.5 wt%

Pd/SiO2.14 Under similar conditions, but starting from

limonene, p-cymene was obtained with a 97% yield, and the

catalytic activity was stable for 500 h on stream.15

The liquid phase alkoxylation of limonene 3 with C1–C4

alcohols to 1-methyl-4-[alpha-alkoxy-isopropyl]-1-cyclohexene

5 was carried out both in batch and continuous fixed-bed

reactor at 60 uC on various acidic catalysts.16 The best yields

were obtained in batch (85%) or continuous reactor (81%)

using a beta-type zeolite with SiO2/Al2O3 = 25.

Carbohydrates. Sucrose (total production 130 6 106 t y21)

and starch (40 6 106 t y21 used in industry), are two major

sources of glucose and fructose. The catalytic conversion of

sugars has been reviewed by van Bekkum and Besemer17 and

by Lichtenthaler and Peters.18 The hydrogenation of 40 wt%

water solution of glucose was performed in trickle-bed reactor

on 1.8% Ru/C catalysts.19 The catalyst was highly stable,

since after 596 h on stream the selectivity to sorbitol at total

glucose conversion was 99.3%. The oxidation of glucose to

gluconic acid was achieved quantitatively on PtBi/C catalysts

(yield .99%); the catalysts was recycled many times with

negligible loss of activity and selectivity.20

There is a great interest to convert C6 molecules available in

large supply from biomass into C5 and C4 polyols that find

many applications in food and non-food products. Thus,

glucose can be converted to arabitol by an oxidative

decarboxylation to arabinonic acid, which is subsequently

hydrogenated to arabitol. The main pitfall is to avoid

dehydroxylation reactions leading to deoxy-products not

compatible with purity specifications required for arabitol.

Aqueous solutions (20 wt%) of arabinonic acid were hydro-

genated on Ru-catalysts in a batch reactor.21 By adding

260 ppm of anthraquinone-2-sulfonate (A2S) with respect to

arabinonic acid, the yield of deoxy-products decreased from

4.2 to 1.6%. A2S acted as permanent surface modifier since

the catalyst was recycled with the same selectivity without

further addition of A2S. The highest selectivity to arabitol

was 98.9% at 98% conversion with a reaction rate of

73 mmol h21 gRu
21 at 80 uC.

Abbadi et al.22 have studied the oxidation of lactose, a

co-product of milk industry, on PtBi/C catalyst at pH 7.

Lactobionate was formed transiently and subsequently con-

verted to 2-keto-lactobionate with a final yield of ca. 80%.

Starting from lactobionate, without pH control, 2-keto-

lactobionate was obtained with a 95% selectivity, but the

oxidation reaction stopped at 50% conversion due to the

poisoning of Pt–Bi/C catalysts.

Lactic (2-hydroxypropionic) acid obtained by fermentation

of glucose and polysaccharides is the starting material

employed by NatureWorks (Cargill/Dow LLC) to produce

polylactide (PLA) a biodegradable or recyclable polymer with

a potential production of 140 000 t y21.23 Other potentially

useful reactions from lactic acid were reviewed by Datta and

Henry.24 3-Hydroxypropionic acid, obtained by fermentation

of glucose, could also be a good candidate to produce various
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chemicals by catalytic routes.25 Research and development is

actively conducted at DuPont Co. to employ levulinic acid

derived from cellulose for the synthesis of pyrrolidones

(solvents and surfactants), a-methylene-c-valerolactone (mono-

mer for the preparation of polymers similar to polymethyl-

methacrylate), and levulinic acid esters (fuel additives).26

The catalytic routes to obtain chemicals and polymers from

furan derivatives have been reviewed by Moreau et al.27 The

main catalytic routes are given in Fig. 2. From fructose the

first transformation step is a dehydration to 5-hydroxymethyl-

furfural (HMF). Fructose dehydration at 165 uC was per-

formed in the presence of dealuminated mordenite (Si/Al = 11)

with a selectivity of 92% at 76% fructose conversion.28 Starting

from inulin hydrolysates, the selectivity to HMF went up to

97% at 54% conversion.29 The hydrogenation of HMF in the

presence of metal catalysts leads to quantitative amounts of

2,5-bishydroxymethylfuran used in the manufacture of poly-

urethanes, or 2,5-bishydroxymethyltetrahydrofuran, which

can be used in the preparation of polyesters.30 The oxidation

of HMF is used to prepare 5-formyl-2-furancarboxylic acid,

and 2,5-furandicarboxylic acid, a potential substitute of

terephtalic acid. Oxidation by air on platinum catalysts leads

quantitatively to the diacid.31 The oxidation of HMF to

dialdehyde was achieved at 90 uC with air as the oxidizing

agent in the presence of V2O5/TiO2 catalysts, with a selectivity

up to 95% at 90% conversion.32

Furfural is obtained industrially (200 000 t y21) by dehydra-

tion of pentoses produced from hemicelluloses. Furfurylic

alcohol is obtained by selective hydrogenation of the CLO

bond of furfural, avoiding the hydrogenation of the furan ring.

Liquid phase hydrogenation at 80 uC in ethanol on Raney

nickel modified by heteropolyacid salts resulted in a 98% yield

to furfuryl alcohol.33

Fatty acid esters and fatty alcohols. Fatty acid ester of

glycerol are efficient surfactants obtained either by transesteri-

fication of triglycerides with glycerol (glycerolysis) or by

esterification of fatty acids with glycerol. The challenge in both

cases is to selectively obtain glycerol monoesters that are

non-ionic surfactants with a good hydrophilic/hydrophobic

balance. Glycerolysis reactions have been conducted on basic

oxides to replace liquid bases. Thus, glycerolysis of rapeseed

oil on MgO catalysts gave a 63% yield to monoglyceride.34 The

synthesis of glycerol monoesters by esterification of fatty acids

with glycerol was achieved with various acidic solids as

substitutes for sulfuric acid.35–42 Fatty acid esters of sugars

are also very important biodegradable and biocompatible

surfactants that are prepared either by transesterification of

methyl ester with sugar on basic catalysts or by esterification

of fatty acids with sugar on acidic catalysts. Liquid acids and

bases have been replaced by enzymatic catalysis with lipase

giving a higher yield to monoester,43,44 but solid catalysts have

not been used extensively so far.

Alkylglucosides are a class of valuable commercial surfac-

tants, particularly for cosmetics applications, because of their

bio-compatibility. They are obtained by acetalisation of

carbohydrates with fatty alcohols in the presence of acid

catalysts. Zeolites and MCM-41 have been used as acidic

catalysts to achieve glucose acetalisation with alcohols of

different chain lengths.45,46 It was shown that shape selectivity

effects decrease the amount of oligomers formed and that

activity and selectivity can be controlled with the Si/Al ratio.

Fatty acid esters are suitable to manufacture biodegradable

lubricants, but their resistance to oxidation and tribological

properties need to be improved by epoxidation of the CLC

bonds, followed by alcoholysis of the epoxide. The epoxidation

of fatty acid methyl esters (FAME) is traditionally conducted

in strong acidic media, but acidic solids are good substitutes to

achieve a green process. Thus, the epoxidation of a mixture of

FAME from sunflower oil was achieved with tert-butylhydro-

peroxide (TBHP) at 363 K in the presence of Ti-MCM-41

catalysts, yielding 85% of mono-epoxy compounds.47 In the

same way, Rios et al.48 used different Ti-MCM-41 materials

with pore diameters ranging from 1.9 to 4.1 nm and

amorphous Ti/SiO2.catalysts with different Ti-dispersion to

perform methyl oleate epoxidation with TBHP at 70 uC.

Selectivities higher than 95% were obtained whatever the

structure of the supporting material, provided titanium was

well dispersed. The alcoholysis of epoxidized FAME was

studied on acidic resins of various structure and acid

strength.49,50 The addition of methanol on epoxidized methyl

oleate at 60 uC in the presence of Nafion entrapped in silica

(SAC13) or of Amberlyst15, a sulfonated styrene-divinyl-

benzene copolymer, resulted in a selectivity higher than 98% at

total conversion.

Catalytic reactions involving CLC bonds are widely used for

the conversion of unsaturated fatty compounds to prepare

useful monomers for polymer synthesis. Catalytic C–C

coupling reactions of unsaturated fatty compounds have been

reviewed by Biermann and Metzger.51 Metathesis reactions

involving unsaturated fatty compounds to prepare v-unsatu-

rated fatty acid esters were applied by Warwel et al.52 The

ethenolysis of methyl oleate catalysed by ruthenium carbenes

developed by Grubb yields 1-decene and methyl-9-decenoate

which can be very useful to prepare monomers for polyolefins,

polyesters, polyethers and polyamides such as Nylon 10.

Glycerol. Besson and Gallezot53 have shown that valuable

oxygenates (Fig. 3) can be obtained by oxidation with air of

aqueous solutions of glycerol in the presence of carbon-

supported platinum and palladium catalysts.

The selectivity can be tuned by promotion of the noble

metals with bismuth or by operating under controlled pH.

Thus, Garcia et al.54 found that the oxidation of glycerol at

basic pH on palladium and platinum catalysts yielded 70%

glycerate. Glyceric acid oxidation on 5% Pt–1.9% Bi/C catalyst

yielded 74% hydroxypyruvic at 80% conversion at acidic pHFig. 2 Catalytic reactions involving furan derivatives.
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(3–4), but on the same catalyst under basic conditions (pH 10–

11) an 83% yield to tartronate was obtained at 85% conver-

sion.55 Abbadi and van Bekkum56 obtained a 93% selectivity

to hydroxypyruvic acid at 95% conversion of glyceric acid on

5% Bi–5% Pt/C catalyst without pH regulation. More recently

the oxidation of glycerol was conducted in the presence of gold

catalysts in basic medium.57–59 The selectivity was shown to

depend critically upon the size of gold particles.59

Polyglycerols obtained by dehydration of glycerol are

employed as surfactants, lubricants, cosmetic and food addi-

tives. Zeolites have been used to take advantage of the shape

selectivity effect to minimize oligomer formation.60,61 A fair

compromise between activity and selectivity was obtained by

J. M. Clacens et al.62 using caesium-impregnated mesoporous

MCM-41. Acrolein was obtained with a 38% yield by glycerol

dehydration at 360 uC, 25 MPa in the presence of zinc sulfate.63

Glycerol can be selectively dehydroxylated either to 1,2-

propanediol (1,2-PDO), a chemical that can advantageously

replace ethylene glycol as anti-freezing agent, or to 1,3-

propanediol (1,3-PDO), which, copolymerized with terephtalic

acid, give polyesters with unique mechanical properties. 1,3-

PDO is currently produced by catalytic routes from ethylene

oxide (Shell route) or acrolein (Degussa-DuPont route). The

microbial production of 1,3-PDO is under development by

DuPont-Genencor to produce 1,3-PDO from glucose.64

Chaminand et al.65 studied the hydrogenolysis of aqueous

solutions of glycerol at 180 uC under 80 bar H2-pressure in

the presence of supported metal catalysts, in an attempt to

selectively produce 1,2- and 1,3-PDO. The best selectivity

(100%) to 1,2-PDO was obtained by hydrogenolysis of water

solution of glycerol in the presence of CuO/ZnO catalysts. The

best selectivity to 1,3-PDO (1,3-PDO/1,2-PDO = 2) was

obtained in sulfolane with rhodium catalysts promoted with

tungstic acid. Hydrogenolysis of glycerol to 1,2-PDO was also

conducted on Ru/C catalysts in the presence of Amberlyst

resin.66 Dehydration of glycerol was performed in the presence

of various metallic catalysts to obtain acetol with a 90%

selectivity in a single stage reactive distillation.67 Acetol can

then be readily hydrogenated to form 1,2-PDO.

2.3 Biomass to products via one-pot reactions

The processing cost to convert biomass to valuable products

and the amount of waste can be greatly reduced under the

following process conditions: (i) multistep reactions to targeted

molecules carried out by cascade catalysis without intermedi-

ate product recovery. (ii) One-step conversion to a mixture of

products that can be used as such for the further synthesis of

end-products.

2.3.1 One-pot reaction with cascade catalysis. There are

several examples of one pot reactions on bifunctional catalysts.

Thus, using a bifunctional Ru/HY catalyst, water solutions of

corn starch (25 wt%) were hydrolysed on acidic sites of the

Y-type zeolite and glucose formed transiently was hydro-

genated on ruthenium to a mixture of sorbitol (96%), mannitol

(1%), and xylitol (2%).68 Similarly a one-pot process for

hydrolysis and hydrogenation of inulin to sorbitol and

mannitol was achieved with Ru/C catalysts, where the carbon

support has been preoxidized to generate acidic sites.69 Ribeiro

and Schuchardt70 succeeded in converting fructose to 2,5-

furanedicarboxylic acid with 99% selectivity at 72% conversion

in a one-pot reaction over a bifunctional acidic and redox

catalyst consisting of cobalt acetylacetonate encapsulated in

sol-gel silica.

Cascade catalysis without recovery of intermediate products

may involve more than two steps involving enzymatic,

homogeneous, and heterogeneous catalysis. Several examples

of this approach were given by Schoevaart and Kieboom.71,72

2.3.2 One pot conversion to a mixture of products. In the food

industry there is usually no requirement to prepare specific

molecules from agroresources, but rather a mixture of either

triglycerides or carbohydrates. This could well be extended to

prepare commodities such as paints, paper, construction

materials etc. The three following examples taken from

two successful European projects conducted at IRC with

industrial partners illustrate this innovative approach, consist-

ing of one-pot catalytic conversion of biomass minimizing cost

and wastes.

Conversion of sugars to polyols. In the framework of the

European program STARPOL,73 starch hydrolysates were

converted, by combined hydrolysis–hydrogenation in a reactor

loaded with Ru/HY catalysts, to sorbitol (Fig. 4). Then in a

second reactor, sorbitol was converted either by dehydroxyla-

tion to C4–C6 products74 or by dehydration to cyclic polyols,

depending upon reaction conditions.74 Copper-based catalysts,

which have a low activity for hydrogenolysis of C–C bonds,

were employed to treat 20 wt% aqueous sorbitol solutions in

the temperature range 180–240 uC. Reactions carried out in

the presence of 33% CuO–65% ZnO catalyst at 180 uC under

Fig. 3 Products obtained by air oxidation of glycerol (Ref. 53).

Fig. 4 Preparation of polyols (left field: cyclic ethers; right field:

dehydroxyhexitols) from starch hydrolysates via a two step process in

successive reactors.

This journal is � The Royal Society of Chemistry 2007 Green Chem., 2007, 9, 295–302 | 299

D
ow

nl
oa

de
d 

on
 1

0 
N

ov
em

be
r 

20
10

Pu
bl

is
he

d 
on

 1
6 

Ja
nu

ar
y 

20
07

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/B

61
54

13
A

View Online

http://dx.doi.org/10.1039/B615413A


H2-pressure yielded 73% C4
+ polyols, and more specifically,

63% deoxyhexitols. Dehydration of water solution of sorbitol,

acidified with propionic acid that can be recovered by

distillation at the end of reaction, was carried out at 250 uC
under 80 bar of hydrogen pressure in the presence of 0.5%

Pd/C catalyst (Fig. 4). The reaction yielded cyclic ethers

with the following selectivity at 90% conversion: 37.5% of

isosorbide, 37.5% of 2,5-anhydromannitol, and 25% of 1,4-

anhydrosorbitol.75 The mixtures of polyols obtained by

dehydroxylation or dehydration were successfully employed

to synthesize alkyd resins to make decorative paints meeting all

the specifications of commercial ones.73

Oxidation of starch and other polysaccharides. There is a

challenge to convert polysaccharide polymers such as starch or

cellulose into valuable end-products via one-pot processes.

This is difficult to achieve because these natural polymers are

insoluble and partially crystallised and heterogeneous catalysts

cannot be employed with solid substrates. Hydrophilic starch,

obtained by partial oxidation, is used in paper and textile

industries, and can be potentially applied in a variety of

applications, e.g., for the preparation of paints, cosmetics, and

super-absorbents. The oxidation occurs at the C6 primary

hydroxyl group or at the vicinal diols on C2 and C3, involving

a cleavage of the C2–C3 bond to give carbonyl and carboxyl

functions.

Several transition metal catalysts based on Fe, Cu or W salts

have been proposed to activate H2O2, but the concentration of

metal ions was quite high and they were retained by carboxyl

functions in the modified starch.76 In the framework of the

HYDROSTAR project,77 native starch was oxidised with

H2O2 in the presence of soluble organometallic complexes to

meet specific hydrophilic/hydrophobic properties needed for

end-products for paper, paint and cosmetic industries.78–80

Water soluble, iron tetrasulfophthalocyanine (FePcS) com-

plex, which is cheap and available at industrial scale, was a

very active and selective catalyst for the oxidation reaction.

Starches from different origin (potatoes, rice, wheat, corn) were

oxidized by H2O2 following two operating modes, viz.: oxida-

tion in aqueous suspension and oxidation by incipient wetness.

The oxidation of starch in aqueous suspension with H2O2 in

the presence of iron phthalocyanine gives both carboxylic and

carbonyl groups (Table 1). The best yields were obtained with

a molar ratio 12900/1 (0.0078 mol%), but the oxidation was

still quite efficient with 0.0039 mol% of catalyst (25800/1

anhydro-glucose unit (AGU)/catalyst ratio). The oxidized

starch had almost the same final Fe-content as the initial

potato starch. Still, the efficiency of this method in view of

scaling up was limited by comparatively low activity and

product isolation problems.

The oxidation of native starch by the incipient wetness

method was achieved by adding a small volume of water

containing the dissolved catalysts to starch powder under

continuous mixing, followed by addition of hydrogen peroxide

to the impregnated solid under mixing. With a substrate/

catalyst ratio of only 25800/1, the oxidation yielded 1.5

carboxyl and 5.6 carbonyl functions per 100 AGU. The

process was applied, with success, to the oxidation of starches

of different physical and chemical properties (amylose/

amylopectin ratio, granule size, temperature of gelatinisation)

obtained from different crops (potato, wheat, rice, corn). It

was further extended to cellulose, inulin and guar gum, giving

a high degree of substitution (e.g., up to DSCOOH = 26.5 and

DSCHO = 11.6 for cellulose).

This catalytic system was very flexible because, by simple

modification of the reaction conditions, it was possible to

prepare oxidized polymers with the desired level of carboxyl

and carbonyl functions. No waste was formed because the

process did not involve any acids, bases or buffer solutions.

The incipient wetness process is very easy to scale up.

Hydrophilic starch was prepared in batches of 150 L and

incorporated successfully in paint formulations. Good results

were also obtained with in vitro and in vivo tests for cosmetic

formulation. Interestingly, this is a rather unique example of

heterogeneous catalytic process involving a soluble catalyst

and a solid substrate.

Modification of starch and other saccharides by hydrophobic

chain grafting. A new route to prepare hydrophobic starch

consisting of grafting octadienyl chains by butadiene

telomerisation has been investigated.78,81–83 The reaction

was catalysed by hydrosoluble palladium-catalytic systems

prepared from palladium diacetate and trisodium tris(m-sulfo-

natophenyl)phosphine (TPPTS). The reaction was first con-

ducted with success on sucrose.81 The degree of substitution

(DS) was controlled by the reaction time. Thus, under

standard conditions (0.05% Pd(OAc)2–TPPTS, NaOH (1N)–

iPrOH (5/1), 50 uC) the DS was 0.5 and 5 after 14 and 64 h

reaction time, respectively. Telomerisation reaction was also

conducted with success on other soluble carbohydrates such as

fructose, maltose, sorbitol and b-cyclodextrin.

The transposition of this reaction to starch80,82 was

challenging because this substrate is insoluble in water at

room temperature and gelatinizes at temperatures higher than

ca. 70 uC. The degree of substitution (DS) should be kept low

enough because modified starch should not be too hydro-

phobic, and for obvious economical reason the catalyst/starch

ratio should be kept low. Fig. 5 shows that the DS depends

upon the amount of catalyst and temperature. Modified starch

with DS = 0.06 obtained with 0.03% palladium at 50 uC meets

specification for use as thickener for decorative paints. No

palladium was detected in the modified polymer when the

reaction was conducted in the presence of 0.05% palladium.

The etherified starch was further transformed by hydro-

genation of the double bonds to yield the corresponding linear

octyl groups using [RhCl(TPPTS)3] catalyst soluble in EtOH/

H2O mixtures. Complete hydrogenation was obtained at 40 uC

Table 1 Oxidation of starch in aqueous suspension with H2O2 in the
presence of iron phthalocyanine. Effect of substrate/catalyst ratio

AGU/Fe DSCOOH
a DSCLO

a

25800 : 1 0.70 3.20
12900 : 1 2.00 10.40
6450 : 1 2.00 9.00

a Degree of substitution expressed per 100 anhydroglucose units
(AGU). b Reaction conditions: 58 uC; pH: 7; reaction time: 7 h;
molar ratio H2O2 : AGU = 1 : 2.1.
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under 30 bar of H2 after 12 h using 0.8 wt% Rh-catalyst.83

Further catalytic transformations of the grafted starch,

such as double bonds oxidation and olefin metathesis, could

possibly be used to modify starch properties to meet specific

applications.

3 Concluding remarks

So far bioproducts are derived mainly from vegetables oils and

carbohydrates. These raw materials are issued from grains

harvested primarily for food and feed and their productivity is

low per area of cultivated land. In contrast, the non-grain

portion of biomass, i.e. agricultural wastes (cobs, stalk,

stovers) and vegetative biomass (trees, leaves, etc.) are hardly

used in spite of their much larger availability. The development

of an extended use of cellulosic and lignocellulosic materials

for producing cost competitive bio-products must await

progresses in depolymerisation processes relying on improved

biotechnologies. Encouraging results were obtained on sugar

recovery from hemicellulose and cellulose by combined pre-

treatment and enzymatic hydrolysis operations applied to

corn stover.84

Although the market price of renewable feedstocks is now

comparable to that of fossil fuels, their processing cost is

much higher. Synthesis routes from hydrocarbons have been

improved for more than a century, whereas biomass processing

is comparatively in infancy. Alternative value chains have to

be developed to decrease the cost and to increase the quality of

end-products, because even if they may prefer bio-based

products, consumers do not want to pay more and have lower

quality products. Life cycle analysis, taking into account

economic and societal issues due to the increased occupation

of land, have to be performed to validate biomass processing

options and justify the use of biomass in place of fossil

feedstocks.

In view of the diversity and complexity of renewable

feedstocks and of the potentially very high number of bio-

products at stake, integrated eco-efficient processes should

be conducted in biorefineries. The biorefinery framework

maximises the value derived from biomass feedstocks by

producing multiple products, valorising by-products and co-

products, balancing energy production vs. energy consumption,

and optimising inputs and outputs, including waste treatment.

Within the biorefinery scheme we have identified three process

options to produce chemicals by catalytic routes, viz.:

1. The degradation of biomass by gasification or pyrolysis

leading to syngas and bio-oils, respectively. This approach

provides primarily fuels rather than starting materials for

bio-product synthesis. However, this is a possible route to

bioproducts, provided life cycle analysis demonstrates its

validity in terms of economy and ecology. Partial catalytic

degradation of biomass, such as that obtained in aqueous

phase reforming, brings new opportunities.

2. The catalytic conversion of platform molecules produced

by bioconversion of renewables to bioproducts. This is already

the basis of many industrial processes leading to important

tonnages of chemicals and polymers from carbohydrates and

triglycerides and fine chemicals from terpenes. This approach

needs to be extended, and process efficiency in terms of waste

minimisation should be strengthened by designing more active

and selective catalysts.

3. New synthesis routes based on one-pot reactions have

to be developed for a drastic reduction of processing costs.

Pure isolated products can be obtained by cascade catalysis

involving two or more steps. A much larger gain in process

economy and waste minimisation should be obtained if a

mixture of products suitable for a particular application, e.g.,

in paper, paint, construction materials and cosmetic industries,

can be prepared in one pot process starting from raw materials

such as starch, cellulose and triglycerides. Examples have been

given in this chapter of the direct transformation of starch to a

mixture of products that can be used as such to manufacture

end-products.

To meet the challenge paused by the future increasing use of

renewables, a large integrated research effort in chemistry,

biochemistry, and genetics, as well as in chemical and

biochemical engineering, will be required both in industrial

and academic research centres. Whatever the process options

chosen, catalysis in all its forms will have a major role to play.

At present only a comparatively limited number of researchers

from academia are working in the synthesis of biomass-derived

chemicals and materials by catalytic green routes. In view of

the importance of environmental and economic challenges to

meet in the future, the workforce in academia should be

strengthened to develop formation and research in this area.
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Due to its advantages of direct heating, high temperature homogeneity, reaction rate enhancement,

as well as energy savings, microwave-assisted polymerization has become a fast-growing field of

polymer research. This paper reviews microwave-assisted polymerization, with an emphasis on the

microwave-assisted ring-opening polymerization, covering both homopolymerization and

copolymerization of the cyclic monomers. The advantages of microwave-assisted ring-opening

polymerization over conventional polymerization are discussed briefly.

Introduction

Microwaves are electromagnetic radiation with frequencies

between 300 GHz and 300 MHz (with a wavelength in the

range of 1 mm to 1 m). Most commercial microwave ovens

produce a microwave wavelength of 12.25 cm, which corres-

ponds to a frequency of 2.45 GHz. Microwaves have been

used widely in heating materials for industrial and domestic

purposes. As an environmentally benign process, microwave

irradiation offers several advantages over conventional heat-

ing, such as instantaneous and rapid bulk heating, direct

heating, high temperature homogeneity, selective heating (with

material that can strongly absorb microwaves in a less polar

reaction medium) and energy savings. Over the last decade,

microwave irradiation has developed into a highly useful

technique and provides an effective alternative energy source

for chemical reactions and processes.1

The unique advantages of microwave-assisted chemistry

have triggered an almost exponential increase of publications.2

Many chemical reactions undergo an increase/improvement in

reaction rate, yield and selectivity under microwave irradiation

compared with conventional heating. Microwave irradiation

has also been widely used in polymerizations (including

polycondensation, free and controlled radical polymerization

and ring-opening polymerization) and polymer processing

(e.g., polymer modification, curing processes and preparation

of dental materials).2

Several review papers2 have been published recently on

microwave-assisted polymer synthesis and processing; thus,

this paper focuses on the new developments in microwave-

assisted ring-opening polymerization in recent years. Other

types of polymerization, such as step-growth polymerization

and free radical polymerization, are briefly discussed.

1. Step-growth polymerization

Extensive research has been conducted in the field of

microwave-assisted step-growth polymerization, including

microwave-assisted synthesis of various polyamides, poly-

imides, poly(amide–imide)s, polyesters and poly(ether–ester)s

by means of polycondensation and polyaddition.

Zoldakova and co-workers3 studied microwave-assisted

thermal polycondensation of aspartic acid in propylene

carbonate solvent. Polysuccinimide, the polycondensation

product, was hydrolyzed to obtain linear poly(aspartic acid).

A polymeric biocomposite also was synthesized under micro-

wave irradiation by copolymerization of the poly(aspartic

acid) with 4-O-glucuronoxylan or carboxylmethyl-cellulose

(CM-cellulose).

Using a mono-mode microwave oven, Loupy and

coworkers4 synthesized new aromatic polyamides by the

microwave-assisted polycondensation of an optically active

isosorbide-derived diamine with different diacyl chlorides in

the presence of a small amount of N-methylpyrrolidinone.

Polymers with inherent viscosities between 0.22 and 0.73 dL g21

were obtained, corresponding to a molecular molar mass

(MW) of up to 140 000 g mol21. Lower MW polymers

were obtained with inherent viscosities in the range of 0.04–

0.36 dL g21 by means of interfacial polymerization or the

Higashi method. Differential scanning calorimetry measure-

ments clearly demonstrated that polymers with high thermal

stability (mp 180–300 uC) were synthesized.

Polyimides have excellent mechanical and heat/chemical

resistant properties. Imai et al.5 studied the solution poly-

condensation of aliphatic diamines with pyromellitic acid or its

diethyl ester in a domestic microwave oven, using various

solvents with high boiling points and high dielectric constants.

A small amount of polar solvent, such as 1,3-dimethyl-2-

imidazolidone, was found to enhance the absorption of micro-

wave irradiation. Recently, Lu et al.6 investigated the synthesis

of polyimide with a p-p conjugated main chain by poly-

condensation of benzoguanamine (BGA) and pyromellitic

dianhydride (PMDA) in a domestic microwave oven. After the

polycondensation, the resulting BGA-PMDA polyimide was

coordinated with Eu3+ in the solid state under microwave

irradiation. The effects of microwave irradiation at different

power levels and irradiation time were studied.

Mallakpour and co-workers7 have synthesized numerous

poly(amide–imide)s from various amino acid derivatives and
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aromatic diamines in a domestic microwave oven. One of the

most interesting works by Mallakpour and co-workers is the

combined application of microwave irradiation and ionic

liquids in the synthesis of poly(amide–imide)s. Ionic liquids,

which are comprised entirely of ions, are non-volatile and non-

flammable organic salts. They can be heated rapidly at rates

exceeding 10 uC s21 under microwave irradiation by an ionic

conduction mechanism. A small amount of ionic liquid has

been proved to have a dramatic effect on the heating charac-

teristics of solvents under microwave irradiation. Mallakpour

and co-workers reported the microwave-assisted polyconden-

sation of N,N9-(4,49-hexafluoroisopropylidene-diphthaloyl)-

bis-L-methionine and various aromatic diamines using

1,3-sustituted imidazolium bromide/chloride ionic liquids as

a solvent and a catalyst in conjunction with triphenylphos-

phite. Poly(amide–imide)s with high MWs were synthesized

rapidly using this microwave-assisted polycondensation

method in the presence of ionic liquids.

Faghihi et al.8 studied the polycondensation of N,N9-

(3,39-diphenylphenylphosphine oxide)-bistrimellitimide diacid

chloride with hydantoin derivatives or aromatic diamines in a

domestic microwave oven. New types of flame-retardant

poly(amide–imide)s with high inherent viscosities were synthe-

sized. Compared with the solution polycondensation method

under conventional heating, the microwave-assisted poly-

condensations proceeded rapidly and were completed in

approximately 7–12 min.

In contrast with polyamides and polyimides, fewer reports

can be found on the microwave-assisted synthesis of polyesters

by means of step-growth polymerization. Zsuga et al.9 studied

the polycondensation of D,L-lactic acid in a domestic micro-

wave oven (Scheme 1), and oligomers with number-average

molecular molar masses (Mn) ranging from 500 to 2000 g mol21

and yields ranging from 63.2% to 96.2% were prepared in

30 min. In comparison with the reactions conducted in an oil

bath at similar conditions, microwave irradiation facilitated

the polycondensation of D,L-lactic acid. Interestingly, pro-

longed microwave irradiation could lead to the formation

of cyclic oligmers, which were confirmed by matrix-assisted

laser-desorption ionization time-of-flight mass spectrometry

(MALDI-TOF MS).

The polycondensation of L-2-hydroxy-3-phenyl-propanoic

acid, one aromatic group substituted L-lactic acid, was studied

under atmospheric pressure by Liu and co-workers10 using a

domestic microwave oven (Scheme 1). Under microwave

irradiation power ranging from 340 to 510 W, poly(L-2-

hydroxy-3-phenyl-propanoic acid)s were synthesized with

weight-average molecular molar masses (Mw) ranging from

1800 to 5300 g mol21 and yields ranging from 9% to 22% in

2.5 h; however, it took up to 96 h to obtain similar results

using the conventional melting polycondensation method.

Hurduc et al.11 investigated the microwave-assisted syn-

thesis of polyethers. Polyethers were synthesized by poly-

condensation of 3,3-bis(chloromethyl)oxetane and various

bisphenol derivatives, catalyzed by tetrabutylammonium

bromide (a phase transfer catalyst), under 60 W microwave

irradiation (frequency 2.75 GHz) in a microwave generator.

The authors found that microwave irradiation did not have a

significant influence on the MW and structure of the polymers

except for the shortened reaction time.

Loupy and co-workers12 recently reported the synthesis

of polyesters and poly(ether–ester)s from isosorbide. Poly-

condensations of aliphatic diols of isosorbide and 1,8-

dimesyloctane or other aliphatic dibromo and disulfonated

alkylating agents were performed under phase-transfer cataly-

tic conditions in a mono-mode microwave oven (Scheme 2).

Reactions were comparatively performed in an oil bath under

similar conditions to check the non-thermal microwave effects.

The resulting polyethers were characterized by MALDI-TOF

MS, and it was found that polymers synthesized under

microwave heating had higher MWs and were terminated

with ethylenic end groups, while polymers synthesized under

conventional heating had lower MWs and were terminated

with hydroxyl groups.

2. Radical polymerization

Recent progress in microwave-assisted free radical poly-

merization, including the classical free radical polymerizations,

(mini)emulsion polymerizations, and controlled free radical

polymerizations are summarized in this section.

Greiner et al.13 reported the radical homopolymerizations

of styrene (St) and its copolymerizations with methyl

methacrylate (MMA) in a CEM Discover mono-mode

microwave oven, as well as in a conventional oil bath. The

reactions were performed in solvents such as toluene and

N,N9-dimethylformamide (DMF) using tert-butyl perbenzoate

(tBPB), dibenzoyl peroxide (DBPO), di-tert-peroxide (DtBP),

dicumylperoxide (DCP), and lauryl peroxide (LP) as the

initiators. Compared with the conventional heating, only the

homopolymerization of St under microwave irradiation in

DMF with DtBP showed significantly enhanced St conversion,

whereas other initiators resulted in no increase or only a slight

increase of St conversion under microwave irradiation. Since

DMF has higher microwave energy absorption than toluene,

both the microwave-assisted homopolymerizations and

copolymerizations showed increased monomer conversions in

Scheme 1 Microwave-assisted synthesis of poly(a-hydroxylalkano-

ate)s by polycondensation

Scheme 2 Efficient microwave synthesis of polyethers from

isosorbide.
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DMF compared with that under conventional heating.

Significantly higher monomer conversions were observed

under otherwise comparable conditions in the copolymeriza-

tion of St with MMA in DMF.

Ritter and co-workers14 reported the synthesis of

N-substituted maleimides, and investigated their free radical

polymerization using 2,29-azoisobutyronitrile (AIBN) as the

initiator in a mono-mode microwave oven. Good yields and

shortened reaction times were achieved.

Holtze et al.15 studied the microwave-assisted miniemulsion

polymerization of St using a pulsed microwave (duration of

9–12 s) at 1000 W. By combining the advantages of the

confinement of the polymerization inside nano-reactors during

hetero-phase polymerization with the very rapid and efficient

microwave heating, short microwave pulses (about 10 s)

and longer intervals of cooling (at least 15 min) can be

programmed and applied to the reaction. Under optimized

conditions, polymer radicals could survive the heating pulse

and grow during the cooling period to give polymers with an

MW as high as 107 g mol21 and a conversion up to 40% after

the first pulse cycle. Besides the ultra-rapid heating by the

microwaves, the surviving radical effect is purely thermal in

nature and can be explained by the elemental reactions of

radical hetero-phase polymerizations.

Zhu et al.16 studied the nitroxide-mediated free-radical

miniemulsion polymerization of St in a CEM Discover mono-

mode microwave oven at 135 uC; potassium persulfate was

used as an initiator in conjunction with 4-hydroxyl-2,2,6,6-

tetramethyl-1-piperidinyloxy (OH-TEMPO). The polymeriza-

tions proceeded in a controlled manner yielding polymers

whose MW increased linearly with increasing conversion. The

resulting latexes were colloidally stable. The polymerization

behavior under microwave and conventional heating, as well

as the MW of the polymers and the Z-average size of the latex

particles formed under both heating conditions, were com-

pared. The Mn of polymers obtained under microwave

irradiation were close to the theoretical value, while the Mn

of polymers obtained under conventional heating were much

higher than the theoretical value. The polydispersity indices

(PDIs) of latex particles obtained under microwave irradiation

were lower than those obtained under conventional heating.

Microwave irradiation increased the decomposition rate of the

initiator and decreased the particle sizes, resulting in the

increase of polymerization rate of St.

Aldana-Garcia17 studied the microwave-assisted emulsion

polymerization of St, and modeled the polymerizations under

both microwave and conventional heating using the Predici

simulation package of CiT. Microwave activated initiation was

modeled as adding a second conventional free-radical chemical

initiator, whose concentration is determined by the intensity of

microwave irradiation, and its ‘‘decomposition’’ kinetic rate

constant is related to the ratio of monomer concentration to

the rate of absorbed microwave irradiation. The modeling

predictions of conversion and polymer MW for both micro-

wave and conventional heating systems agree well with the

experimental data reported in the literature.

Zhu and co-workers18 have studied various atom transfer

radical polymerizations (ATRPs) under microwave irradiation.

They recently reported the ATRP of St and butylmethacrylate

(BMA) under mono-mode microwave irradiation. Both

microwave-assisted ATRPs (i.e., St and BMA) showed

increased polymerization rates in comparison with ATRP

conducted under similar conventional conditions. Similarly,

Schubert et al.19 investigated the controlled polymerizations

of both MMA by ATRP and methyl acrylate (MA) by a

nitroxide-mediated process under microwave irradiation.

Narrower MW distribution was achieved under microwave

irradiation. Microwave heating at higher temperatures resulted

in a higher probability of chain termination reactions for both

types of monomers.

3. Ring-opening polymerization

Ring-opening polymerization (ROP) is a type of polymeriza-

tion in which a cyclic monomer yields a monomeric unit that is

either acyclic or contains fewer cycles than the monomer. As

one type of chain polymerization, ROP consists of a sequence

of initiation, propagation, and termination.20 ROP plays an

important role in academic research and industrial production.

A wide variety of cyclic monomers have been successfully

polymerized by the ROP, such as cyclic ethers, acetals, amides,

esters and siloxanes. Compared with polymerizations of

monomers containing a carbon–carbon double bond (such as

vinyl), the chain propagation rate constants for ROP are

several orders of magnitude lower.20 Completion of the ROP

of cyclic monomers is slower than that of the polymerization

of monomers containing a carbon–carbon double bond.20 This

section presents a detailed review of microwave-assisted ring-

opening polymerization (MROP). According to the architec-

tures of polymers obtained from MROP, the content is divided

into two general parts in terms of homopolymerization and

copolymerization.

3.1 Microwave-assisted ring-opening homopolymerization

(MROHP)

The term homopolymerization often is used to distinguish the

polymerization of a single monomer from the copolymeriza-

tion process. In the MROHP, microwave irradiation is

used in the living cationic ring-opening homopolymerization

(LROHP) of 2-oxazolines and coordination ring-opening

homopolymerization (CROHP) of cyclic lactones, lactides,

lactam and carbonates.

3.1.1. Microwave-assisted living cationic ring-opening homo-

polymerization (MLROHP). Over the past decade, living

polymerization techniques have attracted much attention for

providing simple and robust routes to the synthesis of

polymers with predetermined MW, low PDI, specific func-

tionalities and various architectures. According to the reaction

mechanism, living polymerization can be classified into two

categories: (1) living radical polymerization; and (2) living

cationic ring-opening polymerization. Living radical poly-

merization has been studied intensively under microwave

irradiation,21 exhibiting advantages such as increased reaction

rates and improved polymer properties. MLROHP using

2-oxazolines as monomers was reported recently.22

Poly(2-oxazolines) have attracted much interest due to the

biological activity displayed by many molecules possessing this
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core structure, which can provide applications in micelle

catalysis, drug delivery and hydrogels. The strong interest

generated for this class of molecules has led to the development

of numerous synthetic strategies for their preparation. The

LROHP of 2-oxazolines is a slow process with a reaction time

ranging from hours to days; thus, a reduced reaction time is

important to achieve widespread industrial applications.

MLROHPs of 2-methyl-2-oxazoline (MeOx), 2-ethyl-2-oxazo-

line (EtOx), 2-nonyl-2-oxazoline (NonOx), 2-phenyl-2-oxazo-

line (PhOx) and soy based 2-oxazoline were investigated

and the polymerization time had been reduced to only a few

minutes (Scheme 3).

Schubert22c and co-workers reported the methyl tosylate

(TsOMe) initiated MLROHP of EtOx, which is the first

example in this area. The reaction was carried out in an Emrys

Liberator single-mode microwave oven. The kinetic curves on

the cationic ring-opening polymerization of EtOx were investi-

gated under both conventional and microwave conditions. For

the conventional method, polymerization was carried out at

approximately 80 uC in acetonitrile and the reaction took six

hours. Under microwave irradiation, the reaction mixtures

were heated directly, quickly and homogeneously; cationic

ring-opening polymerization of EtOx could be performed

either in bulk or with a drastically reduced amount of

solvent with minimum side reactions. The temperatures of

the polymerizations in bulk under microwave irradiation

reached 200 uC without being limited to the boiling point of

acetonitrile (82 uC) by conventional heating. The living nature

of the microwave-assisted polymerization was observed in the

temperature range between 80 and 180 uC, and polymers were

obtained with a narrow MW distribution (PDI , 1.2). The

kinetics of the TsOMe initiated polymerization of EtOx

showed that the reaction rate increased with temperature.

Consequently, the reaction at 190 uC under microwave irradia-

tion was completed in one minute and was 350 times faster

than that by conventional heating at 80 uC. The activation

energy for the microwave-assisted polymerization of EtOx was

73.4 kJ mol21, which was in good agreement with previously

reported values (68.7 to 80.0 kJ mol21) for similar systems by

the conventional method.

Since many reactions were improved under microwave

irradiation, the mechanisms of the acceleration had been a

matter of debate over the existence of the thermal effect and

specific/non-thermal effect.23 The thermal effect, which is

related to the fast increase of temperatures when polar groups

are irradiated by microwaves, can be estimated easily by tem-

perature measurements. The non-thermal effect was classified

as the direct interaction of the electric field with specific

reaction molecules and can be evaluated from the changes in

the pre-exponential factor A (representative of the probability

of molecular impacts) or the activation energy (entropy term)

in the Arrhenius equation.24 It is difficult to make direct

comparisons between the microwave method and the conven-

tional method because of the inaccuracy of temperature

measurement in the microwave field and the difficulty in

reproducing the reaction by the conventional heating method.

In the microwave-assisted polymerization of EtOx22c men-

tioned above, the reaction rate acceleration in the range from

110 to 190 uC was calculated from the Arrhenius equation (rate

acceleration factor 54), and complied perfectly with that

observed from the reaction (60 min A 1 min, rate acceleration

factor 60), suggesting that the improvement of the reaction

rate enhancement was caused purely by the thermal effect.

Contradictory arguments about the thermal and non-

thermal microwave effects in the MLROHP of PhOx were

reported.22d,22e Sinnwell et al.22d claimed the existence of the

non-thermal effect. The reaction was performed in a CEM-

Discover monomode microwave oven under an inert argon

atmosphere; a fiber optical sensor was equipped to measure the

polymerization temperature. Four systems were used in the

LROHP of PhOx: (1) a conventional heating closed system

(CCS); (2) a conventional heating open system (COS); (3)

a microwave irradiation closed system (MCS); and (4) a

microwave irradiation open system (MOS). In the closed

system (CS), the monomer and TsOMe were dissolved in

acetonitrile and the reaction temperature was approximately

125 uC. In the open system (OS), butyronitrile was used as

solvent and the temperature of the reaction medium was

approximately 123 uC. In all four systems, the linear plots of

ln([M0]/[Mt]) (where [M0] is the initial monomer concentration

and [Mt] is the concentration of monomer after time, t) against

time showed that the reaction rate follows the first-order

kinetics. MLROHP showed a great enhancement in reaction

rates compared with the thermal LROHP. Both MCS (under a

superheated condition) and MOS (under a reflux condition)

showed nearly the same enhancement of the reaction rate over

CCS and COS, respectively. The same enhancement of the

reaction rate was explained by the strong microwave effect that

took place mainly in the active growing polymer (Scheme 4a),

which was composed of a tosylate counterion of the active

oxazolinium end group (Scheme 4b). In the case of the active

oxazoline polymer, the microwave radiation was absorbed

mainly by the growing, high polar end group. This corres-

ponded to the part of the molecule where the activation energy

is required to propagate the polymer chain. To investigate

further, the author measured the increase in temperature of the

reaction mixtures with various monomer-to-initiator ratios

corresponding to a variable ratio of ionic species. The tempera-

ture increased with the amount of the initiator, and the final

temperature of the pure solvent (80 uC) is considerably lower,

which is in accordance with the low dielectric loss of

acetonitrile. This interesting behavior indicates that there is a

strong microwave effect that mainly takes place at the ionic

oxazolinium species.

However, Schubert’s group attributed the acceleration of

the LROHP of PhOx under microwave irradiation only to the

temperature effects.22e In their work, LROHP of PhOx was
Scheme 3 Cationic ring-opening polymerization of 2-oxazolines

under microwave irradiation.
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investigated in three systems: (1) MCS (in butyronitrile); (2)

automated CCS (under pressure, in acetonitrile); and (3)

automated COS (under reflux, in butyronitrile). Both pressure

polymerizations in acetonitrile and reflux polymerization in

butyronitrile revealed similar polymerization rates under

microwave irradiation and conventional heating. The first-

order kinetic plots of the three systems and good corres-

pondence in the gel permeation chromatography (GPC) traces

of the polymerization mixtures demonstrated the absence of

the non-thermal microwave effects.

Based on the above results, a detailed study on the kinetics

and the livingness of the LROHP were performed on a series

of linear 2-oxazolines, including MeOx, EtOx, NonOx and

PhOx in acetonitrile at high temperatures of up to 200 uC
under microwave irradiation.22a The reaction rates of

MLROHP were enhanced significantly by factors of up to

400 times of that of the conventional LROHP. The first-order

kinetics of the monomer consumption and the livingness of the

polymerization were maintained in MLROHP at temperatures

ranging from 80–200 uC (Figure 1). The activation energies for

the MLROHP of the four 2-oxazolines were determined from

the corresponding Arrhenius plots and were found to fall in the

range of the values obtained with conventional heating. A

comparison of the four activation energies showed that MeOx,

EtOx and NonOx had similar activation energies, while that of

PhOx is significantly higher because of the +M stabilization

effect of the propagating species.

Soy based 2-oxazoline (SoyOx) monomer,25 which is

prepared from a sustainable biomass resource—soybean,

contains unsaturated groups that can provide cross-links for

the resulting polymers. TsOMe initiated LROHP of the SoyOx

also was carried out under microwave irradiation in bulk or

in acetonitrile (Scheme 5). The polymerization was completed

in 15 min when it was heated up to 140 uC in acetonitrile

and presented the living characteristics as the other four

kinds of 2-oxazoline. These investigations on MLROHP of

2-oxazolines conducted by Schubert and co-workers showed

that only temperature effects were responsible for the

tremendous increase in 2-oxazoline polymerization rate (i.e.,

the non-thermal microwave effect was not discernible).

During the polymer synthesis process, various reaction

conditions, such as monomers, catalysts, reaction times and

temperatures, had to be optimized to obtain well-defined

polymers, which is a very time-consuming process. High-

throughput methods represent a very promising approach by

which different parameters can be screened simultaneously or

in a fast serial mode and the results can be compared easily,

thereby leading to new structure–property relationships.26

Hoogenboom et al.27 reported a microwave-assisted high-

throughput method for LROHP of 2-oxazolines. The system

included a single-mode microwave synthesizer and high-

throughput workflow (high-throughput screening with

peripheral characterization equipment) (Figure 2). MLROHP

of NonOx at 140 uC was carried out in solvent, and kinetic

investigations in dichloromethane revealed a living mechan-

ism. Polymerizations under microwave irradiation proceeded

significantly faster than conventionally heated polymerizations

(at ambient pressure) because they combined the advantages of

Scheme 4 Mechanism of the cationic ring-opening polymerization of

2-phenyl-2-oxazoline using (a) methyl tosylate and (b) active oxazoline

polymer.
Fig. 1 Kinetics of the different congeners of the 2-oxazolines, plotted

against time ([monomer]/[initiator] = 60).

Scheme 5 Synthesis of the soy based 2-oxazoline monomer SoyOx.
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both microwave-assisted polymer synthesis and high-through-

put polymer synthesis.

3.1.2. Microwave coordination ring-opening homopolymeriza-

tion. Aliphatic polyester is one of the most important classes of

biodegradable polymers due to its excellent biodegradability

and biocompatibility. Aliphatic polyesters are synthesized

mainly by ROHP of aliphatic lactones, lactides and cyclic

carbonates.

The first microwave coordination ring-opening polymeriza-

tion (MCROHP) of lactone was reported in 1996,28 when

Albert and co-workers first disclosed titanium tetrabutylate

catalyzed MCROHP of e-caprolactone (CL) under microwave

irradiation. They also compared MCROHP of CL under

microwave irradiation and conventional thermal methods in

terms of MW, conversion and reaction kinetics. A pulsed

microwave was used to control the reaction temperatures. The

reactions were carried out at 180 uC with different monomer/

catalyst molar ratios. The results showed that the conversion

and Mn were similar for both processes and no significant

difference was found between the kinetics of the two methods.

Fang and Scola29 applied variable frequency (2.4–7.0 GHz)

microwave irradiation in the CROHP of CL to gain optimum

processing control (Scheme 6). CL can absorb microwave

energy effectively; therefore, the polymerization mixture can

be heated easily to induce chemical reaction during the micro-

wave processing. Under 70–100 W of microwave irradiation,

the temperatures of the reaction mixtures could reach

150–200 uC, and poly(e-caprolactone) (PCL) with a Mw of

9900–86 000 g mol21 was obtained after 2 h of irradiation.

Compared with commercial products produced by the

conventional heating process, microwave-produced PCL had

equivalent glass transition temperature (Tg), melting tempera-

ture (Tm) and thermal stability. The characterization results

revealed that high quality PCL could be prepared by micro-

wave irradiation within 2 h, versus more than 12 h by the

commercial thermal process.

Liu and Liao30 reported the CROHP of CL that was

conducted in a domestic microwave oven at a frequency of

2.45 GHz. The CROHP of CL was carried out effectively with

constant microwave powers of 170, 340, 510, and 680 W. The

temperatures of the polymerization ranged from 80 to 210 uC.

PCL with a Mw of 124 000 g mol21 and a yield of 90% was

obtained at 680 W for 30 min using 0.1% (mol/mol) stannous

octanoate (Sn(Oct)2) as a catalyst. When the polymerization

was catalyzed by 1% (wt/wt) zinc powder, the Mw of PCL was

92 300 g mol21 after the reaction mixture was irradiated at

680 W for 270 min.

Heating characteristics of the CROHP of CL under micro-

wave irradiation also were studied.30d Liu and Liao found that

the reaction temperature of CL was self-regulated to an

equilibrium temperature under microwave irradiation. For

example, at 680 W of microwave irradiation, the temperature

of CL (10 g) increased rapidly from 20 to 355 uC during the

first 10 min and then fluctuated slightly around 360 uC during

the next 20 min. An exothermic peak was observed from the

thermogram of MCROHP of CL with Sn(Oct)2 as a catalyst.

When a mixture of 10 g of CL with 0.1% (mol/mol) Sn(Oct)2

was irradiated at 680 W, an exothermic peak appeared

between 2 min and 5 min with a maximum temperature of

343 uC at 3 min. During this period of time (2–5 min), the

MCROHP of CL was very fast, resulting in PCL with an Mw

of 123 000 g mol21 and yield of 95%. The author concluded

that the thermal effect of microwave energy on the CL

monomer and the reaction mixture was dependent on the

power levels of microwaves and the mass scale of materials.

Sivalingam and Madras31 studied the kinetics of MCROHP

of CL in bulk at 350 W with different cycle-heating periods

(30–50 s). They set up two models for both thermal and

microwave heating processes. The MW distributions, which

were measured by GPC, were determined as a function of

reaction time. Because the temperature of the system

continuously varied with the reaction time, a model was

proposed based on continuous distribution kinetics with time/

temperature-dependent rate coefficients. Experiments were

conducted under thermal heating to quantify the effect of the

microwave on polymerization. The polymerization also was

investigated with thermal and microwave heating in the

presence of a zinc catalyst. The activation energies determined

from temperature-dependent rate coefficients for pure

thermal heating, thermally aided catalytic polymerization,

and microwave-aided catalytic polymerization were 24.3, 13.4,

and 5.7 kcal mol21, respectively. This indicates that micro-

waves increase the polymerization rate by lowering the

activation energy.

Sinnwell and co-workers32 studied the direct synthesis of

methacrylate PCL macromonomers. The MCROHP of CL in

the presence of methacrylic acid or acrylic acid yields radical

polymerizable polyester macromonomers. Studies showed fast

Fig. 2 Microwave high-throughput workflow.

Scheme 6 Polymerization of e-caprolactone under microwave

irradiation.
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access to defined unsaturated macromonomers from

unpurified educts. The process has the advantages of requiring

only one step and providing high functionality. Investigation

of the thermal properties shows that the melting point of the

macromonomers was adjustable between 46 and 51 uC.

Polylactide/poly(lactic acid) (PLA) is one of the most

important biodegradable polyesters because it can be derived

from naturally renewable biomass such as corn. As a biobased,

biodegradable polyester, the synthesis of PLA has attracted

much more interest. Most of the commercial PLA is produced

by CROHP of lactide (LA), which is a time-consuming

process. Liu and co-workers33 first reported the MCROHP

of D,L-lactide (D,L-LA) (Scheme 7). Poly(D,L-lactide) (PDLA)

with a Mw of 4 6 105 g mol21 and a yield over 90% was

produced in 10 min by the CROHP of D,L-LA under 255 W

microwave irradiation. Degradation of PDLA was also

induced by microwaves with a power level over 340 W. The

MW of PDLA was dependent upon the competition between

the polymerization of D,L-LA and the degradation of the

resulting polymer. Wang and co-workers34 investigated the

MCROHP of D,L-LA under atmospheric conditions with

carborundum as a heating assistant material. The effects of the

heating medium, monomer purity, catalyst concentration,

microwave irradiation time and vacuum level were discussed.

PDLA with a viscosity-average molar mass (Mg) over

250 000 g mol21 and a yield over 85% was obtained.

Several groups also studied MCROHP of L-lactide (L-LA).

McCarthy and co-workers35 presented some preliminary

results of MCROHP of L-LA. Liu and Zhang36 conducted a

more detailed study on the MCROHP of L-LA. The heating

characteristics of L-LA, Poly(L-lactide) (PLLA) and L-LA/

Sn(Oct)2 mixture under 2.45 GHz microwave irradiation were

investigated. It was observed that the temperatures of the

three systems increased rapidly and were self-regulated to an

equilibrated temperature. As expected, the microwave power

level had a significant influence on the equilibrium tempera-

tures—a higher level of microwave power induced a higher

equilibrium temperature. Exothermal peaks in the tempera-

ture–time curves were observed for L-LA/Sn(Oct)2 mixtures

when the irradiation power was above 170 W. The CROHP of

L-LA proceeded quickly under microwave irradiation, with a

simultaneous degradation of the resulting PLLA. The MW of

PLLA depended on the competition between the polymeriza-

tion of L-LA and the degradation of the resulting polymer,

which was greatly influenced by the microwave power level.

PLLA with a MW of 105 g mol21 was obtained when the

MCROHP of L-LA was carried out under 170 W microwave

irradiation for 10 min.

Besides CL and LA, Liu and co-workers37 also investigated

the CROHP of an aliphatic cyclic carbonate monomer,

trimethylene carbonate (TMC), under microwave irradiation

(Scheme 8). High MW poly(trimethylene carbonate) (PTMC)

(Mw = 105 g mol21) was obtained when the MCROHP of

TMC was carried out with microwave forward energy at 255 W

for 20 min. Compared with CROHP in an oil bath at the same

temperature, MCROHP of TMC showed a slower reaction

rate but a higher MW, indicating more serious degradation

under the conventional heating method.

3.1.3 Other types of ring-opening homopolymerization. The

application of biodegradable polyesters in the biomedical field

requires the material to be highly safe for the living body. PCL

usually is synthesized by CROHP of CL with Sn(Oct)2 as a

catalyst, which has been approved by FDA as a food additive.

However, Sn(Oct)2 contains the organic tin element, which

leads to potential toxicity problems for biomedical applica-

tions.38 Therefore, there is an increased interest in using a

non-toxic or non-metallic catalyst/initiator during the poly-

merization. Liu and co-workers39 reported carboxylic acid

catalyzed MCROHP of CL. Benzoic acid and chlorinated

acetic acids were studied in the metal-free reaction. The

product was characterized as PCL by proton nuclear magnetic

resonance spectroscopy, Fourier transform infra-red spectro-

scopy, ultra-violet spectroscopy, and GPC. For a mixture of

CL and benzoic acid with a molar ratio of 25/1, the Mw and

PDI of the PCL synthesized by microwave irradiation at 680 W

for 4 h were 44 800 g mol21 and 1.6, respectively. Starting

from the same mixtures, the Mw and PDI of the PCL

synthesized by conventional heating at 210 uC for 4 h were

12 100 g mol21 and 4.2, respectively. Clearly, the polymeriza-

tion improved significantly under microwave irradiation both

in terms of MW and PDI. Degradation of the resultant PCL

was observed during microwave polymerization processes in

the presence of chlorinated acetic acids, which caused a

reduction in MW of PCL.

The effect of microwave energy on the chain propagation of

benzoic acid-initiated MCROHP of CL also was investi-

gated.40 The molar ratios of CL to benzoic acid used were 5, 15

and 25. The mixtures of CL–benzoic acid were heated under

microwave irradiation, and the temperature was self-regulated

to an equilibrated temperature between 204 and 240 uC, with

microwave power ranging from 340 to 680 W. The polymer

chain propagated rapidly between 160 and 230 uC, and the rate

of propagation increased with higher temperatures within this

temperature range. Degradation of the resultant PCL occurred

when the temperature was above 230 uC. The results suggested

that under microwave irradiation, the propagation of PCL

chains was enhanced significantly but the formation of

growing centers at the beginning stage of the polymerization

was greatly inhibited (Table 1). With this metal-free method,

PCL with a MW over 4 6 104 g mol21 was prepared.

Scheme 7 Microwave-assisted ring-opening polymerization of lactide.
Scheme 8 Microwave-assisted ring-opening polymerization of tri-

methylene carbonate.
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Liu and co-workers41 studied acid-initiated MCROHP of

CL and its application in the preparation of a drug controlled-

release system. The effects of microwave power, irradiation

time, CL/acid molar ratio, and acidity of acid on the poly-

merization were investigated. Both the polymerization rate and

the MW of polymers obtained were enhanced in comparison

with the conventional thermal method. PCL with an Mw

higher than 12 000 g mol21 and a PDI below 1.6 was

synthesized in the presence of maleic acid, succinic acid and

adipic acid. MCROHP also was carried out when the CL

monomer was mixed with a certain amount of ibuprofen

(IBU), from which the IBU-PCL controlled-release system was

prepared directly. Neither ibuprofen particles nor microphase

separation were observed from the surface of the ibuprofen-

PCL controlled-release system by scanning electron micro-

scopy. The sustained release of IBU from the system was

observed from 12 h to 9 days with an increasing IBU loading

level from 5 to 20 wt% (Figure 3). This appeared to be a

promising method to prepare drug controlled-release systems.

Since lanthanide compounds are efficient catalysts for ROP

of cyclic esters and also lack toxicity,42 MCROHP of CL using

early lanthanide halides as catalysts was investigated.43 Two

types of microwave ovens, a monomodal reactor (Synthewave

S402, Prolabo) and a multimode microwave oven, were used

for MCROHP of CL. Hydrated lanthanide halide catalyzed

MCROHP of CL is a very easy and efficient method to obtain

macro-monomers with controlled MWs in the range of 3000–

5000 g mol21, which can be used as starting materials for

functionalization and copolymerization reactions (Scheme 9).

Differential scanning calorimetry and thermal gravity analyses

were performed to study the thermal properties of the poly-

mers produced by MCROHP and conventional CROHP. The

results revealed no significant difference between the polymers.

Ritter and co-workers44 reported the microwave-assisted

Novozyme 435-catalyzed CROHP of CL in organic solvents.

(Scheme 10). Since the Novozyme 435-catalyzed ROP strongly

depends on the temperature and the polarity of the medium,

five solvents with varying polarity and boiling points,

tetrahydrofuran, dioxane, toluene, benzene and diethyl ether,

were chosen for this study. No polymerization was observed

using the two polar solvents tetrahydrofuran and dioxane.

Using less polar solvents such as toluene, benzene and diethyl

ether could lead to the enzymatic polymerization of CL,

although the MW is only up to several thousands (5800 g mol21,

in diethyl ether). The authors discovered the unexpected

accelerating and decelerating effects of the microwave upon

the ROP in different solvents. They found that in boiling

benzene and toluene, the polymerization rate under microwave

irradiation was significantly lower than that conducted in a

conventional oil bath, but monomer conversion accelerated

when using boiling diethyl ether as solvent. It was concluded

that the enzyme-catalyzed CROHP of CL was influenced

significantly by the microwave irradiation.

Schubert et al.22g have studied the microwave-assisted

cationic ring-opening polymerization of EtOx in different

ionic liquids as reaction media and the polymerization was

completed in one minute. Based on the solubility difference

between polymer and ionic liquid, polymer can be isolated by

simple water extraction, which is considered a convenient and

‘‘environmentally friendly’’ process, while the ionic liquid

can be efficiently recovered from water, thereby completely

avoiding the use of volatile organic compounds during the

purification step.

More recently, Liao and Gong et al.45 investigated the

microwave-assisted ring-opening polymerization of CL in the

presence of 1-butyl-3-methylimidazolium tetrafluoroborate

ionic liquid. Using zinc oxide as the catalyst, PCL with a Mw

Table 1 Results of ring-opening polymerization of e-caprolactone
(M/I = 5)

Experimenta
Time/
min Mn/g mol21

Monomer
conversion (%) Nt/Nm

Mn(m)/
Mn(t)

1t 30 1500 92.1 19.0 6.6
2m 9900 32.0
3t 60 1700 99.0 6.8 6.5
4m 11 100 95.0
5t 100 2300 99.0 6.7 6.4
6m 14700 94.9
a t: Thermal polymerization at 210 uC, m: microwave-assisted
polymerization at 680 W.

Fig. 3 In vitro release of ibuprofen from PCL–ibuprofen system

prepared by microwave irradiation.

Scheme 9 Microwave ring-opening polymerization of e-caprolactone

using lanthanide halides as catalyst.

Scheme 10 Reactivity of the microwave-assisted ring-opening poly-

merization of e-caprolactone compared with conventional thermal

heating in different solvents.
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of 28 500 g mol21 could be obtained in 30 min in a domestic

microwave oven (85 W) by adding 30 wt% ionic liquid to the

reaction mixture. Temperature profiles of the reaction

mixtures revealed that the addition of ionic liquid drastically

changed the temperature of the reaction.

3.2. Microwave-assisted ring-opening copolymerization

Copolymerization is the simultaneous polymerization of two

or more types of monomers and it is a useful method to obtain

polymers with adjustable properties. In ring-opening copoly-

merizations (ROCP), microwaves have been introduced to

prepare random copolymers and block copolymers. The

following section of this paper discusses two kinds of

copolymers (copolymers based on lactones and 2-oxazolines,

respectively) synthesized by microwave-assisted ring-opening

copolymerization (MROCP).

3.2.1. Microwave-assisted ring-opening copolymerization of

lactones/lactides. While PCL is one of the most widely

used biodegradable polyesters, copolymers of PCL have

attracted much attention due to their adjustable properties.

Anionic-catalyzed ring-opening copolymerization (AROCP)

of e-caprolactam and CL was conducted using a Lambda

LT502XB variable frequency microwave furnace

(Scheme 11).46 The microwave frequency used in the reactions

is 4.69 GHz with a bandwidth of 1.0 GHz and a sweep rate of

0.5 s. The reaction was programmed to a set temperature,

which was controlled by a pulsed power on/off system.

Dielectric properties of e-caprolactam and CL measured in

the microwave region ranging from 0.4 to 3.0 GHz showed

that both monomers exhibited effective absorption of micro-

wave energy. After a 30 min reaction, poly(amide ester) with a

yield of 70% and Mw of 22 000 g mol21 was obtained.

Compared with conventional AROCP, microwave-assisted

anionic ring-opening copolymerization was more effective for

the preparation of a higher yield, higher amide content, and

higher Tg poly(amide–ester) with an equivalent MW (Table 2).

The higher yield under microwave irradiation suggested that

microwave energy provides a more efficient synthetic route as

a consequence of the direct interaction between microwaves

and the molecular dipole moments of the reactants; however, it

is difficult to measure accurately the temperature in the bulk of

the reaction mixture. A higher amide/ester ratio in MROCP

synthesized copolymers was obtained. This phenomenon

suggested that microwave energy was more efficiently

absorbed by caprolactam than CL, thus providing greater

reactivity of caprolactam during MROCP. As a result of the

higher amide/ester ratio, MROCP produced copolymers

exhibited a higher Tg.

Liu47 and co-workers reported the microwave-assisted graft

ring-opening copolymerization (MGROP) of CL onto

chitosan. The MGROP was carried out by a protection–graft–

deprotection procedure, with phthaloylchitosan as the pre-

cursor, and Sn(Oct)2 as the catalyst (Scheme 12). After being

irradiated at 450 W for 15 min, a high grafting percentage of

232% was achieved. The graft of CL onto chitosan was greatly

accelerated and enhanced under microwave irradiation.

Block copolymers with hydrophilic and hydrophobic

segments can aggregate into micelles in an aqueous solution,

giving them a wide range of applications in micellar catalysts,

drug delivery vehicles and tissue engineering scaffolds. The

microwave method also has proved useful for the preparation

of amphiphilic ABA triblock copolymers containing PCL and

poly(ethylene glycol) (PEG) segments. Poly(e-caprolactone-co-

PEG-co-e-caprolactone) (PCL-PEG-PCL) with an Mn over

20 000 g mol21 was synthesized by PEG initiated MROCP of

CL in a domestic microwave oven.48 The Mn and composition

of the resulting triblock copolymers can be controlled by

varying the amount and the length of the PEG segment.

Another ABA block copolymer has also been synthesized

using either PEG or water-soluble N-terminal functionalized

CL as the central hydrophilic portion and peptide sequences of

non-polar residues as the flanking hydrophobic segments.49

Gong et al.50 recently reported the microwave-assisted

synthesis of triblock copolymers of L-lactide with PEG

(PLLA-PEG-PLLA) in a CEM Discover mono-mode micro-

wave oven. Poly(L-lactide)-co-poly(ethylene glycol)-co-poly(L-

lactide) triblock copolymer with a Mn of 28 230 g mol21 and

an L-lactide conversion of 92.4% could be synthesized after the

L-lactide–PEG2000 reaction mixture was irradiated for 3 min

at 100 uC. Compared with the polymerizations conducted

under similar conventional conditions, the microwave-assisted

synthesis of PLLA-PEG-PLLA triblock copolymers was much

faster and resulted in higher MW products.

Scheme 11 Microwave-assisted ring-opening copolymerization of

e-caprolactone and e-caprolactam.

Table 2 Comparison of microwave energy and thermal energy in copolymerization reactions (160 uC, 0.5 h)a

Sample
TH-PAE TH-PAE TH-PAE MW-PAE MW-PAE MW-PAE
1% 2% 3% 1% 2% 3%

Ester/amide feed ratio 1 : 2 1 : 2 1 : 2 1 : 2 1 : 2 1 : 2
Ester/amide found ratio 1 : 0.61 1 : 1.19 1 : 1.29 1 : 1.08 1 : 1.36 1 : 2.00
Yield (%) 51.2 52.7 57 61.9 70.1 78.2
Tg (meas.) 225.0 218.5 214.5 214 27.5 6.0
Mw/g mol21 25 400 19 800 17 100 22 000 21 300 16 200
Mw/Mn 1.4 1.5 1.6 2.1 2.0 1.5
a PAE–poly(e-caprolactam-co-e-caprolactone); TH–thermal process; MW–microwave process; 1%, 2%, 3%–catalyst level.
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3.2.2. Microwave-assisted ring-opening copolymerization of

2-oxazolines. Tunable properties of poly(2-oxazoline) copoly-

mers, which have become the focus of many investigations,

can be achieved by selecting an appropriately substituted

monomer. For example, amphiphilic block co-poly(2-oxazo-

line)s can be obtained by a combination of a hydrophilic block

poly(2-ethyl-2-oxazoline) and a hydrophobic block poly(2-

nonyl-2-oxazoline). Similar to their LROHP, the living

Scheme 12 Microwave graft copolymerization of e-caprolactone and chitosan.

Scheme 13 Mechanism for the stepwise preparation of the et50-non50 block copolymer from the cationic ring-opening polymerization of 2-ethyl-

and 2-nonyl-2-oxazoline, initiated by methyl tosylate.
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ring-opening copolymerization (LROCP) of 2-oxazolines also

took hours or days to be completed. Schubert et al.51 expanded

the LROHP of 2-oxazolines to the LROCP in preparation of

block co-poly(2-oxazolines), using four monomers: MeOx,

EtOx, NonOx and PhOx (Scheme 13).

This LROCP was initiated by TsOMe and performed in

acetonitrile at 140 uC in a single-mode microwave reactor.51b A

total number of 100 (50 + 50) monomer units were

incorporated into the polymer chains, resulting in a library

of four chain-extended homo- and 12 diblock co-poly

(2-oxazoline)s with narrow distributions (PDI , 1.30). The

polymerization kinetics of LROCP of 2-oxazolines in aceto-

nitrile was investigated under different pressures. In addition, a

series of block copolymers was synthesized in an automated

parallel synthesis robot by this pressure polymerization

method. These studies indicated that the microwave copoly-

merization of 2-oxazolines was an efficient method for

preparing copolymers in batch.

Besides the copolymers containing CL or 2-oxazolines,

MROCP of ethylene isophthalate cyclic dimer (EI c-2mer) and

bis(2-hydroxyethyl) terephthalate (BHET) in bulk was also

reported.52 Poly(ethylene terephthalate-co-isophthalate) with

Mw . 20 000 g mol21 was obtained, and the polymerization

mechanisms were investigated by the MALDI-TOF MS. The

results showed that the reaction involved three stages. In the

first stage, the homopolymerization of BHET proceeded with

the copolymerization simultaneously; in the second stage,

reactive end-groups of poly(ethylene terephthalate) or BHET

attacked the EI c-2mer and gradually produced an EI-

terminated copolymer; in the third stage, the propagation

reactions composed of three types of elementary reaction

routes took place.

In summary, microwave irradiation is a fast and effective

method for copolymer synthesis. Compared with the conven-

tional method, the microwave can not only reduce the reaction

time, it also can yield copolymers with improved properties.

Concluding remarks of microwave-assisted ring-
opening polymerization

During the past decade, significant progress has been made in

the field of microwave-assisted polymer synthesis, including

step-growth polymerization, free radical polymerization and

microwave-assisted ring-opening polymerization. However,

there are still many issues that are far from being elucidated,

such as the so-called non-thermal effect. Many researchers

now believe that there is no general non-thermal effect, and

attribute the so-called non-thermal effect to inaccurate

temperature measurement.1a,53 More studies in this challeng-

ing field are required to further understand the mechanism and

kinetics of microwave-assisted polymerization.

Despite the conflicts about the non-thermal effects, interest

in microwave-assisted polymerization is increasing quickly

because of its unique advantage of rate enhancement over the

conventional heating method. For the ring-opening poly-

merization of cyclic monomers under microwave irradiation,

the enhancement of reaction rate and product yield, as well as

polymer property improvement, have become the most

promising features of this technology.
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A novel green-chemical protocol for the synthesis of diaryl

disulfides, based on a metal-free oxidation of thiol derivatives

under mild basic conditions in aqueous media, is presented.

Disulfide bond formation is a relevant transformation in many

biological processes, since it is responsible for the construction of

the secondary and tertiary structures in proteins. In addition,

diaryl disulfide derivatives have often been employed as key

intermediates in the synthesis of bio-active molecules due to the

reversibility of S–S bond formation, which allows them to

participate in different exchange1 and addition reactions.2

Furthermore, this type of linkage is also of high practical value

in industry. For instance, polysulfide bonds are present in well-

known useful polymers such as rubber, and compounds containing

the disulfide moiety have proved suitable for the design of

rechargable lithium batteries.3

The most commonly employed methodology for the synthesis of

diaryl disulfides involves oxidation of the corresponding thiols

by means of a diverse array of metal-containing oxidants in the

presence of a base. Though efficient, these methods generally imply

the use of expensive and sometimes harmful metallic reagents

(rhodium is often used for this transformation), long reaction

times, difficult isolation of the so-obtained disulfides and, in some

cases, they involve overoxidation of the final product.4

Given their valuable role as versatile building-blocks and their

industrial applications, the development of a green-chemical

protocol for the synthesis of disulfides is rather desirable. Indeed,

nowadays the design of sustainable protocols to feature common

but useful transformations with important applications in industry

is considered of high practical value. In this context, the use of a

benign solvent such as water is of great interest due to its non-

toxicity, low cost, safe-handling, non-flammability and easy

isolation of final products. Hence we present a metal-free synthesis

of diaryl disulfides starting from the corresponding thiol derivative

featured in a basic aqueous medium.

First of all, to optimise the process we stirred commercially

available thiophenol 1a in water in the presence of a diverse array

of organic and inorganic bases, as shown in Table 1. Interestingly,

it was observed that some of the commonly-used water-soluble

bases were mostly inadequate, delivering the target compound 2a

in low yield (Table 1, entries 5–7) and that the countercation of

such bases seemed to have a role. Indeed, the use of Na2CO3

provided diphenyl disulfide 2a in 64% yield (Table 1, entry 6),

whereas the result obtained using K2CO3 was not even quantified

due to the low conversion observed for the starting thiophenol.

Surprisingly, organic insoluble bases such as either TMEDA or

DMAP furnished the target compound in good yield (Table 1,

entries 1–3). The better results obtained when using TMEDA or

DMAP compared to those obtained with water-soluble bases, may

suggest that the nature of the base is more determinant than the

homogeneity of the system and that the presence of nitrogen atoms

in such bases is highly convenient for the success of the target

reaction. In this context, the simplest nitrogen-containing base is

ammonia, and its use furnished the target compound 2a in

excellent yield, with no variation observed at different tempera-

tures (Table 1, entries 8 and 9). On the contrary, the rest of the

tested bases provided the best results at 120 uC, and lower

temperatures resulted in much lower conversion of thiophenol 1a.

In order to determine the scope of the designed protocol, a

number of commercially available thiophenol derivatives 1 were

reacted under optimised reaction conditions (Table 2).5 The

methodology proved suitable rendering the corresponding

disulfides 2 in good to excellent yields (76–99%), although the

conversion for some of the thiol substrates 1 was not complete at

room temperature and for those cases the reaction was carried out

at 120 uC (Table 2, entries 2–4, 6–9 and 12). In addition, the

isolation of the products was remarkably simple. Indeed, the solid

products, stable under the reaction conditions and in air, were

filtrated directly from the crude mixture and the liquid products

were extracted and did not require further purification, eliminating

Kimika Organikoa II Saila, Zientzia eta Teknologia Fakultatea, Euskal
Herriko Unibertsitatea, P.O. Box 644, 48080, Bilbao, Spain.
E-mail: raul.sanmartin@ehu.es; Fax: +34 946012748;
Tel: +34 94 946015435
{ Electronic supplementary information (ESI) available: Experimental
procedures and NMR spectra for new compounds. See DOI: 10.1039/
b614623f

Table 1 Selected assays for base and temperature screening

Entry Basea T/uC t/h 2a (%)b

1 TMEDA 120 2 81
2 TMEDA 80 4 72
3 DMAP 120 2 85
4 TEA 120 2 61
5 NaOH 120 8 31
6 Na2CO3 120 4 64
7 NaOtBu 120 4 45
8c NH4OH 120 2 97
9c NH4OH Room temp. 2 97

10 — 120 4 —d

a The reactions were performed starting from 0.94 mmol of 1a and
using 1–1.25 equiv. of base. b Isolated yields. c 0.15 ml of a 32%
aqueous solution of NH3 was used. d 2a was not detected in the
reaction mixture.
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thereby the solvent and silica waste derived from standard

chromatographic isolation techniques.6

It must be pointed out that the reaction outcome was not

affected by the electronic nature of the substituents present in the

aryl rings of substrates 1. Thus, our protocol displayed a high

degree of generality delivering in excellent yields disulfides

containing both electron-poor (Table 2, entries 4 and 5) and

electron-rich aromatic rings (Table 2, entries 2 and 3, 6–10), as well

as pyridine derivatives (Table 2, 11–12). Moreover, the presented

methodology was not limited by the steric hindrance derived from

the presence of ortho-substituents to the thiol functionality in

substrate 1 (Table 2, entries 9–10) and proved suitable for the

synthesis of disulfides containing a free amine moiety (Table 2,

entry 10).

In reference to the mechanism, we propose that the oxygen

naturally dissolved in the water used as the solvent to effect the

presented transformation is responsible for the oxidation of the

thiol derivatives 1. In order to prove this hypothesis, we carried out

two experiments. In the first one, the reaction of thiophenol 1a in

the presence of ammonia was performed under argon and with

degassed water. The result for this experiment was the recovery of

unreacted starting material without even a trace of target disulfide.

In the second one, the same reaction was performed under argon

but using water without previous degassing. Conversely, in this

case, disulfide 2a was obtained in 95% yield, suggesting that the

oxygen already present in water is sufficient to effect the oxidation

without needing an external supply of oxygen. Such oxygen may

allow the formation of thiyl radicals, which have been previously

proposed as intermediates in the oxidation of thiols, though the

pathway of this reaction remains obscure and dependent on the

oxidant employed in each case.7

To sum up, we have designed a green-chemical protocol for the

synthesis of diaryl disulfides in good to excellent yields. The use of

simple inexpensive materials, such as thiols, air, ammonia and

water, together with mild reaction conditions and the easy

isolation of final products by either filtration or extraction from

the crude mixtures, render the presented methodology highly

practical and appealing for its application in industrial processes.

Moreover, this novel methodology avoids the use of toxic metallic

salts and employs, instead, a common and readily-available

oxidant such as the oxygen already disolved in water.{
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Table 2 Synthesis of disulfides 2

Entry 2 (%)a

1 2a (97)b

2 2b (85)c

3 2c R = OMe (11)b

(60)d (97)c

4 2d R = Cl (6)b

(40)d (99)c

5 2e R = NO2 (86)e

6 2f R = Me (8)b

(46)d (95)c

7 2g R = OMe (93)c

8 2h R = Me (99)c

9 2i (98)c

10 2j (76)b

11 2k (83)b

12 2l (88)f

a Isolated yield. b Room temperature, 2 h. c 120 uC, 4 h. d 80 uC, 2 h.
e Room temperature, 4 h. f 120 uC, 7 h.

316 | Green Chem., 2007, 9, 315–317 This journal is � The Royal Society of Chemistry 2007

D
ow

nl
oa

de
d 

on
 1

0 
N

ov
em

be
r 

20
10

Pu
bl

is
he

d 
on

 1
1 

Ja
nu

ar
y 

20
07

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/B

61
46

23
F

View Online

http://dx.doi.org/10.1039/B614623F


5 Although a series of preliminary assays proved unsuccessful, the
extension of this methodology to the synthesis of dialkyl disulfides is
currently being investigated.

6 The major drawback of some of the protocols for the oxidation of thiols
reported thus far is the troublesome purification of the obtained
disulfides, especially when using metallic or halide reagents. See ref. 4.

7 Examples of aerobic oxidations of thiols are scarce in the literature and
the reported examples require an external input of oxygen and, in some
cases, even the presence of a metallic catalyst. See: (a) M. Kirihara,
K. Okubo, T. Uchiyama, Y. Kato, Y. Ochiai, S. Matsushita, A. Hatano
and K. Kanamorf, Chem. Pharm. Bull., 2004, 52, 625; (b) T. J. Wallace,
A. Schriesheim and W. Bartok, J. Org. Chem., 1963, 28, 1311.
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A catalytic amount of magnesium bromide diethyl etherate

enables us to carry out the aerobic photo-oxidation of alcohols

under irradiation of VIS from a general-purpose fluorescent

lamp. Aliphatic primary alcohols, secondary alcohols and

benzyl alcohols generally afforded the carboxylic acids directly

in good to high yield. The bromine radical is thought to be

generated in situ by continuous aerobic photo-oxidation of the

bromo anion from MgBr2?Et2O, and to effect this oxidation

reaction.

Oxidation is a most important transformation in organic synthesis;

however, these reactions essentially involve the use of large

quantities of heavy metals and complex organic compounds,

which generate large amounts of waste, and are not at all

environmentally benign.1 On the other hand, recently, catalytic

oxidation processes with hydrogen peroxide2 or molecular

oxygen,3,4 which generate little waste, have been reported by

many researchers. In particular, molecular oxygen has received

much attention as an ultimate oxidant, since it is photosynthesized

by plants, produces little waste, is inexpensive and of larger atom

efficiency than that of other oxidants. With this background in

mind, we examined a new oxidation method with the catalysis of a

bromo source and molecular oxygen, and, in the course of our

study of photo-oxidation, we have found that alcohols were

oxidized directly to the corresponding carboxylic acids in the

presence of a catalytic amount of lithium bromide,5 N-bro-

mosuccinimide,6 bromine or hydrobromic acid7 in oxygen atmo-

sphere under ultraviolet ray (UV) irradiation by a high-pressure

mercury lamp.8 Although this reaction has the advantages of both

inexpensive acquisition of safe reagents and easy work-up, UV,

which is irradiated by an expensive high-pressure mercury lamp

and has harmful effect on the human body, is needed to proceed.

On the other hand, we also found that alcohols were oxidized with

a combination of sodium bromide and Amberlyst 15 under solar

radiation, which is clean and infinite energy; however, the results

are not steady due to the reaction being dependent on the weather.

As mentioned above, this reaction becomes safe, economical and

steady, and the equipment is more easily installed, if visible light

(VIS) from a fluorescent lamp is applicable instead of the high-

pressure mercury lamp; however, unfortunately, in our study, only

a trace amount of the oxidative product was obtained with the

bromo sources mentioned above under irradiation of VIS by a

general-purpose fluorescent lamp. This is the driving force of our

continued wide-ranging studies on this oxidation with a new

bromo source, which is safe and easily separable from the reaction

mixture by extraction, and we have found that magnesium

bromide diethyl etherate (MgBr2?Et2O) is suitable for this

purpose.9 The effective use of VIS is a most important research

topic at this time of hoped-for development of new energy

conversion and energy-using technology, and our new oxidation

method is interesting since there have been no reports about

application of photo-oxidation with VIS by a general-purpose

fluorescent lamp to fine chemistry. We now report our detailed

study for visible light oxidation of alcohols with molecular oxygen

in the presence of a catalytic amount of MgBr2?Et2O.

Table 1 shows the results of our study of reaction conditions for

the aerobic oxidation conducted with 1-dodecanol (1, 0.3 mmol) as

a test substrate in the presence of additives in typical solvents,

equipped with an oxygen balloon. Among the solvents examined,

only ethyl acetate was found to be effective. Regarding the

additives examined, anhydrous calcium bromide (CaBr2) and

MgBr2?Et2O were found to afford similar results; however, we

exclusively used MgBr2?Et2O since anhydrous CaBr2 is more

expensive than MgBr2?Et2O.

Table 2 shows the results for oxidation of several substrates

under the reaction conditions mentioned above. Aliphatic primary

alcohols generally afforded the corresponding carboxylic acids in

Gifu Pharmaceutical University, 5-6-1 Mitahora-higashi, Gifu,
502-8585, Japan. E-mail: itoha@gifu-pu.ac.jp
{ Electronic supplementary information (ESI) available: Experimental
details, results of optimization experiments and spectral distribution of
fluorescent lamp used. See DOI: 10.1039/b613931k

Table 1 Study of reaction conditions for the photo-oxidation of
1-dodecanol (1)a

Entry Additive Solvent Yield of 2 (%)b

1 MgBr2?Et2O Hexane trace
2 MgBr2?Et2O Acetone 0
3 MgBr2?Et2O MeCN 0
4 MgBr2?Et2O Et2O 0
5 MgBr2?Et2O H2O 0
6 MgBr2?Et2O EtOAc 84
7 CaBr2 EtOAc 87
8 SrBr2 EtOAc 49
9 CoBr2 EtOAc 83
10 NiBr2 EtOAc 68
11 LaBr3 EtOAc 77
12 SmBr3 EtOAc 65
a A solution of alcohol (0.3 mmol), additive (0.2 equiv.) in dry
solvent (5 mL) in a Pyrex tube was irradiated with a fluorescent
lamp (22 W 6 4) for 10 h. b All yields are for pure, isolated
products.
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good yield; however, secondary alcohols were found to give the

corresponding carbonyl compounds in modest yield (entries 1–3).

Benzyl alcohols were also found to give the corresponding benzoic

acids in high yield (entries 4–9). Furthermore, 3-thiophenemetha-

nol (19), which is a heterocyclic substrate, afforded 3-thio-

phenecarboxylic acid (20) in 81% yield (entry 10); however,

unfortunately, 3-pyridinemethanol was intact under the conditions.

In order to examine the mechanism of this reaction, at first,

4-tert-butylbenzaldehyde, which is presumed to be an intermediate,

was subjected to similar aerobic photo-oxidation conditions, and

10 was obtained in 83% yield. Thus, this reaction is thought to

proceed through the aldehyde as an intermediate. Also, lowering

of the yield (23%) under the condition whereby 1 was reacted

under irradiation for 5 h with a fluorescent lamp and then reacted

in the dark for 5 h, shows the necessity of continuous irradiation to

complete this oxidation, and this reaction does not involve an

auto-oxidation path. Also, this reaction includes bromine forma-

tion because of the yellow color of the reaction mixture. We

present in Scheme 1 what we assume is a plausible path of this

oxidation, which is postulated by considering all of the results

mentioned above, and the necessity of a catalytic amount

of MgBr2?Et2O and of molecular oxygen in this reaction. The

radical species 21 is thought to be generated by abstraction of a

hydrogen radical with a bromine radical, formed by continuous

aerobic photo-oxidation of the bromo anion from MgBr2?Et2O

(equations 1–4). Although the reason for non-requirement of UV

is not clear yet, both the low ionic dissociation energy of

MgBr2?Et2O and the solvation effect of ethyl acetate to the

corresponding counter cation by the oxygen atom are thought to

be suitable for liberating the ‘‘naked’’ bromo anion. Furthermore,

Mg2+ is thought to stabilize O2
?2, which is generated by electron

transfer from the bromo anion under photo-irradiation, by forma-

tion of their 1 : 1 complex (equation 3).10 Due to all of these

reasons, the bromine radical is generated comparatively easily even

under irradiation of VIS. Bromine, then, was formed by aerobic

photo-oxidation of hydrogen bromide, which is generated in

equation 4 (equation 5). Aldehyde 22 was afforded by abstraction

of a hydrogen radical with bromine (equation 6), and the re-

generated bromine radical abstracted a hydrogen radical from 22

to give radical species 23, which was transformed to acyl bromide

24 (equations 7 and 8).7 The carboxylic acid was formed by

reaction with water, generated in equation 5 (equation 9). An

equivalent of water, not an excess amount of water, is necessary

for this reaction since the yield of 2 decreased a little (72%) when

another 1 equiv. of water (to 1) was added in the reaction mixture

Scheme 1 Plausible path of the aerobic photo-oxidation of alcohols.

Table 2 Aerobic photo-oxidation with fluorescent lampa

Entry Substrate Product
Yield
(%)b

1 (84)

2 (64)

3 (49)c

4 (96)

5 (89)

6 (93)

7 (89)

8 (60)c

9 (92)

10 (81)

a A typical procedure follows: a solution of alcohol (0.3 mmol),
MgBr2?Et2O (0.2 equiv.) in dry ethyl acetate (5 mL) in a Pyrex tube
was irradiated with fluorescent lamp (22 W 6 4) for the indicated
time. b All yields are for pure, isolated products. c The product was
to some extent volatile.
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and only a trace amount of 2 was obtained in the presence of an

activated molecular sieve 4A as a desiccant.

In conclusion, we have found a useful method for aerobic

oxidation of alcohols directly to the corresponding carboxylic acid

in the presence of a catalytic amount of MgBr2?Et2O under visible

light irradiated from a general-purpose fluorescent lamp. This

new form of oxidation reaction is interesting in keeping with the

notion of green chemistry due to non-use of heavy metals and

halogenated solvents, waste reduction, use of molecular oxygen

and safe reagents.
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The use of nitrile-functionalised ionic liquids as solvents for

cobalt-catalysed cyclotrimerisation reactions of monosubsti-

tuted aromatic alkynes is reported; the nitrile functionality

stabilises the transient cobalt(I) catalytic species and ensures

good conversions.

Over the past five years, various types of functionalised ionic

liquids (ILs) (often categorised as task-specific ionic liquids1) have

been designed and synthesised for specific purposes such as

catalysis,2 stereo-controlled synthesis,3 and extractive chemistry.4

A common design theme is the incorporation of additional

functionality through a side-chain appended to the cation. Ionic

liquids have been designed to stabilise catalytic species, a recent

example being cations bearing nitrile functional groups 1–4 (Fig. 1),

which were used as ligands for palladium in Suzuki and Stille

coupling reactions.5

In this paper, we describe the use of two nitrile-functionalised

cations, 1-(cyanomethyl)-3-methylimidazolium [(mCN)mim]+ (2a)

and (cyanomethyl)ethyldimethylammonium [(mCN)edma]+ (4),

in combination with the bistriflamide anion ([N{SO2CF3}2]
2;

[NTf2]
2), as reaction media for the in situ production of cobalt(I)

catalysts able to promote the cyclotrimerisation reaction of

arylethynes (Scheme 1).

In the last decade, several authors exploited in situ generated

cobalt(I) species for metal-catalysed [4 + 2 + 2] and [2 + 2 + 2]

cycloadditions.6–8 The generation of cobalt(I) species involves

treatment of a cobalt(II) salt with a variety of reducing agents, i.e.

zinc metal, Na[BH4] and Zn[BH4]2, ZnEt2, or AlEt2Cl. However,

the presence of both a ligand (e.g. a diphosphine, or a diimine) and

of a Lewis acid (typically ZnI2) is necessary for the formation of an

effective catalyst. For example, one of the best catalytic systems for

the [4 + 2 + 2] cycloaddition of norbornadienes and butadiene was

obtained by reacting CoI2/dppe/Zn0/ZnI2 in a 1 : 1 : 1 : 3 ratio in

CH2Cl2,
7 while the reduction of the CoBr2–glyoxal dicyclohexyl-

imine complex/ZnI2 system with zinc metal in a 1 : 2 : 2 ratio in

anhydrous CH3CN was developed by Hilt8 as one of the most

efficient cyclotrimerisation protocols for alkynes.

The attraction of the nitrile-functionalised ionic liquids was the

possibility that the cyano group might stabilise the transient

cobalt(I) catalytic species, as CH3CN is known to do.9 In parti-

cular, this study was centred on the use of [(mCN)mim][NTf2] and

[(mCN)edma][NTf2] for two reasons: (i) the easy access to

structures 2a and 4 by SN2-type reactions using the highly reactive

2-chloroethanenitrile, and (ii) the effect of the bistriflamide anion

on minimising the ionic liquid solubility both in water and in

hexane, a helpful property in terms of workup optimisation.

The catalyst was prepared by reducing a CoBr2/ZnI2 (1 : 2)

solution in [(mCN)mim][NTf2] or in [(mCN)edma][NTf2] with

Na[BH4], ZnEt2, or with zinc powder.10 A few representative

cyclotrimerisation reactions of arylethynes are collected in Table 1.

The best reaction conditions, in terms of yield and regioselectivity

(5 : 6),11 were those involving the use of Na[BH4]
12 in [(mCN)mim]

[NTf2]. Much less effective than [(mCN)mim][NTf2] and [(mCN)

edma][NTf2] was [bmim][NTf2] (run 1), while the beneficial

catalyst-stabilisation effect of the nitrile group in [(mCN)mim]

[Tf2N] was still efficiently exerted in a 2 : 1 mixture (v/v) of

[bmim][NTf2] and [(mCN)mim][NTf2] (run 4). Just slightly less

effective and less regioselective was the use of ZnEt2, even though

the colour change indicated that reduction of the initial cobalt(II)

salt was faster than in the case of Na[BH4]. Reaction temperature

(40 uC) and alkyne concentration (1 M) corresponded to the lowest

temperature and the highest molarity allowing an efficient stirring,

even when product formation thickens the reaction mixture.13 5%

of cobalt(II) was chosen in analogy to the reaction reported by

Hilt,8 the reaction system closest to our protocol. Of course, a

consistently higher conversion was achieved using 10% cobalt(II)

and a 0.5 M alkyne solution in [(mCN)mim][NTf2] (cf. run 10).

The order of addition of reagents was also important. In
aDipartimento di Chimica ‘‘G. Ciamician’’, University of Bologna, via
Selmi 2, Bologna, 40126, Italy. E-mail: claudio.trombini@unibo.it;
Fax: +39 051 2099456; Tel: +39 051 2099513
bThe Quill Centre, The Queen’s University of Belfast, Stranmillis Road,
Belfast, UK BT9 5AG. E-mail: k.seddon@qub.ac.uk
cMerck KGaA, S&TS Ionic Liquids, Frankfurter Strasse 250,
Darmstadt, 64271, Germany. E-mail: william-robert.pitner@merck.de
{ Electronic supplementary information (ESI) available: Preparation of
ILs 2a and 4, detailed experimental procedure and spectroscopic data of
cycloadducts. See DOI: 10.1039/b616427g

Fig. 1 Nitrile-functionalised cations 1–4.
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particular, the reducing agent must be added as the last reactant.

An inversion of the order of addition of Na[BH4] and the alkyne

was, indeed, detrimental to the final yield, which rapidly declined

as the time elapsed between Na[BH4] and the alkyne addition

increased.14 We believe that the alkyne contributes to stabilise the

catalytically-active cobalt(I) species; the consequence is that as the

alkyne concentration decreases, the catalyst concentration drops

off, too. Unfortunately, this low catalyst stability makes recycl-

ability impossible. When a reaction analogous to run 2 was

worked-up by extraction with hexane, and the ionic liquid phase

was charged again with the alkyne, no reaction took place.

However, the addition of further Na[BH4] restarted a catalytic

cycle, even though product recovery was only a half of the first

cycle. We believe that cobalt(I) is, in part, oxidised by dioxygen to

cobalt(II) during work-up, regenerating a cobalt(II) species, which

was able to sustain again the cycloaddition reaction.

To compare the performance of Na[BH4] in ILs and in

molecular solvents, run 2 was replicated in THF and CH3CN.

Adducts 5 + 6 were recovered in 25 and 50% yield, respectively,

thus suggesting a positive effect of the coulombic environment

associated with the IL on the CoBr2/ZnI2/Na[BH4]-catalysed

cyclotrimerisation reaction.

In conclusion, a cyclotrimerisation protocol of arylethynes has

been developed using task-specific ionic liquids [(mCN)mim]

[NTf2] and [(mCN)edma][NTf2], easily accessible on the 100 g

scale. The role of the appended cyano group in stabilising the

cobalt(I) catalyst is essential to ensure good results.
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13 Viscosity g of 2a decreases from 455 at 20 uC to 119 mPa s at 40 uC;
for 4, g is 916 at 20 uC and 227 mPa s at 40 uC.
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dramatic consequences. When phenylethyne was added 15 min after the
reducing agent in CH3CN at 20 uC, the yield of 5 + 6 were 84 and 35%,
using zinc powder and Na[BH4], respectively. When the reducing agent
was added last, as usual, 95 and 50% of cyclotrimers were isolated. In all
these experiments the 5 : 6 ratio was 95 : 5.

Table 1 Cyclotrimerisation of monosubstituted conjugated alkynes, carried out at 40 uC in 2 cm3 of ionic liquid, using 2 mmol of alkynea

Run Alkyne Ionic liquid Reducing agentb 5 + 6 Yield (%)c 5/6d

1 Phenylethyne [bmim][NTf2] Na[BH4] 35 85 : 15
2 Phenylethyne [(mCN)mim][NTf2] Na[BH4] 95 95 : 5
3 Phenylethyne [(mCN)edma][NTf2] Na[BH4] 85 95 : 5
4 Phenylethyne [bmim][NTf2] + [(mCN)mim][NTf2] (1 : 2 v/v) Na[BH4] 78 85 : 15
5 Phenylethyne [(mCN)mim][NTf2] Zinc powder 60 85 : 15
6 Phenylethyne [(mCN)mim][NTf2] ZnEt2 80 85 : 15
7e Phenylethyne [(mCN)mim][NTf2] ZnEt2 40 85 : 15
8 Phenylethyne [(mCN)edma][NTf2] ZnEt2 75 85 : 15
9 2-Naphthylethyne [(mCN)mim][NTf2] ZnEt2 72 30 : 70
10f 2-Naphthylethyne [(mCN)edma][NTf2] Na[BH4] 90 30 : 70
11 4-Methoxyphenylethyne [(mCN)mim][NTf2] Na[BH4] 65 83 : 17
12 4-Methylphenylethyne [(mCN)mim][NTf2] Na[BH4] 60 85 : 15
13 4-Fluorophenylethyne [(mCN)mim][NTf2] Na[BH4] 55 70 : 30
14 Propynoic acid, ethyl ester [(mCN)mim][NTf2] Na[BH4] 33 85 : 15
15g Propynoic acid, ethyl ester [(mCN)mim][NTf2] Na[BH4] 55 82 : 18
a CoBr2 and ZnI2 were used in 5 and 10% molar amounts, respectively, with respect to the starting alkyne. b The reducing agent was used in
15% molar amount with respect to the alkyne. c Yields refer to the isolated mixture of 5 and 6, purified by flash-chromatography. d Ratio
determined by GC or HPLC analysis or by integral ratios in the NMR spectra. e Reaction carried out in the absence of ZnI2. f CoBr2 and
ZnI2 were used in 10 and 20% molar amount, respectively. g Reaction carried out at 70 uC.
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Solvent- and supporting electrolyte-free electrochemically

induced Knoevenagel condensation of malononitrile with

aldehydes or ketones, at 40 uC, yields ylidenemalononitriles in

high yields.

Introduction

The Knoevenagel condensation is a well known organic reaction

leading to the formation of a new C–C bond. It is the base-

catalysed reaction between an aldehyde or ketone and an active

methylene compound (e.g., malononitrile, nitromethane, etc.) with

elimination of water.1 When the active methylene compound used

is malononitrile, ylidenemalononitriles are obtained (see scheme in

Table 1). These compounds are of growing interest due to their

use in the synthesis of fine chemicals, in agriculture, medicine

and as precursors of heterocycles with biological activity.2,3 As an

example, (4-methoxybenzylidene)malononitrile, also known as

Tyrphostin 1, is an EGFR (epidermal growth factor receptor)

tyrosine kinase inhibitor.4

Many efforts have been made to obtain these useful inter-

mediates minimizing the environmental impact, avoiding the use of

solvents, catalysts, etc. Recently, for the Knoevenagel reaction

between aldehydes and malononitrile, water and ionic liquids have

been used as solvent at room temperature. The reaction has also

been carried out without solvent but at high temperature.5 In all

cases, the yields in Knoevenagel products were high.

Electrochemistry can be considered a green methodology in

organic synthesis, due to its non-polluting reagent, the electron.

The solvent-supporting electrolyte system constitutes the

medium in which electrochemical reactions take place. The need

for using only solvents with particular characteristics (suitable

potential range, high dielectric constant, etc.) and the use of large

amounts of supporting electrolyte are two important restrictions

that, under some circumstances, can render the electrochemical

methodology of synthesis not competitive with classical organic

synthesis. In this communication, concerning the electrochemically

induced Knoevenagel condensation, a considerable effort to mini-

mize these restrictions has been made. In fact, the presence of both

solvent and supporting electrolyte has been avoided completely

(method A) or, otherwise, a catalytic amount of supporting

electrolyte (released from a gel) has been used (method B).

Results and discussion

The cathodic reduction of some organic compounds leads to the

formation of intermediates that can behave as bases (electro-

generated bases (EGBs)), nucleophiles or both.6 It is thus possible,

in principle, to perform any reaction that needs a base by

generating the base electrochemically. Usually these EGBs are

produced by reduction of compounds purposely added to the

reaction mixture. In some cases, one of the reagents can behave

also as a precursor of the base, but then part of this reagent is lost

in the acid–base reaction. If the reaction is base-catalysed, there is

little or no loss of reagent.

As the Knoevenagel condensation falls within this kind of

reaction, we thought of using malononitrile both as reagent and as

probase. We therefore performed the electrolyses at a temperature

at which malononitrile is liquid (40 uC) avoiding the use of solvent.

Moreover, the supporting electrolyte was eliminated and the

electrolyses were performed (method A) simply with a mixture of

the two reagents (malononitrile and carbonyl compound, 10 mmol

each) by immersing two pieces of platinum and applying a

constant current of 5 to 10 mA (galvanostatic conditions), depend-

ing on the nature of the carbonyl compound. Only a catalytic

amount of electricity was necessary. The electrolyses were stopped

after 2 hours. The yields of isolated products and the correspond-

ing Faradays per mol needed are reported in Table 1. The yields of

yilidenemalononitriles 3 are very high when starting from

aldehydes (except for entry 7), while less brilliant results are

obtained with ketones. In fact, along with good yields obtained

with cyclohexanones (56–86%), very poor yields are obtained with

2-heptanone (entry 1) and cyclopentanone (entry 5). In order to

enhance these yields, we have used an alternative electrochemical

method (method B).7 In this case, a divided cell was used and a

gel containing the supporting electrolyte ensured the electrical

connection between anolite and catholite. All the other conditions

were the same as method A. Using this methodology, very high

yields are obtained, both with aldehydes and with ketones, and

surely this electrochemical method can be competitive with the

reported chemical reactions (see Table 1, literature data).

It is noteworthy that all these reactions were performed in gram

quantities, as one of the difficulties in organic electrochemistry is

indeed the scale up. Moreover, using this methodology it was

possible to obtain nearly two grams of Tyrphostin 1 (entry 7), a

quite expensive biological active compound.

Conclusions

We have developed an environmentally friendly methodology

for the synthesis of ylidenemalononitriles, by simply adding two

aDept. ICMMPM, Univerity ‘‘La Sapienza’’, via Castro Laurenziano, 7,
Rome, I-00161, Italy. E-mail: marta.feroci@uniroma1.it;
achille.inesi@uniroma1.it; Fax: 39 06 49766749; Tel: 39 0649766563
bDept. of Chemistry, University of Salerno, via Salvatore Allende,
Baronissi (Salerno), I-84081, Italy
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platinum electrodes to a mixture of malononitrile and an aldehyde

or ketone, kept at 40 uC, and applying a constant current in the

absence of any solvent or supporting electrolyte, in a undivided or

divided cell. The yields are high and the products are obtained in

gram quantities.

Experimental

Method A

In a three-neck cell, equipped with a platinum spiral cathode

(apparent area 0.8 cm2), a platinum spiral anode (apparent

area 0.8 cm2) and a gas inlet–outlet (N2), kept at 40 uC,

malononitrile (10 mmol) and a carbonyl compound (10 mmol)

were added. A constant current electrolysis was performed (typical

current: 10–5 mA) for 2 hours (the number of F per mol passed

through the cell in each experiment is reported in Table 1).

The applied potential was switched off and the mixture was

kept at 40 uC for 10 h. Usual workup gave the products

described in Table 1, whose spectral data were consistent with the

reported ones.

Method B

The electrolyses were the same, except for the cell, in this case a

divided one with a G3-glass diaphragm filled with an agar gel

containing tetraethylammonium hexafluorophosphate was used.7

The presence of the diaphragm, while permitting a noticeable

increase of the yields (method B vs. method A), does not cause

further difficulty in isolation and purification of the products. In

fact, after mechanical removal of the anodic compartment and of

the solid electrode, the catholite (which remains in the cell) was

worked up according to simple and green methodologies: the

products were purified by crystallization from EtOH (entry 8) or

vacuum distillation (entries 1 and 3–6). Moreover, in four cases

(entries 2, 7, 9, 10) method B permits ylidenemalononitriles to be

obtained in quantitative yields; consequently, in these cases, any

procedure for purification is avoided.

Acknowledgements

This work was supported by research grants from MIUR (Prin

2004) and CNR, Roma, Italy.

Table 1 Electrochemically induced syntheses of ylidenemalononitrile

Entry 1

Electrochemical method A Electrochemical method B Literature data

F per mola 3 (%)b F per mola 3 (%)b 3 (%)c

1 0.007 18 0.030 96 61d

2 0.016 86 0.008 100 82e

3 0.020 56 0.013 98 73e

4 0.007 76 0.004 93 95f

5 0.026 12 0.013 97 91g

6 0.008 93 0.005 98 92h

7 0.040 28 0.010 100 90i

8 0.010 90 0.006 99 94i

9 0.030 100 0.005 100 93j

10 0.030 75 0.003 100 98i

a Faradays per mol of malononitrile supplied to the electrodes. b Yields of isolated 3 in the electrochemically induced reactions. c Yields of
isolated 3 reported in the literature. d Ref. 8a (benzene, NH4OAc, reflux). e Ref. 8b (water, b-alanine, reflux). f Ref. 8c (toluene, mesoporous
material, 50 uC). g Ref. 8d (water, Ru catalyst, rt). h Ref. 8e (i-PrOH, Ti(O-i-Pr)4, 20 uC). i Ref. 5a (water, 65 uC). j Ref. 8f (EtOH, piperidine,
reflux).
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Hydrogenolysis of various benzylic epoxides was achieved in

water to give alcohols in 51–98% yield using recyclable Pd

nanoparticles as catalyst.

Hydrogenolysis of epoxides is a useful transformation in organic

synthesis.1 Stoichiometric metal hydrides or dissolving metals are

common reagents for this reductive cleavage reaction.2 However,

heterogeneous catalytic systems have gained interest since they

offer several advantages such as easy separation, low waste and

low cost. Pd/C is probably the most famous catalyst, but one

drawback is the further hydrogenolysis of the resulting C–O

bond.3 Efforts were directed toward improving the chemoselec-

tivity and regioselectivity. Sajiki and Hirota have used a carbon-

supported Pd–ethylenediamine complex, as a catalyst in alcoholic

solvents, for the reductive ring-opening of terminal epoxides into

secondary alcohols with high yields and selectivities, although

solvolysis of benzylic epoxides was observed.4 Hydrogenation

with Pd/C/HCO2H/R3N exhibited better selectivity than conven-

tional Pd/C/H2,
5 but the procedure generates inorganic waste.

Nevertheless, palladium nanoparticles encapsulated in polyurea in

association with HCO2H/Et3N have been recently used as a

recyclable catalyst for hydrogenolysis of benzylic epoxides in ethyl

acetate.6

Increasing environmental awareness and economic reasons has

led to consider the use of unusual solvents.7 For example, water is

an attractive alternative to traditional organic solvents because it

is inexpensive, non-flammable, non-toxic and environmentally

sustainable. Hydrogenolysis of epoxides with hydrogen in water,

would lead to a particularly green process. However, the reductive

cleavage of epoxides sensitive to solvolysis, such as benzylic

epoxides,4 could be problematic.

During the last decade, transition metal nanoparticles have

been revealed as efficient catalysts in various media.8 Interest in

hydrogenations involving metal nanoparticles in aqueous

solvents has progressed,9 but remains to be developed. Recently

we described a mild and selective hydrogenation method of

carbon–carbon double bonds using recyclable palladium nano-

particles in an ionic liquid.10 The particles, namely PdOAc,N,

were easily prepared from a mixture of n-Bu4NBr, n-Bu3N and

Pd(OAc)2. We report here application of PdOAc,N for the hydro-

genolysis of benzylic epoxides.

Hydrogenolysis of styrene oxide was studied in different media,

at room temperature under a hydrogen atmosphere and 1% of

PdOAc,N (Table 1). In MeOH, the reaction reached completion

after 20 h to give the corresponding primary alcohol in 88%

isolated yield (Entry 1), illustrating a clear advantage over Pd/C3

and Pd/C(en)4 in terms of selectivity. The use of other organic

solvents or an ionic liquid was not beneficial to the process

(Entries 2–4), and, surprisingly, water was found to be the best

medium, providing an excellent yield of the alcohol (Entry 5). It is

worth noting that hydrolysis of the epoxide or further hydro-

genolysis of the alcoholic C–O bond was not observed under our

experimental conditions (Entry 5).

A variety of other benzylic epoxides were then subjected

to hydrogenolysis in water at room temperature (Table 2).

2-Methyl-3-phenyloxirane, ethyl 3-phenyloxirane-2-carboxylate

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;
Fax: +33 3 26 91 31 66

Table 1 Hydrogenolysis of styrene oxide in various mediaa

Entry Solvent Conversion (%) Yield (%)b

1 MeOH 100 88
2 EtOAc 0 0
3 MeCN 77 34
4 [bmim][PF6] 55 16
5 H2O 100 97
a Styrene oxide (1 mmol), PdOAc,N (0.01 mmol), solvent (2 mL), H2

(gas bag), 20 h. b Isolated yield

Table 2 Hydrogenolysis of benzylic epoxides in watera

Entry Ar R Time/h Yield (%)b

1 C6H5 CH3 20 81
2 C6H5 CO2Et 20 80

3 20 74

4c C6H5 C6H5 20 92
5d C6H5 C6H5 15 98
6 p-ClC6H4 H 20 51e

7 m-ClC6H4 H 20 82
8d C6H5 CO2CH2C6H5 21 84
a Epoxide (1 mmol), PdOAc,N (0.01 mmol), water (2 mL), H2 (gas
bag), rt, conversion 100%. b Isolated yield. c Reaction performed
with MeCN (1 mL) as co-solvent. d Reaction performed at 80 uC.
e 1-(4-chlorophenyl)ethane-1,2-diol was also isolated in 25% yield.
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and dihydronaphthalene oxide were hydrogenolyzed efficiently to

homobenzylic alcohols (Entries 1–3). Stilbene oxide was reluctant

to react, since this compound is a solid and interaction with the

catalyst was probably prevented. The use of MeCN as co-solvent

at room temperature (Entry 4), or performing the reaction at 80 uC
(Entry 5), afforded the corresponding alcohol in high yield.

Chemoselective hydrogenolysis between epoxides and a benzylic

group or chloro-substituted aryl was then attempted. Fair yield

was obtained from 2-(4-chlorophenyl)oxirane (Entry 6), while 2-(3-

chlorophenyl)oxirane and benzyl 3-phenyloxirane-2-carboxylate

were hydrogenolyzed in good yields (Entries 7–8). These last

results are, to the best of our knowledge, unprecedented examples

of chemoselective hydrogenolysis of epoxides in water.

We have observed that dispersion of the nanoparticles in a

water–oil system led to the formation of ‘‘black aqueous droplets’’

in which palladium is probably adsorbed on the surface. This led

us to perform recycling experiments. Styrene oxide was selected as

the substrate. The first two cycles showed total conversion and

afforded 2-phenylethanol in high yields (97% for each cycle),

however, conversion dropped progressively after the 3rd cycle and

solvolysis was also observed (Fig. 1). We suspect that n-Bu4NBr

could be progressively solubilized in water, damaging the structure

of the nanoparticles. Experiments were then performed with

n-Bu4NBr as additive (0.5 equiv.). To our delight, under such

conditions, no loss of activity was observed over 5 cycles (Fig. 1)

and 2-phenylethanol was respectively isolated in 97, 97, 88, 97

and 88% yield.

To further expand the scope of our catalytic system, we turned

our attention to epoxyalkanes. The hydrogenolysis of 2-benzyl-

oxirane was not efficient in only water, while quantitative

conversion was observed at 80 uC in the presence of n-Bu4NBr

as additive. In contrast to other palladium catalysts, including

nanoparticles,4–6 the regioselectivity was in favour of the primary

alcohol,11 suggesting that further development of this catalytic

system could lead, in connections with constant progress in the

epoxidations of terminal olefins,12 to a new green alternative for

the preparation of primary alcohols.

In conclusion, easily obtained recyclable palladium nanoparti-

cles led to regioselective hydrogenolysis of benzylic epoxides in

water. Further exploration of this catalytic system will be reported.

Notes and references
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Chem., 1980, 45, 4139–4143.

4 H. Sajiki, K. Hattori and K. Hirota, Chem. Commun., 1999, 1041–1042.
5 P. S. Dragovich, T. J. Prins and R. Zhou, J. Org. Chem., 1995, 60,

4922–4924; J. P. Verqhere, A. Sudalai and S. Iyer, Synth. Commun.,
1995, 25, 2267–2273.

6 S. V. Ley, C. Mitchell, D. Pears, C. Ramarao, J.-Q. Yu and W. Zhou,
Org. Lett., 2003, 5, 4665–4668.

7 C.-J. Li and L. Chen, Chem. Soc. Rev., 2006, 35, 68–82; C.-J. Li, Chem.
Rev., 2005, 105, 3095–3165; U. M. Lindström, Chem. Rev., 2002, 102,
2751–2772.

8 Selected reviews: D. Astruc, F. Lu and J. R. Aranzaes, Angew. Chem.,
Int. Ed., 2005, 44, 7852–7872; M. T. Reetz and J. G. de Vries, Chem.
Commun., 2004, 1559–1563; M. Moreno-Mañas and R. Pleixats, Acc.
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A. Roucoux, E. Ramirez, K. Philippot and B. Chaudret, Adv. Synth.
Catal., 2004, 346, 72–76; B. Yoon, H. Kim and C. M. Wai, Chem.
Commun., 2003, 1040–1041; J.-L. Pellegatta, C. Blandy, V. Collière,
R. Choukroun, B. Chaudret, P. Cheng and K. Philippot, J. Mol. Catal.
A: Chem., 2002, 178, 55–61; A. Borsla, A. M. Wilhelm and H. Delmas,
Catal. Today, 2001, 66, 389–395; J. Schulz, A. Roucoux and H. Patin,
Chem.–Eur. J., 2000, 6, 618–624; J. Alvarez, J. Liu, E. Román and
A. E. Kaifer, Chem. Commun., 2000, 1151–1152.

10 J. Le Bras, D. K. Mukherjee, S. González, M. Tristany, B. Ganchegui,
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Fig. 1 Recycling experiments. Styrene oxide (1 mmol), n-Bu4NBr (0 or

0.5 mmol), PdOAc,N (0.01 mmol), water (2 mL), H2 (gas bag). After the

first cycle, 2-phenylethanol was extracted with Et2O (5 6 4 mL) and a new

batch of styrene oxide (1 mmol) was added to the aqueous phase. (a)

Hydrolysis was observed in cycles nu 3 (18%), 4 (20%) and 5 (11%).
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Through the novel technique of high speed ball milling we were able to generate Baylis–Hillman

products in as little as 0.5 hours. This represents one of the fastest methods of Baylis–Hillman

reactions under neat conditions. Upon analysis of various catalysts we found 1,4-diazabicyclo-

[2.2.2]octane to be the catalyst that led to the highest product yields in the shortest reaction time.

Introduction

Chemistry is essential to the continued technological advance-

ment of our society. Due to the global interest in the reduction

of chemical waste, various regulations and stipulations have

been placed on the chemical industry; specifically in the area of

waste minimization. These restrictions have caused scientists

to explore more environmentally benign methods to carry

out reactions. Environmental concerns about solvent-based

chemistry have stimulated a renewed interest in the study of

chemical reactions under solvent-free conditions. Although,

much of the research conducted in this area has been

performed by the use of mortar and pestle,1,2 high speed ball

milling (HSBM) is an alternative solvent-free method that

has started to gain attention. In the HSBM method, a ball

bearing is placed inside a vessel that is shaken at high speeds.3

The high speed attained by the ball-bearing has enough force

to make an amorphous mixture of the reagents that facilitates

chemical reactions. This method has been studied in metal

alloying and for the generation of inorganic salts; however,

few organic reactions have been studied by this process.4

We look to further examine the nuances of this solvent-free

technique as it pertains to various organic reactions. The focus

of this paper is our results of ball milling on the Baylis–

Hillman (BH) reaction, also known as the Morita–Baylis–

Hillman reaction.

The BH reaction,5 patented in 1972, produces a product

that has been a key derivative to various pharmaceutical

compounds.6 This atom-economical reaction typically uses an

electron deficient olefin, a tertiary amine catalyst and an

electrophile, usually an aldehyde, to produce a multifunctional

product. One of the main drawbacks of this powerful reaction

is its slow rate.7 The BH reaction has been shown typically to

take days to weeks to produce adequate product yields.

Various physical, chemical and mechanistic studies8,9 have

been explored in attempts to increase the rate of this important

reaction. We chose to study it under solvent-free HSBM

conditions.

Results and discussion

Our initial investigations have focused on the use of methyl

acrylate and 20% 1,4-diazabicyclo[2.2.2]octane (DABCO)

catalyst along with different p-substituted aryl aldehydes

(Scheme 1). The reactions were conducted in a custom made

0.5 6 2.0 inch screw-capped stainless steel vial and milled with

a Spexcertiprep mixer/mill 5000 M for various times with a

0.125 inch stainless steel ball-bearing. At the conclusion of the

reaction, standard work-up procedures10 were followed and

products isolated. 1H NMR, 13C NMR, GC-MS were

obtained on the products and compared to literature values.

The results are summarized in Table 1.

We have found a significant rate enhancement of the BH

reaction by ball milling. Previous reports have shown the

solvent-less BH reaction of p-nitrobenzaldehyde and methyl

acrylate with DABCO catalyst can take between 3–4 days and

provide yields between 70–87%;11 by HSBM we are able to

produce .98% yield in as little as 0.5 hours. This represents

one of the fastest rates of this reaction under neat conditions.

Various catalysts have been studied in solution to determine

their effect on the rate of the BH reaction; we have likewise

examined a range of catalysts to determine which is most

effective under HSBM conditions. Using p-nitrobenzaldehyde

and methyl acrylate along with 20% catalyst over a period of

0.5 hours we analyzed several catalysts. The results are

summarized in Table 2. According to our results, DABCO

was consistently found to be the catalyst that led to the highest

yield in the shortest time. DABCO was also observed to be the

best catalyst for all the p-substituted aryl aldehydes we tested.

We are currently investigating other catalysts reported in the

literature for the BH reaction to determine their effect under

HSBM conditions.

University of Cincinnati, Cincinnati, OH, USA.
E-mail: james.mack@uc.edu; Fax: +1 513 9239; Tel: +1 513 9249
{ Electronic supplementary information (ESI) available: Spectroscopic
data of Baylis–Hillman products, experimental preparation and design
of reaction vials. See DOI: 10.1039/b612983h Scheme 1
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Conclusions

In conclusion, we report a significant rate enhancement of the

BH reaction by ball-milling. Further investigations are on

going as to the rate enhancement of the BH reaction with other

electrophiles, namely ketones and amides. We are also

investigating the ability to incorporate enantioselectivity using

this method, a pursuit that has been very challenging in

solution. Ball milling is a process that can have a large impact

on the field of organic synthesis. We are looking to demon-

strate a firm understanding of the guiding principles of HSBM.

With a firm understanding we will be able to utilize this

process better and adapt it to various other organic reactions

creating more general environmentally friendlier reactions.

Experimental

1H NMR spectra were recorded on a Bruker Avance 400

spectrometer. Deuterated NMR solvents were obtained from

Cambridge Isotope Laboratories, Inc., Andover, MA, USA and

used without further purification. Methyl acrylate, p-nitro-

benzaldehyde, p-bromobenzaldehyde, p-chlorobenzaldehyde,

anisaldehyde, benzaldehyde, diazabicyclo[2.2.2]octane,

quinuclidine, tetramethylguanidine, quinuclidinol, 4-dimethyl-

aminopyridine, 1,5-diazabicyclo[4.3.0.]non-5-ene, hexamethyl-

enetetramine, triphenylphosphine, imidazole and sodium

sulfide were purchased from Acros Organics and used without

further purification. 2,8,9-Trimethyl-2,5,8,9-tetraaza-1-phos-

pha-bicyclo[3.3.3]undecane was purchased from Aldrich

Chemical Company and used without further purification.

Ball milling was carried out in an 8000 M SpexCertiprep

Mixer/Mill. Separation was done using an Isco Combiflash

Companion column system.

Typical procedure

Methyl acrylate (0.43 g, 5 mmol), p-nitrobenzaldehyde (0.76 g,

5 mmol) and DABCO (0.11 g, 1 mmol) were added to a

custom-made 2.0 inch by 0.5 inch screw capped stainless steel

vial, along with a 0.125 inch stainless steel ball bearing. The

vial was placed in an 8000 M Spex Certiprep mixer/mill and

Table 2 Reactions of p-nitrobenzaldehyde with methyl acrylate in the
presence of various catalystsa

Entry Catalystb Time/h Yield (%)c

1 DABCO 0.5 .98
2 Quinuclidinol 0.5 89
3 Quinuclidine 0.5 86
4 4-Dimethylaminopyridine 0.5 80
5 2,8,9-Trimethyl-2,5,8,9-tetraaza-l-

phospha-bicyclo[3.3.3]undecane
0.5 69

6 1,1,3,3-Tetramethylguanidine 0.5 52
7 1,5-Diazabicyclo[4.3.0]non-5-ene 0.5 45
8 Hexamethylenetetramine 0.5 8.2
a All reactions were run with 5 mmol of methyl acrylate and 5 mmol
of p-nitrobenzaldehyde along with 1 mmol catalyst. b Other catalysts
tested were triphenylphospine, imidazole, and Na2S, all of which
gave less than 5% product over a 0.5 hour period. c All yields
reported are isolated yields. d Structures of catalysts are provided in
Chart 1.

Table 1 Reactions of p-substituted aryl aldehydes with methyl
acrylate using 20% DABCO catalyst by high speed ball millinga

Entry Aryl aldehyde Time/h Yield (%)b

1 0.5 .98

2 9 97

3 39 96

4 21 54

5 45 28

a Typical reaction used 5 mmol of methyl acrylate, 5 mmol of aryl
aldehyde and 1 mmol DABCO. b All yields reported as isolated
yields.

Chart 1
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the contents were ball milled for 0.5 h. The resulting mixture

was dissolved in CH2Cl2 (10 mL) and extracted with 10% HCl

(3 6 10 mL). The combined organic layers were dried over

anhydrous MgSO4, and the solvent was evaporated under

reduced pressure. The resulting yellow mixture was purified by

column chromatography over silica gel (1 : 1 CH2Cl2–ethyl

acetate) to afford 2-Hydroxy-(4-nitro-phenyl)-methyl]-acrylic

acid methyl ester in 98% yield.

Acknowledgements

We thank the National Science Foundation (CHE-0548150)

and the URC at the University of Cincinnati for financial

support of this research.

References

1 (a) K. Tanaka, Solvent-free Organic Synthesis, Wiley-VCH,
Cambridge, 2003.

2 (a) K. Tanaka and F. Toda, Chem. Rev., 2000, 100, 1025–1074; (b)
G. Rothenberg, A. P. Downie, C. L. Raston and J. L. Scott, J. Am.
Chem. Soc., 2001, 123, 8701–8708.

3 (a) C. Suryanarayana, Prog. Mater. Sci., 2000, 46, 1–184; (b)
L. Takacs, Prog. Mater. Sci., 2002, 47, 355–414.

4 (a) G. Kaupp, Top. Curr. Chem., 2005, 254, 95–183; (b)
V. P. Balema, J. W. Wiench, M. Pruski and V. K. Pecharsky,
Chem. Commun., 2002, 724–725; (c) V. P. Balema, J. W. Wiench,
M. Pruski and V. K. Pecharsky, J. Am. Chem. Soc., 2002, 124,
6244–6245; (d) K. Komatsu, G.-W. Wang, Y. Murata, T. Tanaka,
K. Fujiwara, K. Yamamoto and M. Saunders, J. Org. Chem.,
1998, 63, 9358–9366; (e) K. Komatsu, K. Fujiwara and Y. Murata,
Chem. Commun., 2000, 1583–1584; (f) K. Komatsu, K. Fujiwara,
Y. Murata and T. Braun, J. Chem. Soc., Perkin Trans. 1, 1999,
2963–2966; (g) K. Komatsu, Y. Murata, G.-W. Wang, T. Tanaka,

N. Kato and K. Fujiwara, Fullerene Sci. Technol., 1999, 7,
609–620.

5 (a) A. B. Baylis and M. E. D. Hillman, German Pat. 2155113, 1972;
(b) A. B. Baylis and M. E. D. Hillman, Chem. Abs., 1972, 77,
34174q; (c) K. Morita, Z. Suzuki and H. Hirose, Bull. Chem. Soc.
Jpn., 1968, 41, 2815.

6 (a) S. Zhu, T. H. Hudson, D. E. Kyle and A. J. Lin, J. Med. Chem.,
2002, 45, 3491–3496; (b) M. P. Feltrin and W. P. Almeida, Synth.
Commun., 2003, 33, 1141–1146; (c) P. J. Dunn, M. L. Hughes,
P. M. Searle and A. S. Wood, Org. Process Res. Dev., 2003, 7,
244–253.

7 For comprehensive reviews see: (a) D. Basavaiah, A. J. Rao and
T. Satyanarayana, Chem. Rev., 2003, 103, 811–891; (b)
D. Basavaiah, P. D. Rao and R. S. Hyma, Tetrahedron, 1996,
52, 8001–8062; (c) E. Ciganek, Organic Reactions, ed. L.A.
Paquette, Wiley, New York, 1997, vol. 51, p. 201; (d) S. E. Drewes
and G. H. P. Roos, Tetrahedron, 1988, 44, 4653–4670.

8 (a) K. E. Price, S. J. Broadwater, B. J. Walker and D. T. McQuade,
J. Org. Chem., 2005, 70, 3980–3987; (b) K. E. Price, S. J.
Broadwater, H. M. Jung and D. T. McQuade, Org. Lett., 2005,
7, 147–150; (c) V. K. Aggarwal, S. Y. Fulford and G. C. Lloyd-
Jones, Angew. Chem., Int. Ed., 2005, 44, 1706–1708; (d) M. E.
Krafft, T. F. N. Haxell, K. A. Seibert and K. A. Abboud, J. Am.
Chem. Soc., 2006, 128, 4174–4175.

9 (a) Y. Fort, M. C. Berthe and P. Caubere, Tetrahedron, 1992, 48,
6371–6384; (b) T. Kataoka, H. Kinoshita, T. Iwama,
S. I. Tsujiyama, T. Iwamura, S. I. Watanabe, O. Muraoka and
G. Tanabe, Tetrahedron, 2000, 56, 4725–4731; (c) L. S. Santos,
C. H. Pavam, W. P. Almeida, F. Coelho and M. N. Eberlin,
Angew. Chem., Int. Ed., 2004, 43, 4330–4333; (d) M. Shi, C.-Q. Li
and J.-K. Jiang, Tetrahedron, 2003, 59, 1181–1189.

10 At the conclusion of ball milling, the crude product was dissolved
in a minimal amount of methylene chloride and subjected to a 10%
HCl wash. The organic layer was removed under reduced pressure
and prepared for chromatography. Additional details can be
obtained in the ESI{.

11 (a) R. Galeazzi, G. Martelli, G. Mobbili, M. Orena and S. Rinaldi,
Org. Lett., 2004, 6, 2571–2574; (b) D. Nilov, R. Racker and
O. Reiser, Synthesis, 2002, 2232–2242.

330 | Green Chem., 2007, 9, 328–330 This journal is � The Royal Society of Chemistry 2007

D
ow

nl
oa

de
d 

on
 1

0 
N

ov
em

be
r 

20
10

Pu
bl

is
he

d 
on

 0
5 

Ja
nu

ar
y 

20
07

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/B

61
29

83
H

View Online

http://dx.doi.org/10.1039/B612983H


Green and chemoselective oxidation of sulfides with sodium perborate and
sodium percarbonate: nucleophilic and electrophilic character of the
oxidation system
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An efficient, chemoselective and environmentally friendly procedure for the oxidation of sulfides

is described. Reactions are carried out using sodium perborate or sodium percarbonate as the

oxidant, solvent-free conditions or water as the reaction medium and microwave irradiation or

conventional heating as the energy source. A comparative study concerning the effect of the

oxidant and reaction conditions on yield and chemoselectivity (sulfoxide vs. sulfone) has been

carried out. In the solid phase, the nature of the solid support or catalyst has a more marked

influence than the oxidant on the electrophilic and nucleophilic character of the oxidation.

Introduction

In recent years a great deal of effort has been focused on the

field of green chemistry in adopting methods and processes

that reduce the use of toxic chemicals, produce smaller

amounts of by-products and have lower energy consumption.

As part of this ‘‘green’’ concept, toxic and/or flammable

organic solvents are replaced by alternative non-toxic and non-

flammable media or the reactions are carried out without the

use of any solvent, and the classical sources of heating are

often replaced by microwave heating.1 In this context, many

efforts have been made to use aqueous media2 or a supported

reagent in so-called solvent-free conditions.3 Among alter-

native green solvents, water has been the solvent of choice for a

variety of transformations. It is known to be one of the best

green solvents and is also a microwave-absorbing medium.

Oxidation processes have received considerable attention,

especially in the search for efficient, selective and environ-

mentally friendly oxidants.4 Extremely high selectivity can be

achieved for some functional group oxidations,5 but for most

transformations and for large scale applications the ultimate

objective of cheap and safe oxidation under catalytic condi-

tions have not been achieved.

Although oxidation reactions under microwave irradiation

have been considered to a lesser extent, due to unsafe and

uncontrollable experimental conditions, several examples of

oxidation processes using reactants absorbed on inorganic

supports have recently been published.6

Sulfoxides have fascinated organic chemists for a long time

owing to the reactivity of this functional group for trans-

formations into a variety of organo sulfur compounds. These

transformations are useful for the synthesis of drugs and

sulfur-substituted natural products. Despite the myriad of

oxidants capable of converting sulfides to the corresponding

sulfoxides, most reagents require careful control of the

reaction conditions, including the quantity of oxidants, to

minimize the formation of sulfones as side products.

Stoichiometric oxidation can be accomplished with reagents

like HNO3, KMnO4, MnO2 and m-CPBA, but cleaner

methods based on catalytically promoted oxidation using

aqueous hydrogen peroxide are preferred.

On the other hand, the oxidation of sulfides to sulfones is a

well established procedure. The transformation, however,

requires either lengthy treatment with oxidants that contain

polluting heavy metals, such as KMnO4 and osmium tetroxide/

N-oxides, or the use of various peroxides, including dimethyl-

dioxirane. In addition, the reactions may require many hours

and high temperatures.

Hydrogen peroxide is a cheap and environmentally friendly

oxidant.7 However, it is quite a weak oxidizing agent that often

requires specific activation toward the functional group to be

transformed8 and, in addition, the use, storage and trans-

portation of its concentrated solutions is not desirable for

safety reasons. Sodium perborate (SPB) and sodium per-

carbonate (SPC) represent good alternatives to the use of

hydrogen peroxide, and their versatility in functional group

oxidations has been highlighted in different reviews.9 SPC and

SPB represent two of the most powerful, yet underused,

oxidants available.

SPB and SPC are solid peroxygen compounds that are

cheap, non-toxic, stable and easily handled. They are large-

scale industrial chemicals, primarily used in detergents as

bleaching and antiseptic agents.10 SPC and SPB are parti-

cularly advantageous owing to their ease of handling and

storage. Although SPB and SPC are completely different, they

have often been employed for the same purpose and, to the

best of our knowledge, a comparative study of the results has

not been carried out with both oxidants in a given reaction.

For these reasons, and as a continuation of our studies into

environmentally benign chemical processes, we report here the

chemoselective oxidation of sulfides to sulfoxides or sulfones
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de Castilla-La Mancha, Campus Universitario, Ciudad Real, 13071,
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using SPC or SPB in solvent-free conditions (with solid

supports) or in aqueous media. Comparison of the two

oxidants is made and the role of the different reaction

conditions in the selectivity of the oxidation is discussed.

Although the chosen oxidants have similar names, their

structures are quite different. SPB is a cyclic disubstituted

peroxide while SPC is simply a peroxyhydrate. In water or in

solvents with a significant aqueous component, both persalts

function mainly as a convenient source of hydrogen peroxide

but SPB can be activated towards nucleophilic oxidation

through associated species, such as [B(OH)3OOH]2, while SPC

forms the percarbonate species [HOOC(O)O]2, which would

be expected to behave as an electrophile (in contrast with

SPB). Reactions in non-aqueous media are mostly carried out

with carboxylic acids or anhydrides and the formation of the

corresponding peracids may be the oxidising species in these

kinds of reactions.9,11

With the above considerations in mind, we decided to design

an oxidation procedure using water as the solvent. We chose

tetrahydrothiophene (1) as a sulfide model and the reactions

were carried out with both oxidants (SPC and SPB) and under

microwave irradiation or conventional heating in order to

compare the different permutations of oxidants and heating

methodologies (Scheme 1). The results of these experiments are

shown in Table 1.

Results and discussion

Reaction conditions were optimized with SPB. The sulfide

underwent oxidation to the corresponding sulfone in quanti-

tative yield in 45 min under microwave irradiation (entry 3).

Under these conditions the presence of sulfoxide was not

observed. All attempts to reduce the reaction time by increas-

ing the irradiation power (entry 2), temperature (entry 5) or by

using a phase transfer catalyst (entry 6) were unsuccessful.

Oxidation under conventional heating in comparable reaction

conditions (temperature and time) gave a slightly lower yield

(entry 4).

A similar set of reactions was performed with SPC. In all

cases the yields were lower and, moreover, conventional

heating gave a significantly increased yield (entry 7 vs.

entry 8). This different behaviour in comparison with SPB

can be explained by the differences between the two oxidants

in the liberation of H2O2 in aqueous solution. The structure of

SPC shows that H2O2 is rather loosely bound and when

liberated it is rather unstable.9

Stoichiometric oxidations have been carried out and are

described in the literature.9,12 However, when the amount of

SPB was reduced to 1.5 equivalents, the yield and selectivity

were reduced (entry 9). In contrast, an excess of SPC did not

improve yields or give better selectivities (entries 10 and 11).

From these results it can be concluded that SPB favours

the nucleophilic oxidation to give mainly the sulfone while SPC

leads to the sulfoxide—even when using a lower stoichoimetric

amount of SPB than required for the oxidation to the sulfone

(entry 9).

The electrophilic behaviour of SPC seems to be less marked

and this effect can been explained by the fact that the

amount of hydrogen percarbonate (HCO4
2) in solutions

of SPC is lower than the amount of hydrogen perborate

([B(OH)3OOH]2) in solutions of SPB.12,13 As a consequence,

in practice the aqueous chemistry of SPC deviates little from

that of alkaline H2O2.

We also focused on developing an oxidation procedure in

solvent-free conditions: reactions in the absence of solvent

were conducted by simply mixing the support, tetrahydrothio-

phene and the oxidant. The resulting mixtures were heated

either conventionally or by microwave irradiation without the

addition of any solvent during the reaction. Under these

conditions it was possible to avoid the use of carboxylic acids

or anhydrides, which are commonly used as solvents in the

non-aqueous chemistry of SPB and SPC. These conditions also

allowed the use of organic solvents to be reduced as much as

possible, thereby extending the environmentally benign

characteristics of these reactions. The effect of solid catalysts

was also tested in order to improve the nucleophilic and

electrophilic character of the oxidising agents.

In an effort to elucidate the role of the solid support we tried

the oxidation with SPC using supports with different acidic

and basic characteristics (Table 2). Reactions were performed

Scheme 1

Table 1 Oxidation of THT 1 in aqueous media

Entry Oxidant 1 : oxidant molar ratio Conventional heating Microwave irradiation Yield (%) 1a : 1b RSOR : SO2R

1 SPB 1 : 3 90 uC, 30 W, 25 min 88 6 : 94
2 SPB 1 : 3 90 uC, 150 W, 25 min 82 9 : 91
3 SPB 1 : 3 90 uC, 30 W, 45 min 99 0 : 100
4 SPB 1 : 3 90 uC, 45 min 90 0 : 100
5 SPB 1 : 3 130 uC, 15 mina 56 9 : 91
6 SPB 1 : 3 170 uC, 5 mina,b 75c 38 : 62
7 SPC 1 : 1.5 90 uC, 30 W, 45 min 7 78 : 22
8 SPC 1 : 1.5 90 uC, 45 min 24 83 : 17
9 SPB 1 : 1.5 90 uC, 30 W, 45 min 70 22 : 78
10 SPC 1 : 3 90 uC, 30 W, 45 min 21 42 : 58
11 SPC 1 : 3 90 uC, 45 min 20 53 : 47
a Reaction in a closed vessel with pressure control in a CEM DISCOVER microwave reactor. b Polyethylene glycol was used as a phase
transfer agent. c Impure.
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at room temperature as higher temperatures favour the

formation of the sulfone.

From the data in Table 2 it can be concluded that basic

alumina is the best support for nucleophilic oxidations and the

acidic solid Amberlyst is the best catalyst for electrophilic

oxidations (entries 3 and 5).

Having identified these supports and catalyst, reactions

were extended to include both oxidants (SPB and SPC) and

conventional heating and microwave irradiation (Table 3).

Conversions at room temperature were very low and so the

reactions were performed at 60 uC.

Inspection of Table 3 reveals that the behaviour of both

oxidants under these conditions differs from that in aqueous

media; the nature of the solid support has a more marked

influence than that of the oxidant. Indeed, it is now the acidic

or basic character of the solid support or catalyst that plays

the most important role in the selectivity of the oxidation.

Amberlyst is able to liberate protons and favours electrophilic

oxidations, i.e., the formation of sulfoxide, while basic alumina

increases the proportion of sulfone formed (entries 1, 2, 5 and

6). These results are in agreement with previous studies on

nucleophilic and electrophilic oxidations with H2O2 in the

presence of an acid or a base.14

Moreover, microwave irradiation increases the amount of

sulfone, which is consistent with the fact that the sulfoxide is

more polar than the sulfide and, once formed, absorbs micro-

waves more efficiently and promotes the formation of the

sulfone (entry 1 vs. 5). This behaviour can also be observed

when water is used as the solvent (Table 1, entry 10 vs. 11).

SPC is the best oxidant in these solvent-free conditions, giving

cleaner reactions and higher yields. Furthermore, when the

reaction was performed with a stoichiometric amount of SPC

and in the presence of Amberlyst resin, the yield obtained was

almost quantitative, with the sulfoxide obtained with a very

high selectivity (entry 9).

It seems that the method is efficient, clean and safe for the

selective oxidation of sulfides to sulfones (using SPB in water)

and to sulfoxides (using SPC and acid catalysis, Amberlyst, in

solvent-free conditions) when tetrahydrothiophene is used as the

starting material. In an effort to obtain more general informa-

tion about the electrophilic and nucleophilic character of our

oxidation system, a more exhaustive study was carried out.

Having studied the useful application of SPB and SPC

as oxidants for sulfides, it is important to consider a rational

design of the catalyst for oxygen transfer reactions to ascertain

whether the oxidant attacks the substrate in an electrophilic or

nucleophilic way.15

This information about the nature of oxidant attack is

defined as the electronic character of oxygen-transfer reac-

tions. One of the most valuable probes for the electronic

character was introduced by Adam and co-workers.16 The SSO

molecule contains both a sulfide group (‘‘S site’’) and a

sulfoxide group (‘‘SO site’’, Scheme 2).

Electrophilic oxidants preferentially attack the SSO mole-

cule at the sulfide moiety, yielding dioxides (SOSO), whereas

nucleophilic oxidants transform the sulfoxide moiety to the

sulfone (SSO2). Subsequent oxidation of SOSO and SSO2 gives

SOSO2 in each case.

The reaction of an oxidant with SSO yields a mixture of

oxidation products, the relative amounts of which allows the

classification of the oxidant on the Xso scale:

Xso~
SOSO oxidation

Total oxidation
~

y SSO2ð Þzy SOSO2ð Þ
y SOSOð Þzy(SSO2)z2y SOSO2ð Þ

Table 2 Effect of the solid support or catalyst on the oxidation of
THT 1 under solvent-free conditionsa

Entry Support Yield (%) 1a : 1b RSOR : RSO2R

1 Silica gel 4 94 : 6
2 Montmorillonite KSF 15 68 : 32
3 Basic Alumina 8 27 : 73
4 Dowex 10 82 : 18
5 Amberlyst 5 100 : 0
a Oxidant: SPC; THT : oxidant molar ratio, 1 : 1; temperature,
20 uC; time, 12 h under conventional heating.

Table 3 Oxidation under solvent-free conditions

Entry Oxidant Support
1 : oxidant
molar ratio

Conventional
heatinga

Microwave
irradiationb,c Yield (%) 1a : 1b RSOR : RSO2R

1 SPC Alumina 1 : 1 60 uC, 30 min 29 38 : 62
2 SPC Amberlyst 1 : 1 60 uC, 30 min 29 91 : 9
3 SPB Alumina 1 : 1 60 uC, 30 min 2 —
4 SPB Amberlyst 1 : 1 60 uC, 30 min 30 94 : 6
5 SPC Alumina 1 : 1 60 uC, 3 h 36 63 : 37
6 SPC Amberlyst 1 : 1 60 uC, 3 h 47 82 : 18
7 SPB Alumina 1 : 1 60 uC, 3 h 31 91 : 9
8 SPB Amberlyst 1 : 1 60 uC, 3 h 50 94 : 6
9 SPC Amberlyst 1 : 1.5 60 uC, 3 h 99 95 : 5
a 10 mmol tetrahydrothiophene and 0.5 g support or catalyst. b 1 mmol tetrahydrothiophene and 0.05 g support or catalyst. c Power controlled
by the microwave reactor.

Scheme 2
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Xso = 0.0 represents complete electrophilic and Xso = 1.0

complete nucleophilic character for the oxygen-transfer

system.

We describe below the oxidation of methyl(methylthio)

methylsulfoxide to estimate the nucleophilic versus electro-

philic nature of oxygen-transfer agents. Taking into account

the results obtained in the oxidation of tetrahydrothiophene

in the solid phase, it is also important to establish the

influence of the catalyst and/or the mineral support in the

chemoselectivity. For this reason, the reactions were

carried out in the solid phase (solvent-free conditions) using

Amberlyst or sodium hydroxide as catalyst and silica or

alumina as mineral support.

As shown in Scheme 2 there are a variety of final products

depending of the character of the oxidation that has taken

place.

To start with, reactions with acidic and basic catalysts,

Amberlyst and sodium hydroxide, are reported in Table 4. The

Xso value again shows that the nature of the solid catalyst has

a more marked influence than that of the oxidant (entry 1 vs. 2,

Table 4). With sodium hydroxide, the Xso value is consistent

with a nucleophilic oxidation (entry 3, Table 4). SPC and SPB

both behave as a medium to transport hydrogen peroxide and

require a catalyst for the hydrogen peroxide to be released

(entry 4, Table 4). Thus, we can confirm the results obtained

with tetrahydrothiophene.

Furthermore, alumina and silica have been used as basic and

acidic supports (Table 4). These materials were employed by

Kropp et al.17 for the oxidation of sulfide with tert-butyl

hydroperoxide as the oxidant.

These studies afford insights into the mechanisms of surface-

mediated processes. If we consider the mechanism proposed by

Kropp et al.,16 oxidation to the sulfone would be expected on

using alumina, with the order of addition to alumina being

critical in the process. In this sense, on using silica, both types

of oxidation would be expected.

The Xso values are consistent with a nucleophilic oxidation

for both SPC and SPB (entry 5, 7 and 8, Table 4). The nature

of the support once again has a more marked influence than

that of the oxidants SPB and SPC. Basic alumina increases the

proportion of sulfone. Confirmation that the order of addition

to alumina is critical can be seen by the lower value of Xso

when the order is changed (entry 6, Table 4). This is due to

association of the oxidant with the Al+ sites, which blocks the

Al+ sites from adsorption by the sulfoxide.

Silica is not a good support to mediate the oxidation of this

compound (entries 9, 10 and 11). The use of this support in

conjunction with SPB as the oxidant gives yields that are too

low. On using SPC, the Xso value seems to depend on the

amount of silica (entry 10 vs. 11). The Xso value can support

both types of mechanism, as reported by Kropp.16

Given our knowledge on the nucleophilic and electrophilic

character of our oxidation system, a general method for the

selective oxidation of sulfides to sulfoxides and sulfones has

been established; SPB in water for oxidation to sulfones and

SPC/Amberlyst for oxidation to sulfoxides. It is possible to

oxidise both aromatic and aliphatic sulfides (Scheme 3) with

good yield and chemoselectivity (Table 5).

For aliphatic compounds, such as diethylsulfide, this oxida-

tion system gives quantitative yields in the vast majority of

cases with a very high selectivity to the sulfoxide and the

sulfone, depending on the reaction conditions (entries 1 and 2,

Table 5). SPB/water is the best combination to form the

sulfone, while SPC/amberlyst is a very good system for the

formation of sulfoxides.

The oxidation of aromatic compounds (entries 5, 6 and 7,

Table 5) to give good yields and high selectivities is also possible.

The results obtained with sulfide 10 show that the presence

of an additional functional group on the molecule can be

tolerated (entry 4, Table 5).

Table 4 Nucleophilic and electrophilic character of the oxidation system

Entry Oxidant Support 4 : oxidant molar ratio Conventional heating mmol 4/g catalyst Yield (%) Xso

1 SPC Amberlyst 1 : 1.5 60 uC, 3 h 5/0.25 30 0.18
2 SPB Amberlyst 1 : 1.3 60 uC, 3 h 5/0.25 48 0.1
3 SPC NaOH 1 : 1 60 uC, 3 h 1/2.5 10 1
4 SPC — 1 : 1 60 uC, 3 h 1/— ,3 —
5 SPB Alumina 1 : 1 60 uC, 3 h 1/2.5 37 0.58
6 SPB Aluminaa 1 : 1 60 uC, 3 h 1/2.5 52 0.36
7 SPC Alumina 1 : 1.5 60 uC, 3 h 1/2.5 73 0.73
8 SPC Alumina 1 : 1 60 uC, 30 min, MW 0.2/0.5 47 0.7
9 SPC Silica 1 : 1.5 60 uC, 3 h 5/0.25 25 0.47
10 SPC Silica 1 : 1 60 uC, 3 h 1/2.5 20 0.64
11 SPC Silica 1 : 1 60 uC, 3 h 5/0.25 40 0.3
a Inverse order of addition to alumina.

Scheme 3
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Conclusion

In summary, we have developed an efficient, clean and safe

method for the selective oxidation of sulfides to sulfones (using

SPB as the oxidant, water as a solvent and heating under

microwave irradiation) or sulfoxides (using SPC as the oxidant,

Amberlyst as a support, solvent free conditions and conventional

heating). A comparative study of SPB and SPC has been

performed, and revealed that these oxidants behave differently.

SPB is more effective under aqueous conditions and SPC is

preferred for solvent-free reactions. Moreover, in general it can

be said that SPB can be used for nucleophilic oxidations and

SPC for electrophilic ones. When the reaction is carried out in

solid phase, the influence of the support or catalyst is more

marked than that of the oxidant. Finally, the heating

methodology also plays a significant role in the selectivity,

with microwave irradiation favouring oxidation to the sulfone

and conventional heating to the sulfoxide.

This procedure offers three major advantages: (i) control

over the degree of oxidation of products, i.e., the method

allows high purity sulfoxides or sulfones to be obtained by

varying the conditions; (ii) excellent chemoselectivity of these

complexes toward the sulfur group of substituted sulfides

and sulfoxides containing other functional groups susceptible

to oxidation; (iii) the method conforms to several of the

guiding principles of green chemistry proposed by Anastas and

Warner.18 In this sense, this method is efficient for the selective

oxidation of both aliphatic and aromatic sulfides.

Experimental

General methods

1H-NMR spectra were recorded at 499.772 MHz on an Inova-

500 spectrometer with tetramethylsilane (TMS) as an internal

reference and were run in deuterated chloroform solutions.

Microwave irradiations were conducted in a focused micro-

wave reactor: PROLABO MAXIDIGEST MX350, modified

with a mechanical stirrer and an infrared pyrometer, with

power and temperature controlled by computer using the

software MPX-2 from PACAM Electrónica, or a CEM

DISCOVER, with infrared pyrometer and pressure control

system and stirring and air-cooling option. All solvents and

reagents were purchased from commercial sources and used

without further purification. The mixtures of oxidation pro-

ducts obtained were clean in all cases, in that they contained

the sulfoxide and/or sulfone only. Furthermore, the spectro-

scopic data are consistent with those found in the literature.19

Reactions in water

The appropiate sulfide (20 mmol), water (20 ml) and finely

ground SPC or SPB were added to a reaction vessel equipped

with a reflux condenser. The reaction mixture was heated in an

oil bath or irradiated in the Prolabo microwave reactor under

the conditions given in Table 1. The mixture was cooled to

room temperature and extracted with diethyl ether (3 6 20 ml).

The organic solution was dried over magnesium sulfate. The

solvent and unreacted reagents were removed in vacuo and the

residue was weighed and analyzed by 1H-NMR spectroscopy.

Reactions in solvent-free conditions

The appropriate amounts of sulfide, support or catalyst and

oxidant are shown in the corresponding tables.

(a) Conventional heating

To the solid support and the finely ground oxidant (SPC or

SPB as appropriate) was added the appropiate sulfide. The

mixture was heated in a screw-cap sealed reaction vessel in an

aluminum block at the temperature and for the time indicated

in the different tables. The reaction mixture was allowed to

cool to room temperature. The products were isolated by

extraction with methanol (60 ml). Solvent and unreacted

reagent were removed in vacuo and the residue was weighed

and analyzed by 1H-NMR spectroscopy.

(b) Microwave Irradiation

The solid support and the finely ground oxidant (SPC or SPB

as appropriate) were added to a 10 ml vessel. The correspond-

ing sulfide was added and the vessel was closed with a septum

and irradiated in a DISCOVER reactor at 60 uC for 30 min.

The mixture was allowed to cool to room temperature and

CDCl3 (2 ml) was added. The solid was filtered off and the

crude mixture was analyzed by 1H-NMR spectroscopy.

Synthesis of methyl(methylthio)methylsulfoxide (4)

To Amberlyst (2.5 g) and the finely ground oxidant SPC

(15 mmol, 2.35 g) was added bismethylthiomethane (10 mmol,

1.02 ml). The mixture was heated in a screw-cap sealed

reaction vessel in an aluminum block at 60 uC for 5 h. The

reaction mixture was allowed to cool to room temperature.

The products were isolated by extraction with methanol

(60 ml). Solvent and unreacted reagents were removed

in vacuo. The product was purified by column chromatography

Table 5 Chemoselective oxidation of sulfides 9–12

Entry Sulfide
Oxidant/support
or H2O

mmol sulfide/g
support or ml H2O

Sulfide : oxidant
molar ratio Conventional heating Yield (%) RSOR : RSO2R

1 9 SPB/H2O 10/10 1 : 3 90 uC, 45 min 81 9 : 91
2 9 SPC/Amberlyst 10/0.5 1 : 1.5 60 uC, 6 h 92 92 : 8
3 10 SPB/H2O 10/10 1 : 3 90 uC, 45 min 39 8 : 92
4 10 SPC/Amberlyst 10/2.5 1 : 1.5 60 uC, 1.5 h 83 100 : 0
5 11 SPB/H2O 10/10 1 : 3 90 uC, 45 min, 30 Wa 78 4 : 96
6 11 SPC/Amberlyst 5/2.5 1 : 1.5 60 uC, 5 h 96 98 : 2
7 12 SPC/Amberlyst 5/2.5 1 : 1.5 60 uC, 3 h 40 93 : 7
a The energy source is microwaves, although the use of ultrasound gives a quantitative yield.
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using hexane : ethyl acetate (1 : 1). A colourless liquid was

obtained in 45% yield.
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Novel sugar-based ionic liquids were easily synthesized starting from commercially available

methyl-D-glucopyranoside, and they were fully characterized in their physico-chemical properties.

They represent the first terms of a new class of chiral solvents from low-cost natural sources.

Introduction

The exploration of Chiral Ionic Liquids (CILs) has expanded

exponentially over the past five years, and the increasing

number of new CILs published so far, displaying either chiral

anion or chiral cation, gives good reason for the recent reviews

reporting their synthesis and applications.1 CILs have been

designed to act as stereoselective solvents in asymmetric

synthesis,2 as a chiral phase in gas chromatography,3 as shift

reagents and chiral selectors in the determination of enantio-

meric composition of pharmaceutical drugs.4 The synthesis of

many CILs exploits the asymmetry already present in the chiral

pool, especially in natural amino acids or a-hydroxy acids.

However, although two papers reported the synthesis of ILs

starting from fructose5 or from non-nutritive sweeteners,6 no

ILs based on natural carbohydrates have been reported so far.

Carbohydrates are among the most abundant, low-cost

natural sources of chiral material. Moreover, their manipula-

tion has widely developed over more than one century, so that

the protection and derivatization of natural monosaccharides

can be easily performed through largely applied standard

reactions.

These considerations prompted us to design the synthesis

and characterization of carbohydrate-based ionic liquids as

new chiral solvents. Owing to the presence of many hydroxy

groups, these CILs are provided of high coordination ability

that can be tuned by varying the electronic density of their

oxygens through a proper protecting group pattern. Therefore,

carbohydrate-based ILs could be used as coordinating solvents

in stereoselective and/or metal-catalysed reactions and, in

principle, they could be used as shift reagents.

We synthesized compounds 1–3 (Fig. 1) as the first

carbohydrate-based ILs, starting from commercially available

methyl-a-D-glucopyranoside. As these new CILs were sup-

posed to act as solvents in organic reactions, they had to be

stable in common reaction conditions. For this reason, the

reactivity of the hydroxy groups was considerably lowered by

protection as methyl ethers, and the labile anomeric acetal was

reduced to an inert methylene group.

Results and discussion

Synthesis of carbohydrate-based ILs

ILs 1–3 were prepared following a common synthetic

approach (Scheme 1). Commercially available methyl-D-

glucopyranoside 4 was selectively protected at the primary

position as thexyldimethylsilyl (TDS) ether to obtain inter-

mediate 5 in quantitative yield. The secondary hydroxyls were

then transformed into methyl ethers by reaction with methyl

iodide and sodium hydroxide. The subsequent reduction of the

anomeric position with triethyl silane (TES) and trimethylsilyl

aDipartimento di Chimica Organica e Industriale, Via Venezian 21,
20133 Milano, Italy. E-mail: laura.poletti@unimi.it;
Fax: +39 02 50314061; Tel: +39 02 50314063/5
bDipartimento di Chimica Bioorganica e Biofarmacia, via Bonanno 33,
56126 Pisa, Italy. E-mail: cinziac@farm.unipi.it; Fax: +39 050 2219660;
Tel: +39 050 2219669
{ Electronic supplementary information (ESI) available: NMR spectra
and TGA diagrams of compounds 1–3. See DOI: 10.1039/b615650a

Fig. 1 Glucose-derived ILs.

Scheme 1 Synthesis of ILs 1–3.
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trifluoromethanesulfonate (trimethylsilyltriflate, TMSOTf)

led to the contemporary removal of the silyl ether at C-6

in 60% overall yield. The primary hydroxyl was then

transformed into the corresponding triflate 7 by reaction with

triflic anhydride.

Final ILs 1–3 were obtained by reaction of triflate 7 with

triethylamine (TEA), diethyl sulfide and tetrahydrothiophene,

respectively, in three different reaction conditions. While the

reaction with triethylamine was performed at 220 uC by

using THF as the solvent, reactions with diethyl sulfide and

tetrahydrothiophene needed higher temperatures and ran

smoothly in neat reagents. The new ILs were highly soluble

in water and scarcely soluble in diethyl ether and methylene

chloride, therefore their purification was achieved by extrac-

tion of the impurities with these two organic solvents from the

aqueous phase. The obtained ILs were characterized in their

physico-chemical properties.

Thermal analysis

The thermal data of ILs 1–3 arising from differential scanning

calorimetry traces are summarized in Table 1. Samples 1 and 3

appeared as solids at rt, while compound 2 was a liquid with a

viscosity comparable to that of [omim][PF6]. Consequently,

two different sequences were applied according to their

physical state, the difference being represented by the starting

and end point in each cycle: solid compounds were firstly

heated from 250 to 200 uC at a rate of 10 uC min21, quenched,

held at 250 uC before heating again and finally cooled at the

same rate. Liquid derivative 2 was heated starting from 2150

to 50 uC, quenched, held at 50 uC before heating again, and

finally cooled to 2150 uC. Both compounds 1 and 3 showed

sharp melting points, .100 uC, even if a difference of 27.5 uC
may be appreciated on passing from the ammonium derivative

1 to the cyclic sulfonium 3. Moreover, IL 3 displayed an

exothermic crystallization at 52.6 uC, which could be detected

only at the second heating cycle, that is after quenching the

sample. No melting point was detected in the case of

compound 2, which is liquid even at a temperature well below

rt. This compound tends to form a glass on cooling, at a

temperature of 253 uC. Therefore, it seems that low molecular,

acyclic dialkyl sulfides are good candidates to obtain liquid

solvents, at least for the triflate series, when derivatized with

glucose nuclei.

Although differential scanning calorimetry traces of ionic

liquids often evidences the presence of multiple phases, arising

from rotational motions of one or both of the ionic counter-

parts, no solid–solid transition was detected in the case of

glucose-derived ionic liquids.

Thermogravimetric analysis

The data arising from thermogravimetric analysis of ILs 1–3

are also collected in Table 1 and are expressed as thermal

decomposition temperatures. The decomposition temperature,

Tdecomp, represents the temperature at which irreversible mass

loss is detected. According to data reported in this study,

glucose-derived ionic liquids having triflate as the anion are

thermally stable from ambient temperature to at least 200 uC.

An appreciable difference in thermal stability may be

envisaged according to the structure of the cationic counter-

part. Indeed, ammonium salts are, among those investigated,

the most stable, with a decomposition temperature of 300 uC,

followed by the tetrahydrothiophene derivative (250 uC).

Therefore, while diethyl sulfide ensures low melting salts, its

nucleus displays a rather low thermal stability; on the other

hand, the ammonium salt 1 is characterized by a good thermal

stability but it is solid at temperatures well above 100 uC.

Further investigations will be performed in order to assess the

effect of the anionic counterpart on the thermal behaviour of

glucose-derived ionic liquids.

ESI-MS analysis and ion-pairing

Electrospray ionization (ESI-MS)7 was applied to assess the

intrinsic solvent-free strength of the ion-pairing in glucose-

derived ionic liquids with respect to a classical imidazolium

derivative shearing the same anion, [bmim][OTf]. A water–

methanol mixture was used to dissolve the samples and two

different temperatures were applied to the capillary. The

extremely high difference in the mass of the investigated

cations hampered the possibility of isolating the heterogeneous

cluster [C1][OTf][bmim] (where C1 is a glucose-derived cation),

thus preventing a direct evaluation of the anion–cation

interaction by fragmentation of the latter, as reported for

other imidazolium derivatives.8 However, it has recently been

shown that an estimation of the ion-pairing strength might be

obtained by a careful analysis of the shape of the full mass

spectrum of the pure ionic liquids.9 Fig. 2 reports the relative

abundance of the peaks observed when operating in positive

Table 1 Physical properties of glucose-derived ionic liquids

Ionic liquid Tg
a Tm

b Tx
c Tdecomp

d

1 137.5 300
2 253 210
3 110 52.6 250
a Glass transition temperature (uC). b Melting point (uC).
c Temperature of crystallization (uC). d Decomposition temperature
(uC).

Fig. 2 Cluster distribution in full positive ESI-MS spectra of glucose-

derived ILs and [bmim][OTf] at 150 uC.
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mode in the ESI-MS spectra of the sugar-based ionic liquids

1–3 and [bmim][TfO].

Whereas the ESI-MS spectra of pure [bmim][OTf] and 3

([sugar-THT][OTf]) are characterized by the presence of

several intense peaks, ascribed to the free cation (C1) and

several clusters, those of 1 ([sugar-NEt3][OTf]) and 2

([sugar-SEt2][OTf]) show only two main peaks, due to the

free cation (the most intense) and the cluster of lower

mass ([C2A1]).

Clearly, cations more loosely coordinated give an intense C1

and possibly the first cluster (C2A1), whereas the stronger

interacting species are preferentially present as high order

clusters. On these bases, compounds 1 and 2 seem to possess a

much lower ion-pairing with respect to the corresponding

imidazolium triflate and compound 3 can be considered

as an intermediate situation. It is also worth noting that

the results of this kind of analysis seem not to be strongly

related to the experimental conditions applied to the

instruments, in particular to the temperature of the capillary,

as almost similar results have been obtained at both 150 and

200 uC.

It has already been shown by several groups that the ability

of the cationic and/or anionic moiety of ILs interacting

with dissolved species, either as substrates, intermediates or

catalysts, is a competitive process depending on the relative

interactions which may take place inside the ionic medium

itself and in particular on the strength of ion-pairing.9,10 On

these bases, compounds 1 and 2 should be those having a

cationic moiety more prone to interact with any catalyst

dissolved in the IL. Research is still in progress to evaluate

the truthfulness of this statement and to assess if the nature

of the anion may exert any effect on the ion-pairing of glucose-

derived ionic liquids.

Conclusions

Nature provides several opportunities for the preparation of

new recyclable, biodegradable solvents displaying improved

properties. Here, sugars have been used as safer, low-cost

materials to synthesize the first terms of a novel, broad class of

CILs through simple derivatization procedures.

The new CILs have been characterized and their thermal

and ion-pairing behavior has been assessed with regard to their

potential use as solvents for organic reactions. Two of them

(compounds 1 and 2) display a loose ion-pairing that makes

them suitable for solvating reagents present in the solution.

Studies apt at assessing the influence of the carbohydrate

skeleton of sugar-based CILs in the stereochemical course of

organic reactions will be reported in due course.

Experimental

1H NMR and 13C NMR spectra were recorded with a Bruker

Avance 400 spectrometer at 298 K. When required for

unambiguous characterization, COSY, TOCSY and HMQC

spectra were also recorded. Optical rotations were measured at

room temperature using a Perkin-Elmer 241 polarimeter.

Elemental analyses were performed using a Carlo Erba 1108

elemental analyser.

Synthesis

Methyl 6-O-thexyldimethylsilyl-a-D-glucopyranoside 5.

Methyl a-D-glucopyranoside 4 (30 g, 154 mmol) was dissolved

in 100 mL of pyridine, then thexyldimethylchlorosilane (33 g,

185 mmol) and dimethylaminopyridine (150 mg, 1.23 mmol)

were added. The reaction was stirred overnight at room

temperature, then EtOAc was added and the solution was

washed with a 3% v/v solution of H2SO4 (3 6 100 mL). The

organic phase was dried (Na2SO4) and concentrated under

reduced pressure. A short chromatography (95 : 5, EtOAc–

MeOH) afforded compound 5 (51 g, quant.). 1H NMR

(300 MHz, CDCl3): dH 4.70 (d, 1H, J1,2 = 3.8 Hz, H-1);

3.81–3.79 (m, 2H, H-6, H-69); 3.72 (t, 1H, J2,3 = J3,4 = 9.0 Hz,

H-3); 3.59–3.53 (m, 1H, H-5); 3.47 (dd, 1H, J1,2 = 3.8, J2,3 =

9.0 Hz, H-2); 3.42–3.36 (m, 4H, H-4, OMe); 1.61 (septuplet,

1H, J = 6.8 Hz, Htex); 0.89–.83 (m, 12H, CH3tex); 0.11 (s, 6H,

CH3tex). a23
D +78.0 (c 1, CHCl3). Found: C, 53.56; H, 9.63.

C15H32O6Si requires C, 53.54; H, 9.59%.

1,5-Anhydro-2,3,4-tri-O-methyl-D-glucitol 6. Compound 5

(22.8 g, 67.7 mmol) was dissolved in DMSO (120 mL) under

N2, then a 50% v/v solution of NaOH in water was added

(30 mL), the mixture was vigorously stirred to form a gel-like

solution and methyl iodide (43.2 g, 304 mmol) was added

dropwise. The reaction was stirred overnight at room

temperature, then it was poured into 100 mL of water and

extracted with diethyl ether (3 6 100 mL). The organic phases

were dried with Na2SO4, filtered and concentrated under

reduced pressure. The crude compound was dissolved in

CH3CN under N2. TMSOTf (74.5 g, 335 mmol) and

triethylsilane (39 g, 335 mmol) were added and the reaction

medium was stirred overnight. The reaction mixture was

quenched with saturated NaHCO3, and extracted with CH2Cl2
(5 6 100 mL). The organic solution was dried (Na2SO4) and

concentrated under reduced pressure. The product was

purified with flash chromatography (5 : 3, hexane–EtOAc)

affording compound 6 (8.4 g, 60%). 1H NMR (400 MHz,

CDCl3): dH 4.06 (dd, 1H, J1,2 = 4.8, J1,19 = 10.8 Hz, H-1eq);

3.85 (dd, 1H, J6,5 = 2.5, J6,69 = 11.6 Hz, H-6); 3.68 (dd, 1H,

J6,5 = 4.6, J6,69 = 11.6 Hz, H-69); 3.66 (s, 3H, OMe); 3.57 (s,

3H, OMe); 3.50 (s, 3H, OMe); 3.25–3.09 (m, 5H, H-1ax, H-2,

H-3, H-4, H-5). a23
D +82.8 (c 1, CHCl3). C, 52.41; H, 8.80.

C9H18O5 requires C, 52.38; H, 8.85%.

1,5-Anhydro-2,3,4-tri-O-methyl-6-O-trifluoromethanesulfo-

nyl-D-glucitol 7. 2,6-Lutidine (3.1 mL, 26 mmol) was dissolved

in CH2Cl2 under N2. The reaction was cooled to 220 uC and

triflic anhydride (4.3 mL, 26 mmol) was added. The reaction

was stirred for 5 min and then a solution of compound 6 (4.1 g,

20 mmol) in CH2Cl2 was added dropwise. After 5 min the

reaction was warmed to 0 uC. After 1 h the reaction solution

was poured into a mixture of ice and water (30 mL). The

organic phase was separated and washed with cold water

(3 6 20 mL). The organic phase was dried with Na2SO4 and

concentrated under reduced pressure. The product was

purified through a fast column of flash chromatography (8 : 2,

hexane–EtOAc). The formation of the triflate was ascertained

through the diagnostic 1H NMR H-6 signals: 4.69 (dd, 1H,

This journal is � The Royal Society of Chemistry 2007 Green Chem., 2007, 9, 337–341 | 339
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J6,5 = 2.0, J6,69 = 10.6 Hz, H-6); 4.62 (dd, 1H, J6,5 = 2.0, J6,69 =

10.6 Hz, H-6). The product was used as such without further

purification.

1,5-Anhydro-2,3,4-tri-O-methyl-D-glucitol-6-O-triethylammo-

nium trifluoromethanesulfonate 1. Triflate derivative 7 (5.7 g,

20 mmol) was dissolved in 3 mL of THF under N2 and

cooled to 220 uC, then freshly distilled triethylamine (5.5 mL,

40 mmol) was added. The reaction was stirred overnight, then

THF was evaporated under reduced pressure. The product was

purified by dissolving the crude compound in distilled water

and washing out the organic impurities extracting them with

CH2Cl2 (3 6 10 mL), toluene (3 6 10 mL) and diethyl ether

(3 6 10 mL). The aqueous phase was evaporated under

reduced pressure affording ionic liquid 1 as a white solid

(6.15 g, 70%). Compound 1 was decoloured by stirring it

overnight with activated characoal in water and filtering the

solution over a neutral alumina coloumn. 1H NMR (400 MHz,

D2O): dH 3.82 (br d, 1H, J1,19 = 7.1 Hz, H-1eq); 3.46, 3.44 (2 s,

6H, OMe); 3.46–3.40 (m, 1H, H-3); 3.30–3.19 (m, 9H, H-4,

H-6, H-69, 3 CH2N); 3.10–2.96 (m, 3H, H-1ax, H-2, H-5); 1.15

(t, 9H, J = 7.0 Hz, 3 CH3). 13C NMR (100.58 MHz, D2O): dC

120.70 (q, J = 320.8 Hz, CF3); 87.4 (C-4); 80.0 (C-2); 79.2

(C-5); 73.2 (C-3); 66.7 (C-1); 58.0 (C-6); 53.6 (3 CH2N); 7.62

(6 CH3). a23
D +29.6 (c 1, D2O). ES-MS: ES+ m/z 290.3 C1

+. ES2

m/z 149.1 OTf.

1,5-Anhydro-2,3,4-tri-O-methyl-D-glucitol-6-O-diethylsulfo-

nium trifluoromethanesulfonate 2. Triflate 7 (5.42 g, 19 mmol)

was dissolved in diethyl sulfide (2.1 mL, 19 mmol) and the

mixture was stirred for 3 h at 60 uC under N2. The mixture

was then poured into distilled water and washed with diethyl

ether (5 6 10 mL). The aqueous phase was evaporated under

reduced pressure affording IL 2 as a viscous oil (6.5 g, 80%).

Compound 2 was decoloured by stirring it overnight with

activated characoal in water and filtering the solution over a

neutral alumina coloumn. 1H NMR (400 MHz, D2O): dH 4.05

(dd, 1H, J1,2 = 5.0, J1,19 = 11.2 Hz, H-1eq); 3.59 (dt, 1H, J5,4 =

J5,6 = 9.5, J5,69 = 2.7 Hz, H-5); 3.54–3.50 (m, 4H, H-6, OMe);

3.46 (s, 3H, OMe); 3.41 (dd, 1H, J6,5 = 9.5, J6,69 = 13.9 Hz,

H-69); 3.35 (s, 3H, OMe); 3.31–3.21 (m, 6H, H-2, H-4, 2

CH2S); 3.13–3.07 (m, 2H, H-1ax, H-3); 1.32 (2t, 6H, CH3). 13C

NMR (100.58 MHz, D2O): dC 85.5 (C-4); 81.5 (C-3); 78.1

(C-2); 74.0 (C-5); 66.5 (C-1); 60,1, 59.8, 58.0 (3 OMe); 39.5

(C-6); 34.0, 33.5 (2 CH2S); 7.7, 7.6 (2 CH3). a23
D +33.2 (c 1,

D2O). ES-MS: ES+ m/z 277.1 C1
+. ES2 m/z 149.0 OTf.

1,5-Anhydro-2,3,4-tri-O-methyl-D-glucitol-6-O-tetrahydro-

thiophenyl trifluoromethanesulfonate 3. Triflate 7 (5.42 g,

19 mmol) was dissolved in THF (3 mL) under N2, then

tetrahydrothiophene (3.41 mL, 39 mmol) was added to the

mixture and the temperature was set to 40 uC. The reaction

was stirred overnight, then THF was evaporated under

reduced pressure. The product was purified by crystallization

(1 : 1, diethyl ether–EtOAc) affording ionic liquid 3 as a white

solid (4.86 g, 60%).1H NMR (400 MHz, D2O): dH 4.12 (dd,

1H, J5,5 = 4.9, J6,69 = 11.2 Hz, H-6); 3.66 (ddd, 1H, J1,2 = 3.1,

J19,2 = J2,3 = 9.5 Hz, H-2); 3.61–3.33 (m, 7H, H-1ax, H-1eq,

H-5, 2 SCH2); 3.16 (dd, 1H, J5,6 = J6,69 = 11.2 Hz, H-69); 3.13

(dd, 1H, J2,3 = J3,4 = 9.5 Hz, H-3); 2.31–2.18 (m, 4H, CH2-

CH2). 13C NMR (100.58 MHz, D2O): dC 86.4 (C-4); 82.5 (C-3);

79.1 (C-5); 75.6 (C-2); 67.5 (C-6); 61.0, 60.1, 59.0 (3 OMe);

45.7, 45.1 (2 SCH2); 44.7 (C-1); 29.0 (CH2-CH2). a23
D +22.0 (c 1,

D2O). ES-MS: ES+ m/z 279.1 C1
+. ES2 m/z 149.1 OTf.

DSC analysis

Melting points were determined using a Mettler differential

scanning calorimeter. Each sample (ca. 10 mg) was analysed in

a hermetically sealed aluminium pan. For each experiment, an

empty hermetically sealed pan was referenced as the blank.

A ramp temperature of 10 uC min21 was employed over the

range temperature of 250 to 200 uC for each warming and

cooling cycle in the case of solid samples. A ramp temperature

of 10 uC min21 was instead employed over the range tempera-

ture of 2150 to 50 uC for liquid compounds.

TGA analysis

Thermogravimetric analysis was performed with a Perkin

Elmer TGA7 apparatus employing a ramp temperature

of 10 uC min21 from rt to 500 uC. All experiments were

performed under a nitrogen atmosphere.

ESI-MS analysis

Full mass and collision-induced dissociation spectra of the

investigated ILs dissolved in 80 : 20 H2O–MeOH were

acquired in both negative-ion and positive-ion mode using a

Finningan LCQ Advantage electrospray mass spectrometer

equipped with an ion-trap analyzer. Instrumental parameters

were tuned for each IL. The capillary voltage was set on

10.83 V, spray voltage of 3.44 kV, a capillary temperature from

150 to 280 uC was employed, mass scan range was from m/z

50 to 2000 amu, for a 30 000 ms scan time and N2 was used as

a sheath gas. Collision-induced dissociation mass spectra were

obtained by applying normalized collision energies from 10 to

25% of the instrument maximum. The samples were injected

into the spectrometer by a syringe pump at a constant flow rate

of 20 mL min21.
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Furan derivatives, such as 5-hydroxymethylfurfural (HMF) and furfural, obtained from

renewable biomass-derived carbohydrates have potential to be sustainable substitutes for

petroleum-based building blocks used in production of fine chemicals and plastics. We have

studied the production of HMF and furfural by dehydration of fructose, glucose and xylose using

a biphasic reactor system, comprised of reactive aqueous phase modified with DMSO, combined

with an organic extracting phase consisting of a 7 : 3 (w/w) MIBK–2-butanol mixture or

dichloromethane (DCM). Experiments with the MIBK–2-butanol mixture were conducted at a

temperature of 443 K using mineral acid catalysts (HCl, H2SO4 and H3PO4) at a pH from 1.0 to

2.0, whereas experiments with DCM as the extracting solvent were conducted at 413 K and did

not require the use of an acid catalyst. The modifiable nature of the biphasic system allowed us to

identify preferred DMSO and pH levels for each sugar to maximize the HMF selectivity at high

sugar conversions, leading to selectivities of 89%, 91%, and 53% for dehydration of fructose,

xylose, and glucose, respectively. Using these reaction conditions for each monosaccharide unit,

we can process the corresponding polysaccharides, such as sucrose (a disaccharide of glucose and

fructose), inulin (a polyfructan), starch (a polyglucan), cellobiose (a glucose dimer) and xylan (a

xylose polysaccharide), with equally good selectivities at high conversions. In addition, we show

that the biphasic reactor system can process high feed concentrations (10 to 30 wt%) along with

excellent recycling ability. By processing these highly functionalized polysaccharides, that are

inexpensive and abundantly available, we eliminate the need to obtain simple carbohydrate

molecules by acid hydrolysis as a separate processing step.

1. Introduction

Renewable biomass resources have the potential to serve as a

sustainable supply of fuels and chemical intermediates (e.g.

alcohols, aldehydes, acids).1 The challenge for the effective

utilization of these sustainable resources is to develop cost-

effective processing methods to transform highly function-

alized carbohydrate moieties into value-added chemicals. In

this respect, furan derivatives, such as furfural and 5-hydro-

xymethylfurfural (HMF), can be produced from renewable

biomass resources by acid-catalyzed dehydration of pentoses

and hexoses, respectively. These compounds have the potential

to be sustainable substitutes for building blocks derived from

petrochemicals in the production of plastics and fine chemi-

cals.2 In the present work, we have identified preferred

reaction conditions for the production of HMF and furfural

in a biphasic reactor system for glucose, fructose and xylose

monosaccharide units. Subsequently, we employed these reac-

tion conditions to process the corresponding polysaccharides

such as sucrose (a disaccharide of glucose and fructose), inulin

(a polyfructan), starch (a polyglucan), cellobiose (a glucose

dimer), and xylan (a xylose polysaccharide), with equally good

selectivities at high conversions. By processing polysaccharides

that are inexpensive and abundantly available, we eliminate

the need to obtain monosaccharides in a separate process,

thereby moving the technology further toward practical

application.

Following the production of HMF, this compound can be

converted to 2,5-furandicarboxylic acid (FDCA) by selective

oxidation, which can be used as a replacement for terephthalic

acid in the production of polyesters (e.g. PET and PBT).3

Because HMF is not yet a high-volume chemical (in view of

the current difficulties regarding its cost-effective produc-

tion),4–6 the potential uses of HMF-derived compounds to

produce polymers have not been studied in detail. Importantly,

however, various research groups have, in fact, reported

promising results in this direction.6,7 For example, reports

have shown that polyesters formed from the combination of

furanic diacid derivatives and aromatic moieties exhibit

excellent thermal stability and resistance to atmospheric

oxidation.7,8 Similarly, it has been suggested that thermally

and mechanically stable polyesters can be obtained from the

polymerization of 5-furanacrylic esters and also from furanic

acid chlorides.7,9 Furanic polyamides prepared using furan

dicarboxylic acid and aromatic diamines show decomposition

and glass temperature profiles analogous to those of Kevlar1.7

Thermoplastic elastomers and foams based on furanic poly-

urethanes are already used industrially in multiple applica-

tions. It has been reported that furanic polyesters, polyamides,
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and polyurethanes show no difference in degradation when

compared to that of the best aliphatic and aromatic counter-

parts.7 In addition, disubstituted furan derivatives obtained

from HMF serve as an important component of pharmaco-

logically active compounds associated with a wide spectrum of

biological activities.6

Furfural is a key chemical for the commercial production of

furan (through catalytic decarbonylation) and tetrahydrofuran

(through hydrogenation), thereby providing a biomass-based

alternative to petrochemical production of these compounds

by dehydration of 1,4-butanediol.10 Furfural is primarily used

in refining of lubricating oil, and in condensations with form-

aldehyde, phenol, acetone or urea to yield resins with excellent

thermosetting properties and extreme physical strength.10

Methyl tetrahydrofuran (MeTHF) serves as a principal com-

ponent for P-series fuel,11 which is developed primarily from

renewable resources. In addition, we have recently shown that

HMF and furfural can serve as precursors for production of

liquid alkanes (C7–C15) that serve as diesel fuel components.12

Indeed, furan derivatives, such as HMF and furfural, obtained

from renewable sources have been described in the literature as

key compounds that bridge the gap between carbohydrate

chemistry and petroleum-based industrial chemistry13 because

of the wide range of chemical intermediates and end-products

that can be produced from these compounds for use in the

polymer, fuel, and pharmaceutical industries.

2. State of the art

The dehydration of hexoses to form HMF has been conducted

in water,14 aprotic organic solvents (dimethylsulfoxide

(DMSO)),15 and biphasic systems (water/methylisobutylketone

(MIBK)),16,17 using catalysts such as organic acids (oxalic,

maleic),18 inorganic acids (sulfuric, hydrochloric),18 salts

(MgCl2),19 organocatalysts (LaCl3),20 and solid acids (ion-

exchange resin,16 VPO4,21 zeolites17). However, all of these

catalytic systems exhibit limitations. First, in pure water,

dehydration of fructose is generally non-selective, leading to

many byproducts besides HMF.14 Carlini et al. obtained high

HMF selectivities (.80%) from fructose in water using various

heterogeneous catalysts at low temperatures (e.g., ,370 K),

but at low conversion (25–50%).21,22 Next, biphasic systems

used for fructose dehydration, where a water-immiscible

organic solvent is added to extract continuously the HMF

from the aqueous phase, have shown poor partitioning of

HMF into the organic phase, necessitating large amounts

of solvent and hence large energy expenditures.16,17,23 Finally,

as various researchers have shown, HMF can be produced

in high yields (.90%) from fructose using pure high-

boiling organic solvents, such as dimethylsulfoxide (DMSO),

and mixtures of polyethyleneglycol (PEG) with water;

however, this approach necessitates energy intensive isolation

procedures.15,24–27

Compared to fructose, glucose is the preferred feed source

for the production of HMF, as it is more abundant and readily

available. Previous work by various researchers has focused on

fructose dehydration to HMF, because fructose dehydration to

HMF has higher reaction rates and better selectivity when

compared to using glucose as a feed molecule.4 In pure water,

glucose dehydration to HMF is non-selective (about 6%),

leading to formation of insoluble humins.28 Importantly, while

it is possible to achieve high yields of HMF from fructose in

DMSO, the yields of HMF from 3 wt% glucose solution are

low (about 42%) in this high boiling-point solvent.26 Recent

advances by Bicker et al. in glucose dehydration have shown

improved results (y48% HMF selectivity) in water-miscible

solvent systems (e.g., acetone–water),2 but only using low

initial carbohydrate concentrations (,3 wt%), which inevit-

ably generate low HMF concentrations. Acid–base mixtures

(e.g., H3PO4–pyridinium) have been investigated with the

purpose of increasing the HMF yields from glucose in a water–

dioxane mixture; however, this system led to complicated

product mixtures containing furans, pyrroles, and pyridines.4

Limited work on HMF production using polysaccharides such

as inulin (a polyfructan) and sucrose (a dimer of glucose and

fructose molecule) has been reported, and only the fructose

part of the sucrose molecule is processed leaving behind

unconverted glucose.22

In addition to the use of glucose and fructose to make

HMF, researchers have studied xylose as a feedstock for the

production of furfural. The production of furfural requires

raw materials rich in pentosan, such as corncobs, oat hulls,

bagasse, and certain woods (like beech).29 Most furfural

production processes employ batch reactors using the Quaker

Oats technology with yields less than 50%, requiring large

amounts of steam (30 to 50 times the amount of furfural

produced) and long reaction times.29 Various researchers have

studied the dehydration of xylose to furfural using acid

catalysts, including mineral acids,30 zeolites,31 acid-function-

alized MCM materials,32 and heteropolyacids.33 High yields of

furfural, up to 75%, have been obtained with an MCM-41

catalyst modified with sulfonic acid groups in DMSO and

water–toluene solvents, however at low initial concentrations

of xylose (y3 wt%).32 Moreau, et al. conducted the dehydra-

tion reaction in a batch mode using H-faujasite and

H-mordenite catalysts at 443 K and in a solvent mixture of

water and MIBK or toluene (1 : 3 by vol.), and they achieved

selectivities ranging from 70–96% (in toluene) and 50–60% (in

MIBK), but at low xylose conversions.31

Although a wide variety of systems exist that use various

combinations of solvents and catalysts to produce HMF and

furfural from one of the multiple feedstocks, a single system

capable of efficiently processing glucose, fructose, and xylose

into HMF and furfural is still lacking. We recently developed a

biphasic catalytic process for the selective dehydration of

fructose to 5-hydroxymethylfurfural (HMF) using aqueous

and organic phase modifiers that delivers HMF in a

separation-friendly solvent.34 Unfortunately, the specific reac-

tion conditions that generate good HMF yields (.80%) from

fructose achieve low yields from glucose (e.g., 28%), providing

further support for the well known behavior that keto-hexoses

produce higher yields of HMF compared to aldo-hexoses.4

However, a strong incentive exists for the development of

processes that utilize cheap and abundantly available glucose

directly without requiring an additional step of glucose iso-

merization to fructose. Besides, isomerization of glucose to

fructose also necessitates an additional acid hydrolysis step to

obtain simple sugars from polysaccharide molecules. In this
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work, we have improved the HMF selectivity from glucose

dehydration using a biphasic system containing a reactive

aqueous phase modified with DMSO. We further show that by

fine-tuning the processing parameters for monosaccharides

such as glucose, fructose and xylose, we can process various

inexpensive and abundantly available polysaccharides such as

inulin, starch, cellobiose, sucrose and xylan, in the same

reactor system with equally good selectivities, thereby

eliminating an additional acid hydrolysis step.

3. Experimental

3.1. Materials and experimental methods

All dehydration reactions were carried out in a two-phase

batch reactor system containing a reactive aqueous layer

(mixture of water–DMSO) and an extracting organic layer

(mixture of MIBK–2-butanol or dichloromethane(DCM)).

Aqueous- and organic-phase components including glucose,

fructose, xylose, cellobiose, starch, xylan, sucrose, inulin,

DMSO, MIBK, 2-butanol, DCM, and HCl were obtained

from Sigma–Aldrich Corp. Dehydration experiments using

7 : 3 (w/w) MIBK : 2-butanol as the extracting phase were

carried out in 10 ml (Alltech), thick-walled glass reactors

heated in a temperature controlled oil bath placed on a

magnetic stirrer (Table 2, runs 1–20). The temperature in the

oil bath was measured by a K-type thermocouple (OMEGA),

and series 16A temperature controller (Dwyer Instruments)

coupled with a 150 W heating cartridge (McMaster Carr)

controlled the temperature. In a typical experiment, 1.5 g of

aqueous phase solution adjusted to a pH value using HCl acid

catalyst and 3.0 g of organic phase solution were poured into

the reactor. The reactor was placed in an oil bath at 443 K for

the time specified in Table 2. The reaction was stopped by

rapidly cooling the reactor in an ethylene glycol bath at 298 K.

In a typical run with DCM as the extracting solvent (Table 2,

runs 21–29), a Parr reactor (Model # 4749, size 23 ml) was

filled with 7 g of the sugar aqueous solution and 7 g of DCM.

The Parr reactor was then immersed in an oil bath at 413 K for

time indicated in Table 2 (Runs 21–29). After reaction, the

reactor was cooled to room temperature by flowing air.

3.2. Analysis

After each dehydration run (Table 2, runs 1–29), portions

of the aqueous and organic phases were pipetted out and

analyzed using HPLC analysis in a Waters 2690 system

equipped with PDA 960 UV and RI 410 refractive index

detectors. Sugar disappearance was monitored with an Aminex

HPX-87H column (Bio-Rad), using MilliQ water (pH = 2) as

the mobile phase at a flow rate of 0.6 ml min21 and a column

temperature of 303 K. HMF was quantified in the aqueous

and organic phases with a Zorbax SB-C18 reverse phase

column (Agilent), using a 2 : 8 v/v methanol : water (pH = 2)

gradient at a flow rate of 0.7 ml min21 and a column

temperature of 303 K using a UV detector (320 nm).

Sugar conversion and HMF selectivity were calculated from

the aqueous and organic phase concentrations obtained from

HPLC and the corresponding volume of each phase, as

indicated in Table 1. Because the density of aqueous phase

changes after addition of sugar, the volume occupied by the

feed aqueous solution (Vfeed) was measured using standard

feedstock solutions (Table 1). In addition, after mixing the

aqueous phase with the organic phase, some fraction of

DMSO transfers to the organic phase, thereby changing the

volumes of each phases to the values listed as Vorg and Vaq.

Thus, the volumes of the two phases were determined for each

system using standard solutions. It was assumed that after the

dehydration reaction the volume changes are negligible for the

10 wt% initial sugar concentration. The fraction of DMSO

carried over to the organic phase was measured using HPLC

analysis (Table 1).

3.3. Calculations

Sugar conversion and HMF selectivity were calculated as given

below. Sugar concentration (micromoles per cm3) refers to the

aqueous phase concentration because no sugar was present in

the organic phase.

Conversion~
Sugar½ �feed|Vfeed{ Sugar½ �final|Vaq

Sugar½ �feed|Vfeed

Selectivity~
HMF½ �org|Vorgz HMF½ �aq|Vaq

Sugar½ �feed|Vfeed{ Sugar½ �final|Vaq

4. Results and discussion

4.1. Reaction scheme

Fig. 1 depicts a generalized reaction scheme for production of

HMF from polysaccharides containing hexose monomer units,

involving a series of consecutive and parallel reactions starting

with acid hydrolysis of polysaccharides to form monosacchar-

ides. Glucose or fructose thus formed can be dehydrated in the

presence of an acid catalyst to produce HMF via an open-

chain or the cyclic furanose intermediate pathways.17,35 The

reaction intermediates and the HMF product can further react

Table 1 Volumes (cm3) occupied by different reaction systems using standard glucose (G) feed solutions with HCl

Standard System
Volume of
feed, Vfeed

Volume of aqueous
layer, Vaq

Volume of organic
layer, Vorg

DMSO in organic
layer (wt%)

1 10% G 5:5 W:DMSO; 7:3 MIBK:2-butanol pH 1.0 4.5 3.9 12.9 5.1
2 10% G 5:5 W:DMSO; 7:3 MIBK:2-butanol pH 1.5 4.5 3.8 13.3 5.9
3 10% G 5:5 W:DMSO; 7:3 MIBK:2-butanol pH 2.0 4.5 3.8 13.3 5.9
4 10% G 4:6 W:DMSO; 7:3 MIBK:2-butanol pH 1.0 4.5 3.6 13.1 8.7
5 10% G 3:7 W:DMSO; DCM 4.4 3.6 4.6 20.0
a Vfeed corresponds to volume occupied by 5 g of feedstock solution. Vaq and Vorg correspond to volume occupied by each phase after mixing
5 g of aqueous phase with 10 g of 7 : 3 (w/w) MIBK : 2-butanol organic solution (entries 1–4) and 5 g of DCM (entry 5).
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or degrade by processes such as isomerization, condensation,

rehydration, reversion, fragmentation and/or additional

dehydration reactions. Similarly, formation of furfural from

xylose can proceed through two 1,2-eliminations and one

1,4-elimination of water or through a cyclic 2,5 anhydride

intermediate.29,36

4.2. Effect of extracting and aprotic organic solvent

We conducted dehydration experiments with glucose, the least

reactive but most abundant monosaccharide, in the presence of

HCl (pH 1.0) as catalyst, with the goal of maximizing HMF

selectivity at 443 K under autonomous pressure. Fig. 2 shows

the effects on the HMF selectivity of adding DMSO (60 wt%)

and an extracting organic phase containing 7 : 3 (w/w) MIBK :

2-butanol. In pure water, the HMF selectivity from glucose

(Table 2, run 1) was low (11%), and the reaction resulted

in formation of insoluble byproducts. Adding an extracting

solvent improves the selectivity to 28% (Table 2, run 3). The

extracting solvent not only improves the selectivity by

minimizing degradation reactions arising from extended

HMF residence in the reactive aqueous phase, but it also

achieves efficient recovery by extracting 82% of HMF in the

organic layer for subsequent isolation. In parallel, adding

DMSO to the aqueous reactive phase with no extracting

solvent results in improved dehydration rates (about nine

times) along with an increase in the selectivity to 26% (Table 2,

run 2). Importantly, adding DMSO along with an extracting

solvent improves the rate of dehydration and increases the

selectivity to 53% (Table 2, run 4). Thus, it can be seen that

adding DMSO to water and using an efficient extracting phase

not only improves the dehydration rates and HMF selectivity,

but it also provides a system that allows simpler product

purification.

Fig. 1 Schematic representation of reaction pathways for acid-catalyzed hydrolysis and dehydration of polysaccharides (containing hexose

monomer units) to 5-hydroxymethylfurfural (HMF) in a biphasic system. Structures in brackets correspond to representative species.

Fig. 2 Effect on HMF selectivity of adding an extracting organic

solvent 7 : 3 (w/w) MIBK : 2-butanol and DMSO (60 wt%) to the

aqueous phase for 10 wt% glucose dehydration at 443 K using HCl as

catalyst at pH 1.0.
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4.3. Effect of acidity (pH)

Fig. 3 shows the effect of pH on the selectivity for dehydration

of fructose, glucose and xylose using HCl as the acid catalyst.

These experiments were conducted in a 5 : 5 (w/w) W : DMSO

mixture at 443 K using 7 : 3 (w/w) MIBK : 2-butanol as an

extracting solvent. Fructose dehydration to HMF had the

highest rates among the three sugars, with selectivities higher

than 85% at high conversion (.90%) for all levels of acidity

(Table 2, runs 5–7). Previous studies have shown that the

reaction rates are first order with respect to fructose con-

centration.27,37 The highest selectivity achieved from glucose

was 47% (pH 1.0), thus indicating the inherent difference in

dehydration rates and selectivity of keto-hexoses and aldo-

hexoses in a similar reacting environment (Table 2, runs 5 and

8). The low yields of HMF from glucose can be attributed to

stable ring structures, thereby leading to a lower fraction of

open chain forms in solution, and consequently lower rates of

enolization, which determines the rate of HMF formation.4 In

addition, glucose forms oligosaccharides, which contain

reactive hydroxyl groups leading to higher rates of cross-

polymerizations with reactive intermediates and HMF.4 For

xylose dehydration to furfural, a significant increase in the

selectivity to a value of 91% is achieved by decreasing the pH

to 1.0, with a 6-fold improvement in dehydration rate (Table 2,

Fig. 3 Effect of pH on HMF selectivity from fructose and glucose, and

furfural selectivity from xylose for dehydration of 10 wt% feed concen-

tration of monosaccharides in 5 : 5 (w/w) W : DMSO aqueous mixture

and 7 : 3 (w/w) MIBK : 2-butanol as organic phase at 443 K. White, grey,

and black bars represent pH of 1.0, 1.5, and 2.0, respectively.

Table 2 Results for dehydration of various carbohydrates feedstock compounds. Runs 1–18 were carried out with 10 wt% initial concentration of
carbohydrates using HCl as catalyst at 443 K. Runs 3–20 used 7 : 3 (w/w) MIBK : 2-butanol organic solvent in twice the amount by weight with
respect to aqueous phase. Runs 21–29, except 22, were carried out with 10 wt% initial concentration of carbohydrates without catalyst at 413 K
using equal amount by weight of dichloromethane (DCM) as organic solvent. R = [HMF or Fur]org/[HMF or Fur]aq

Run # Sugar
Aqueous phase
composition pH

Time/
h:min

Conversion
(%)

Selectivity
(%)

HMF or Fur
Organic Phase (%)

[HMF or Fur]org/
mg cc21

[HMF or Fur]aq/
mg cc21 R

No organic solvent
1 Glucose Water 1.0 0:45 20 11 — — 1.5 —
2 Glucose 4:6 W:DMSO 1.0 0:10 41 26 — — 8.3 —

Organic solvent: 7:3 (w/w) MIBK:2-butanol
3 Glucose Water 1.0 0:50 17 28 82 1.0 0.6 1.6
4 Glucose 4:6 W:DMSO 1.0 0:10 43 53 74 4.3 5.5 0.8
5 Fructose 5:5 W:DMSO 1.0 0:04 95 89 74 16.7 19.0 0.9
6 Fructose 5:5 W:DMSO 1.5 0:06 94 88 76 16.2 18.0 0.9
7 Fructose 5:5 W:DMSO 2.0 0:08 95 86 77 16.2 16.9 1.0
8 Glucose 5:5 W:DMSO 1.0 0:17 50 47 76 4.7 5.0 0.9
9 Glucose 5:5 W:DMSO 1.5 0:42 47 41 76 3.8 4.2 0.9
10 Glucose 5:5 W:DMSO 2.0 1:40 48 40 76 3.7 4.2 0.9
11 Xylosea 5:5 W:DMSO 1.0 0:12 71 91 91 14.1 4.7 3.0
12 Xylosea 5:5 W:DMSO 1.5 0:27 82 68 92 12.0 3.6 3.4
13 Xylosea 5:5 W:DMSO 2.0 0:55 53 54 92 6.2 2.0 3.1
14 Inulin 5:5 W:DMSO 1.5 0:05 98 77 76 16.3 18.0 0.9
15 Sucrose 4:6 W:DMSO 1.0 0:05 65 77 75 10.1 12.4 0.8
16 Starch 4:6 W:DMSO 1.0 0:11 61 43 74 5.5 6.9 0.8
17 Cellobiose 4:6 W:DMSO 1.0 0:10 52 52 74 5.6 7.0 0.8
18 Xylana 5:5 W:DMSO 1.0 0:25 100 66 91 12.3 4.1 3.0
19 Glucoseb 5:5 W:DMSO 1.5 1:00 48 34 77 3.2 3.5 0.9
20 Glucoseb 5:5 W:DMSO 1.5 1:00 36 48 75 3.5 3.7 0.9

Organic solvent: dichloromethane (DCM)
21 Fructose 3:7 W:DMSO — 2:00 100 87 61 38.3 31.4 1.2
22 Fructosec 3:7 W:DMSO 4:30 100 78 62 105.0 81.1 1.3
23 Inulin 3:7 W:DMSO — 2:30 100 70 62 34.4 27.4 1.3
24 Glucose 3:7 W:DMSO — 4:30 62 48 63 13.6 10.0 1.3
25 Sucrose 3:7 W:DMSO — 4:30 82 62 64 24.4 17.6 1.4
26 Starch 3:7 W:DMSO — 11:00 91 40 65 18.9 12.9 1.4
27 Cellobiose 3:7 W:DMSO — 9:30 85 45 68 20.6 12.5 1.6
28 Xylosea 3:7 W:DMSO — 3:00 72 79 87 32.7 6.3 5.2
29 Xylana 3:7 W:DMSO — 3:00 100 76 85 36.2 8.4 4.3
a Furfural selectivity from xylose or xylan feed. b Runs were carried out using H2SO4 (run 19) and H3PO4 (run 20) as catalyst. c Run 22 has
initial concentration of 30 wt% fructose using equal amount by weight of dichloromethane (DCM) as organic solvent.
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runs 11–13). Since furfural is less soluble in water, as compared

to HMF, 91% of furfural is extracted into the organic phase,

compared to a value of 75% for HMF (Table 2, runs 5, 8 and

11), thereby having higher efficiency for furfural production

from xylose feedstock.

4.4. Effect of DMSO

The improved selectivities and dehydration rates observed in

the presence of DMSO led us to study the effects of varying the

DMSO level in the aqueous phase. Glucose dehydration was

conducted at a constant pH, equal to 1.0, and 443 K in the

presence of 7 : 3 (w/w) MIBK : 2-butanol as an extracting

solvent. As seen in Fig. 4, adding DMSO to a level of 50 wt%

improves the selectivity from 28% to 47%, with a further

increase in selectivity to 53% for 60 wt% DMSO (Table 2,

runs 3, 4 and 8). Earlier work has suggested that DMSO

suppresses both the formation of condensation byproducts

and the HMF rehydration by lowering the overall water

concentration.4,27 Whereas the predominant form of hexoses

in water is the b-pyranose structure, the furanose form is

stabilized in DMSO and is favored at higher temperatures.38

We suggest that this shift toward the furanose form upon

adding DMSO or increasing the temperature is reflected in

higher reactivities and selectivities toward production of

HMF (see Fig. 1). However, it should be noted that increasing

the DMSO content decreases the extracting power of solvent,

as indicated by a decrease in the value of R (defined as ratio of

HMF concentration in organic phase to HMF concentration

in aqueous phase) from 1.58 to 0.78. In addition, in the case

of 4 : 6 (w/w) W : DMSO a larger portion of DMSO is

carried-over into the extracting solvent (8.7 wt% DMSO as

detected by HPLC), compared to the case of 5 : 5 (w/w)

W : DMSO (5 wt% DMSO as detected by HPLC), leading to a

balance between selectivity improvement and added energy in

further recovery of HMF upon addition of DMSO (see Table 1

and section 4.8).

4.5. Processing of polysaccharide feed molecules

We subsequently studied the dehydration of various poly-

saccharide compounds at conditions optimized by adjusting

pH and DMSO content for their monomer units. As seen in

Fig. 5, dehydration of inulin, a fructose precursor obtained

from chicory, gives a selectivity of 77% at high conversions in

5 : 5 (w/w) W : DMSO at pH 1.5, and this selectivity is

consistent with the results obtained from fructose, assuming

that some losses occur during the hydrolysis of the polyfructan

to fructose. Similarly, reacting sucrose, a disaccharide having a

unit of one fructose and one glucose monomer found in

sugarcane or sugar beet, in 4 : 6 (w/w) W : DMSO at pH 1.0

achieves 77% selectivity at 65% sucrose conversion (Table 2,

run 15). At these processing conditions, fructose would be

completely converted and, assuming a glucose conversion of

30%, the expected selectivity to HMF from sucrose should be

81%. Thus, the conversion of sucrose follows the selectivity

trends set by its monomer units, i.e., fructose (89%) and

glucose (53%). The conversion of cellobiose, a glucose dimer

connected by b-1,4 glycosidic linkages obtained from partial

hydrolysis of cellulose, gives similar selectivity for HMF (52%)

as that of its monomer glucose unit. The conversion of soluble

starch, a precursor for glucose containing a-1,4 glycosidic

linkages and readily obtained from corn, rice etc., gives a

selectivity of 43% when processed at similar conditions. This

value is lower than the value of 53% for glucose, suggesting

that some loss of selectivity occurs during hydrolysis of the

multiple glycosidic linkages in this polymer. Xylan (obtained

from oat hulls), is a xylose polymer representative of

Fig. 4 Effect of DMSO content in (w/w) W : DMSO mixture on

glucose conversion and HMF selectivity (left axis), and effect on

extraction ratio R (right axis). R = [HMF or Fur]org/[HMF or Fur]aq.

White and grey bars represent glucose conversion and HMF selectivity

respectively. Reaction time (in minutes) is indicated above the

conversion bars.

Fig. 5 HMF and furfural selectivities for processing biomass feed-

stocks at different conditions as separated by partitioning dotted lines.

White bars represent the selectivity for dehydration in water–DMSO

aqueous mixtures using HCl as catalyst and 7 : 3 (w/w) MIBK :

2-butanol as an extracting solvent at 443 K. First section (section A)

represents HMF selectivity from fructose and inulin dehydration, in

5 : 5 (w/w) W : DMSO mixture at pH 1.5. Second section (section B)

represents HMF selectivity from glucose, sucrose, starch and

cellobiose dehydration, in 4 : 6 (w/w) W : DMSO mixture at pH 1.0.

Third section (section C) represents furfural selectivity from xylose and

xylan dehydration, in 5 : 5 (w/w) W : DMSO mixture at pH 1.0. Grey

bars represent the selectivities in 3 : 7 (w/w) W : DMSO mixture and

dichloromethane (DCM) as an extracting solvent at 413 K without

catalyst.
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hemi-cellulose, and the dehydration of this compound gave a

selectivity of 66% at high conversions when subjected to the

5 : 5 (w/w) W : DMSO system and pH 1.0.

Even though fructose dehydration can be conducted with

20% DMSO to achieve 75% selectivity, as shown in our

previous work,34 under similar reaction conditions only the

fructose fraction of sucrose would be converted, leaving the

glucose molecules unreacted. However, in this system both

monomers that constitute the sucrose molecule are converted

to HMF by increasing the pH to 1.0 and DMSO content to

60%. In addition, this reaction system effectively processes

polysaccharides such as starch or xylan, which have limited

solubility in the aqueous phase. Indeed, solid biomass feeds

(such as lignocelluloses) that are not completely soluble in any

solvent, along with water-soluble carbohydrates, can be pro-

cessed with further advances in this technology. Moreover,

feed solutions consisting of mixed fractions such as hemi-

cellulose and cellulose can be effectively handled without com-

ponent separation. These results demonstrate the capability

of the modifiable biphasic system to fine-tune the reaction

conditions to process diverse biomass-derived feedstock

molecules, which are inexpensive and abundantly available,

to valuable furanic compounds by dehydration reactions.

4.6. Effect of mineral acids

We conducted experiments to study whether HCl could be

replaced by less-corrosive mineral acids such as H2SO4 and

H3PO4 and still achieve high HMF selectivity. These experi-

ments were conducted using glucose as the feed molecule, at

constant acidity (pH 1.5) with 5 : 5 (w/w) W : DMSO as the

reacting mixture and MIBK : 2-butanol as the extracting

solvent. Phosphoric acid achieved the highest selectivity of

48% (Table 2, run 20), HCl had an intermediate selectivity of

41% (Table 2, run 9), whereas sulfuric acid showed the lowest

selectivity of 34% (Table 2, run 19). Unfortunately, the high

selectivities achieved using H3PO4 are accompanied by the

need to use twenty times more acid compared to HCl to

achieve the same pH. It is clear, however, that the nature of the

acid can influence the production of HMF.

4.7. Influence of dichloromethane as extracting solvent

We further studied the effects of changing the extracting

solvent from a mixture of 7 : 3 (w/w) MIBK : 2-butanol to pure

DCM. As seen in Fig. 5, the 3 : 7 (w/w) W : DMSO–DCM

system converts all the carbohydrate feed molecules described

above at a temperature of 413 K without an acid catalyst, with

selectivities similar to those achieved using the HCl catalyst

at 443 K. Fructose shows the highest HMF selectivity of

87%, while glucose dehydration achieves a selectivity of 48%

(Table 2, runs 21 and 24). Sucrose is converted with an HMF

selectivity of 62% at 82% conversion, comparing well with

a predicted HMF selectivity of 59% at 100% conversion

of fructose and 64% conversion of glucose monomer units

(Table 2, run 25). In a separate experiment, 10 wt% fructose

was dehydrated to produce HMF in a first cycle. After

separating both the layers, the HMF remaining in the aqueous

layer was extracted by contacting with two additional batches

of fresh DCM solvent before charging a fresh feed of fructose

to recycle the aqueous layer. The recycle reaction system

showed a selectivity of 83% at complete conversion, indicating

excellent recycling ability of the solvent mixture. We also

increased the initial fructose concentration from 10 to 30 wt%,

and we achieved 78% HMF selectivity at complete conversion

(Table 2, run 22). The decrease in HMF selectivity (from the

value of 87%) resulting from the increase in feed concentration

could be because of higher rates of condensation reactions.4

The ability of the W : DMSO–DCM system to process a

variety of biomass feed molecules with good selectivity and

recycling ability with no catalyst can prove beneficial to solve

the corrosion problem caused by adding mineral acids. In

addition, the extracting ratio of the organic phase is higher for

DCM (R = 1.35) as compared to the mixture of MIBK :

2-butanol (R = 0.8). However, the DMSO carry over is higher

in DCM (up to 20 wt%) than in the 7 : 3 (w/w) MIBK :

2-butanol solvent mixture, thereby increasing the subsequent

recovery cost (see section 4.8). Thus, although the large-scale

use of DCM would be restricted due to environmental

concerns, DCM offers a valuable insight into the effects of

different solvent properties on the selectivity.

DCM can undergo hydrolysis reactions in the presence of

water at temperatures near 523 K to generate aqueous HCl.39

In a blank run, we thus treated 3 : 7 (w/w) W : DMSO and

DCM at 413 K for 3 h, and we observed a decrease of pH to

1.5, but no traces of HCl were observed by GC-MS analysis.

These results suggest that water is not available for DCM

hydrolysis to HCl, presumably because a high fraction of

water is associated with DMSO.40 However, traces of decom-

position products from DMSO were observed that might

impart acidity to the solvent mixture and cause the decrease in

pH. Regardless of the origin for the decrease in pH upon

reaction, this system shows promise because it can effectively

deal with insoluble and soluble biomass feedstocks.

4.8. Effect of DMSO on energy requirements for separation

Previous work has shown that high yields (y90%) of HMF

can be obtained by dehydration of fructose in pure DMSO as a

solvent.26 However, the reactive nature of pure HMF at high

temperature leads to substantial carbonization of the isolated

product upon distilling HMF from DMSO.24 Low-tempera-

ture separation processes, such as vacuum evaporation and

vacuum distillation, are thus necessary to separate HMF from

DMSO.24,41 During our process, a fraction of the DMSO from

the aqueous layer is carried over to the organic layer (Table 1),

thereby necessitating use of vacuum distillation to remove the

small amounts of DMSO from the product. Since experimental

data for separation of HMF from DMSO have not been

reported in the literature, we performed process simulation

calculations using Aspen Plus1 Simulation Software (Aspen

Technology Inc., Cambridge) to compare the energy require-

ments of our process using MIBK–2-butanol and DCM as

solvents with a process using pure DMSO (see ESI{). For

product purification in the biphasic system, the organic phases

are fed first to an adiabatic flash unit to remove most of the

volatile solvent (for a temperature at or above room tempera-

ture), followed by 2 vacuum distillation columns to remove the

remaining organic solvent and DMSO, respectively. The initial
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adiabatic flash does not prove to be useful for the pure DMSO

system, because it leads to HMF loss (.20%). Simulation

results show that a biphasic system using 7 : 3 MIBK–2-

butanol and DCM solvents achieves 55% and 30% higher

energy efficiencies, respectively, when compared to using pure

DMSO. The separation schemes we have employed may not

be the optimal strategies for each case, but they allow a

preliminary comparative estimate of the energy requirements

for the three processes on the same basis for similar equipment

and operating conditions. To improve the energy efficiency

further, the DMSO content can be optimized for each sugar by

comparing the gain of HMF yield against the penalty paid by

the increase in energy requirements caused by increasing the

level of DMSO.

While volatile organic solvents such as DCM and aprotic

polar solvents such as DMSO have benefits in terms of

improved extracting capability and higher selectivity for HMF,

their use poses environmental concerns, and future work must

address this issue. As shown in our earlier work, the addition

of the aprotic solvent N-methylpyrrolidone (NMP) to the

aqueous-phase in the biphasic system increases the selectivity

to HMF, similar to the effect of DMSO. Importantly,

replacing NMP with PVP,34 a hydrophilic polymer that has

NMP moieties along the polyethylene chain, retains the

advantage of increased selectivity, but significantly reduces

carry over into the organic phase. In a similar manner, grafting

DMSO onto a hydrophilic polymeric backbone42 or a catalyst

surface43 could be used as a strategy to provide a suitable

reacting environment for HMF production and avoid organic

phase contamination. In addition, this strategy would eliminate

the risk associated with DMSO handling in the aqueous phase.

Similarly, environmentally benign solvents (such as lower

alcohols like 2-butanol, esters, PEG) that exhibit desirable

properties for HMF extraction from the reactive aqueous

phase should be explored. As shown in our previous work,

solid acid catalysts such as ion-exchange resins (at low

temperature) and niobium phosphate (at high temperature)

can be employed to replace the use of mineral acids.34

5. Conclusions

We demonstrate in this work that a biphasic system can be

tuned to process diverse feedstock molecules to produce HMF

and furfural. By using preferred reaction conditions for

representative monosaccharide units, it is possible to process

the corresponding polysaccharides, such as sucrose (from

sugarcane), inulin (from chicory), starch (from corn, rice),

cellobiose (from cellulose), and xylan (from hemi-cellulose), in

the same reactor system with equally good selectivities (from

50 to 90%) at high conversions, thereby eliminating the

separate hydrolysis step before the dehydration reaction. The

process variables that influence the yields of HMF and furfural

for different carbohydrate feed molecules are the pH of the

solution, the DMSO content in aqueous phase, the initial

sugar concentration, the nature of the acid, and the extracting

solvent. This biphasic reaction system is a step toward the

more economical production of HMF and furfural through

the processing of inexpensive and abundantly available

renewable feedstocks.
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Rapid expansions of supercritical solutions (RESS) of benzoic acid, cholesterol and aspirin in

supercritical CO2 have been used to investigate the influence of a systematic variation of the pre-

expansion temperature and pressure, the distance from the RESS nozzle and the amount of added

co-solvent on properties like the average particle diameter Dav and the width of the particle size

distribution s. The properties of the CO2 expansion have been characterized by a 1-dimensional

flow-field model using the Span–Wagner equation of state. Particle detection was performed

on-line and in-situ using laser-based three wavelength extinction measurements (3-WEM). For

benzoic acid we found a decrease in Dav with increasing pre-expansion pressure, and an increase in

Dav with increasing pre-expansion temperature. This is probably due to a lower mass flow rate,

which is associated with a lower pre-expansion pressure or higher pre-expansion temperature.

This in turn results in a longer residence time in the expansion region and thus a longer particle

growth time. Furthermore, a decrease in pre-expansion pressure or an increase in pre-expansion

temperature is associated with a decrease in saturation, corresponding to an increase in the critical

particle radius and a decrease in the nucleation rate. The size of the benzoic acid particles ranged

from about 100 to 500 nm. In addition, we found no obvious correlation between Dav and the

distance from the RESS nozzle for benzoic acid and aspirin particles. The particle size was

roughly 350 nm and 160 nm for these two solutes, respectively. Obviously, the particle growth

processes have already ceased not too far away from the Mach disc. In addition, for cholesterol

expansions in CO2 there was no correlation between the amount and type of co-solvent added.

Particle sizes of y100 nm were obtained for methanol, ethanol and isopropanol co-solvents. This is

most likely due the low solubility of cholesterol in supercritical CO2, compared with molecules such

as benzoic acid, which results in a change of Dav which is too small to be detected using 3-WEM.

1. Introduction

RESS (rapid expansion of supercritical solutions) has been

shown to be an environmentally benign technique for the

production of nanometre- to micrometre-sized particles with

narrow size distributions. The process involves expansion of a

supercritical solution containing a solute of interest through a

micrometre-sized orifice to atmospheric pressure. The rapid

density drop and associated increase in supersaturation result

in the solute being expelled from the solution as a collection

of fine particles. The process has important applications in

chemical engineering, the pharmaceutical industry, materials

science and biotechnology.1–3

Our laboratory employs a wide range of supercritical fluids,

and uses in-situ and on-line laser-based methods to determine

the size of the particles. On-line particle detection methods

are useful, because they allow the checking of properties

of particles during their production in a non-invasive way,

without possible problems occurring when using off-line tech-

niques like, for example, scanning electron microscopy (SEM),

where the particle properties might be changed during the

collection and analysis process. For the first time, we have used

a laser-based shadowgraphy method (LABS)4 to investigate

the particle size and shape within the RESS expansion. This

method gives detailed information, because it records the size

and shape of each individual particle passing through a well-

defined volume interrogated by a combination of a far-field

microscope and a high resolution CCD camera. However, it is

limited to particle sizes down to about 1 mm. To cover smaller

particle sizes, light scattering techniques are used. In our

laboratory we apply the three-wavelength extinction method

(3-WEM) as the method of choice.5 It yields reliable values for

the average particle diameter (in the range between about

100 nm and 10 mm), the width of the particle size distribution

(PSD) and the volume concentration of the particles. However,

in contrast to LABS, no information on the morphology of

individual particles can be extracted.

Most of the previous RESS work has concentrated on small

organic molecules and larger biomolecules such as cholesterol,

which is used as a model for pharmaceuticals.6,7 The present

work has the aim of characterizing the dependence of the

particle size on pre-expansion temperature and pressure, the

variation of particle size with distance from the RESS nozzle

and the influence of adding co-solvents, which is a viable way

of increasing the solubility of the organic solute in CO2 RESS
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expansions.8–19 The current study is intended as one step in the

direction of ultimately being able to understand and control

particle sizes in RESS processes for industrial applications.

2. Experimental

Our RESS apparatus has been described in detail elsewhere.4

Briefly, liquefied CO2 (Praxair) at room temperature was

pressurized using an Isco syringe pump (Model 100 DX) in

continuous flow mode, before passing through a preheater (ca.

323 K), which brought the CO2 into the supercritical state. The

CO2 was then flowed through the heated and stirred extraction

cell, where it was saturated with the solute of interest

(cholesterol from Acros Organics, aspirin and benzoic acid

from Sigma–Aldrich). Two high pressure filters with a pore

size of 50 mm were used to save the nozzle from any possible

clogging with undissolved particles. A buffer volume (ca.

10 mL) was used to ensure that the solution reached the correct

pre-expansion temperature. For the aspirin measurements a

slightly smaller buffer volume was used. The supercritical

solution was then expanded through a home-built heated

nozzle into an expansion chamber equipped with quartz

windows. The nozzle consisted of a holder with Teflon seals

and a laser-drilled sapphire orifice (Bird Precision, length

254 mm, diameter 51 mm, with tapered inlet, ‘‘V-hole type’’).

For the benzoic acid measurements with varying pre-

expansion conditions and the cholesterol/co-solvent measure-

ments, an acrylic-glass expansion chamber was utilized, as in

our earlier experiments.4 For the distance-dependence mea-

surements a new expansion chamber was constructed. It

consisted of two rubber bellows either side of a quartz-window

assembly which could be moved precisely using an electric

motor. Such a chamber allows measurements to be performed

at a range of distances from the nozzle along the expansion.

A fan with variable speed was attached to the bottom of the

chamber to allow for exchange of the expanded mixture.

Experiments were carried out in a systematic variation of the

extraction temperature (Textr) and extraction pressure (Pextr)

within the extraction cell, the pre-expansion temperature (T0)

and pre-expansion pressure (P0) prior to the expansion, and

the nozzle temperature (Tnozzle). In this work, the extraction

and pre-expansion pressures were equivalent, as were the pre-

expansion and nozzle temperatures.

The 3-WEM technique5 was used for the characterization of

the average particle diameter Dav and the width of the PSD. It

has already been explained in detail in our previous paper.4

Essentially, it is based on the extinction of monochromatic

light by particles due to Mie scattering.20 Extinction measure-

ments were performed for three wavelengths at a fixed angle of

180u, from which two extinction quotients were obtained. A

comparison of these with a data field calculated using Mie

scattering theory allowed a determination of the average

particle diameter, the width of the PSD, and the volume

concentration of the particles. Important approximations are

that the particles are assumed to be spherical and the size

distribution log(arithmic)-normal,

p Dð Þ~ 1
ffiffiffiffiffiffi

2p
p

sD
exp {

ln Dð Þ{ln Davð Þ½ �2

2s2

 !

(1)

where D is the particle diameter, Dav the average diameter of

the particles, and s the associated standard deviation of the

log-normal distribution. A typical example of a 3-WEM

measurement for a RESS expansion of benzoic acid in CO2 is

shown in Fig. 1. The transmission of the particle cloud at a

scattering angle of 180u was clearly wavelength dependent, as

is shown by the three different curves at the wavelengths 1316,

811 and 637 nm. The two insets show the Dav and s values

determined from the on-line measurement. In this case the

averaged values Dav = 506 nm and s = 0.87 were obtained. As

was shown in our previous study, particles obtained from

RESS expansions under similar conditions using a variety of

solid and liquid substances have only a slightly elliptical shape,

so that the application of standard Mie theory for spherical

particles is sufficient. We also note that the PSD width as

determined by 3-WEM is reliable, as demonstrated in our

earlier paper, where good agreement with shadowgraphy

measurements was obtained, which accurately characterizes

the PSD tail at larger diameters.4 To increase sensitivity at low

particle concentrations, in some of the experiments a multi-

pass arrangement employing broadband mirrors was used to

extend the effective scattering path length. The accuracy of the

3-WEM set-up was routinely checked against different mono-

disperse polystyrene latex suspensions in water. In addition to

the 3-WEM technique, for some measurements of the size of

cholesterol particles we also used a laser diffraction based

particle analyzer (Spraytech, Malvern Instruments), which

measured the angular intensity of diode laser light (670 nm)

scattered from the RESS particles.

3. Results and discussion

3.1. Expansion conditions in the current experimental RESS

setup

To characterize the supercritical CO2 expansion, we performed

a modelling of a 1-D steady-state flow field to calculate central

Fig. 1 Typical 3-WEM signals for benzoic acid RESS nanoparticles.

The optical transmission is shown as a function of the measurement

time for the three wavelengths 1316 nm (dotted line), 811 nm (broken

line) and 637 nm (continuous line). Pextr = P0 = 150 bar, T0 = Tnozzle =

378 K and Textr = 326 K. Upper inset: 3-WEM on-line in-situ

determination of the average particle size Dav extracted from the

transmission data. Lower inset: Corresponding standard deviation s of

the logarithmic-normal distribution. Values see Table 1.
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quantities, like pressure, temperature, density and velocity,

along the nozzle for our specific setup. For a schematic cross-

sectional view of the ‘‘V-hole’’ type laser-drilled sapphire

orifice see the inset in Fig. 2(a). It had the following dimen-

sions: ‘‘V’’ entrance width 1700 mm, length 940 mm, capillary

length L = 254 mm, and diameter D = 50.8 mm, i.e., an L/D

ratio of 5:1. A conical shape of the emerging supersonic free

jet was assumed. For the calculation of the flow field the

equations for the mass, momentum and energy balances were

solved:7,21

v
dr

dx
zr

dv

dx
z

rv

A

dA

dx
~0 (2)

rv
dv

dx
z

dP

dx
~{

2fv2r

D
(3)

dh

dx
zv

dv

dx
~

dq

dx
(4)

with the following variables and parameters: v = velocity, r =

density, x = position along nozzle, A = cross-sectional area of

the nozzle, P = pressure, f = Fanning friction factor, D =

internal diameter of nozzle, h = enthalpy per unit mass and q =

heat transferred to the nozzle. Calculations were performed

for the pure solvent (high dilution) assuming an isentropic

capillary inlet flow. In the capillary nozzle, heat exchange and

friction were included. We also incorporated heat exchange for

the supersonic free jet. Initial conditions for the expansion

were P0 = 130 bar and T0 = 388 K. h0 and r0 were calculated

from P0 and T0 using the Span–Wagner equation of state

(SW-eos) for CO2, which is known to give an excellent

representation for CO2 under the conditions used in this

study.22,23 Because v0 is unknown, we used vs (the sonic

velocity) at the nozzle exit, which was calculated using the

SW-eos. The heat transmitted to the nozzle was calculated

from a model for turbulent flow in a pipe with constant wall

temperature. In the supersonic free jet, a constant heat transfer

coefficient of 1.0 6 107 W m22 K21 was assumed. Transport

properties needed for the calculations were obtained via the

SW-eos. The Fanning friction factor was calculated from the

Blasius equation.7

Fig. 2 shows the modelling results for our particular

nozzle. Fig. 2(a) demonstrates the drop in CO2 pressure and

temperature during the expansion, with a noticeable decrease

in the 254 mm long capillary part of the nozzle and a much

stronger decrease at the nozzle exit, i.e., the transition from

the capillary to the region of the supersonic free jet. The final

increase of the temperature is due to the fact that heat

exchange with the surrounding gas is considered in the model.

The large drop in pressure and temperature is responsible for

the rapid drop in density, as shown in Fig. 2(b), which results

in particle formation due to the loss of solvent power. The

velocity profile allows an estimate of the residence time in the

capillary part, which is in the range of 1 ms.

We will extend the present modelling in a forthcoming

publication to determine particle sizes, including nucleation,

condensation and coagulation processes.24 Recent simulations

show that this should be feasible, although they still over-

estimate the experimental particle diameters.25

3.2. Dependence of benzoic acid particle size on pre-expansion

temperature and pressure

Several studies using off-line detection techniques show a

rather heterogeneous picture of the influence of quantities

like pre-expansion temperature and pressure on particle size,

and no clear systematic trends or correlations have been

observed.26–28 Systematic studies using on-line techniques can

be helpful in this respect, as the particle size is detected in a

non-invasive manner.

We have obtained experimental results for the variation of

the pre-expansion pressure and temperature of a benzoic acid–

CO2 RESS expansion. For benzoic acid, we find a decrease in

particle size with increasing pre-expansion pressure (Fig. 3),

and an increase in particle size with increasing pre-expansion

temperature (Fig. 4). The particle sizes range from about 100

to 500 nm for the conditions utilized in this work (see Tables 1

and 2). The most likely explanation for this dependence is that

a lower mass flow rate, which is associated with a lower pre-

expansion pressure or higher pre-expansion temperature,

results in a longer residence time in the expansion region and

thus a longer particle growth time. Furthermore, a decrease

in pre-expansion pressure or an increase in pre-expansion

temperature is associated with a decrease in saturation,

corresponding to an increase in the critical particle radius

and a decrease in the nucleation rate.6,7 Our results compare

favourably with earlier data of Helfgen et al. which found

Fig. 2 Numerical simulation of a pure CO2 RESS expansion. (a) CO2

pressure profile (continuous line) and temperature profile (broken

line). (b) CO2 density profile (continuous line) and velocity profile

(broken line). The inset in (a) shows a cross-sectional view of the laser-

drilled sapphire orifice used in our experiments, where numbers

indicate the dimensions in mm.
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similar trends. However, the magnitudes of the particle sizes in

comparison with those of Helfgen et al. differ somewhat. A

visual comparison of data in this work with a sample from

ref. 7 is provided in Fig. 4 for the dependence on pre-expansion

temperature. It can clearly be seen that the particle sizes of

Helfgen et al. are larger. Reasons for this may include

differences in the extraction conditions, nozzle temperature

and design, and even the RESS set-ups themselves.

Unfortunately, it is difficult to ascertain the exact Textr and

Tnozzle used by Helfgen et al. in order to compare with the

results of this work. However, the most important factors

are likely to be the conditions within the expansion chamber,

including the air flow rate, because these conditions are

thought to ultimately influence the final particle size.6,7,25

3.3. Dependence of benzoic acid and aspirin particle size on

distance from the nozzle

To the best of our knowledge no systematic in-situ on-line

particle-size measurements have been previously performed as

a function of distance from the nozzle. When using off-line

techniques varying results have been obtained. For instance,

Kayrak et al. found an increase of ibuprofen particle diameter

by a factor of two when increasing the spraying distance from

2 to 6 cm.26 For the same substance, Foster and co-workers

observed a slight decrease in particle size between 7 and 11 cm

spraying distance.27 The analysis of such data is complicated

by the fact that particles may aggregate due to the collection

process and have to be dispersed by a solvent, with unknown

impact on the determined PSD.

It is recognized that RESS-produced particles continue to

grow behind the Mach disc within the expansion chamber as a

result of coagulation,6,7,25 hence measurements such as those

in the current study will hopefully provide important informa-

tion on this process and input for future theoretical studies of

RESS expansions.

We have determined the size of benzoic acid and aspirin

particles as a function of the distance from the RESS nozzle.

The experimental conditions and results are given in Fig. 5

and Table 3. There is no obvious correlation between size and

distance. The particle sizes are roughly 350 nm and 160 nm for

benzoic acid and aspirin, respectively. Obviously, the particle

Fig. 3 Average particle size Dav as a function of pre-expansion

pressure P0 for the system benzoic acid–CO2, with T0 = Tnozzle = 378 K

and Textr = 326 K.

Fig. 4 Average particle size Dav as a function of pre-expansion tem-

perature T0 for the system benzoic acid–CO2, with Pextr = P0 = 200 bar

and Textr = 332 K. $, Data from Helfgen et al.6,7; #, this work.

Table 2 Average particle diameter Dav and associated standard
deviation s as a function of pre-expansion temperature T0 determined
from the 3-WEM data of benzoic acid–CO2 expansions, with Pextr =
P0 = 200 bar and Textr = 332 K

T0/K Dav/nm s

352 135 0.87
375 182 0.79
396 374 0.58
419 484 0.58

Table 1 Average particle diameter Dav and associated standard
deviation s as a function of pre-expansion pressure P0 determined
from the 3-WEM data of benzoic acid–CO2 expansions, with T0 =
Tnozzle = 378 K and Textr = 326 K

P0/bar Dav/nm s

150 506 0.87
180 430 0.60
200 248 0.85
250 196 0.85

Fig. 5 Average particle size Dav as a function of distance from the

RESS nozzle for the systems benzoic acid–CO2 (Pextr = P0 = 200 bar;

Textr = 336 K; T0 = Tnozzle = 376 K) and aspirin–CO2 (Pextr = P0 =

250 bar; Textr = 333 K; T0 = Tnozzle = 372 K).
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growth processes have already ceased not too far away from

the Mach disc, which is extremely close to the throat of the

sapphire nozzle used in the current experiments. The processes

of particle growth behind the Mach disc are still not very well

understood, although the dominant process is most likely

coagulation. The calculations of Helfgen et al. indicate that the

average particle size is only a few nanometres at the Mach

disk, and that substantial particle growth still occurs at a

considerable distance behind the Mach disc. Our results show,

however, that this growth has definitely stopped at a distance

of centimetres. On the other hand, there is some experimental

evidence that additional particle growth in the expansion

chamber can be achieved if the residence time of the particles is

deliberately increased. Helfgen et al. carried out experiments in

which additional air was supplied to the expansion chamber in

order to vary the residence time and therefore the growth time

of the particles inside the expansion chamber.25 Their results

indicated a decrease in particle size with increasing volume

flow of air. Although it is an appealing interpretation that

additional air flow shortens the residence time and leads to

smaller particles, these results have to be taken with caution. It

is also possible that the additional flow of air skews the particle

size distribution by removing particles from the expansion

chamber at different rates depending on their size.

3.4. Dependence of cholesterol particle size on the amount and

type of co-solvent added

The addition of small amounts of liquid co-solvents to super-

critical CO2 is known to significantly enhance the solubility

of cholesterol, aspirin and other substances in CO2, and has

recently received considerable attention.8–19 For instance, the

solubility of cholesterol in CO2 increases by roughly a factor of

2 when different organic solvents are used as co-solvent.8,9 An

even larger effect is observed for aspirin, where its solubility

increases 14 times when adding 3 mol% ethanol or methanol,10

and 5 times by adding 3 mol% acetone.11

So far there has been no sytematic RESS study in the

literature as to whether the addition of co-solvent has any

effect on particle size. Therefore, we carried out 3-WEM

measurements for cholesterol–CO2 expansions for different

types and amounts of added alcohols. The results are plotted

in Fig. 6 and tabulated in Table 4. Interestingly, there is no

correlation between the amount and type of co-solvent added,

and the particle size (y100 nm in all cases). This might be

explained by the low solubility of cholesterol in CO2,

compared with molecules such as benzoic acid, resulting in

the changes in particle size being too small to detect using

3-WEM. Our results imply that addition of a liquid co-solvent

might be a viable way to increase the particle yield for

substances having low solubilities in CO2, without affecting the

desired average particle diameter.

It should be noted that our data for cholesterol are already

approaching the lower limit of particle-size detection using

3-WEM. As can be observed, the cholesterol particle sizes with

methanol as co-solvent are generally smaller: however, it is

difficult to assess whether this is meaningful because of the

errors one would expect at the lower limit of the 3-WEM

set-up. In any case, the average diameters from the 3-WEM

measurements were also consistent with our preliminary

results for pure cholesterol–CO2 expansions using a laser

Table 3 Average particle diameter Dav and associated standard
deviation s as a function of distance from the RESS nozzle determined
from the 3-WEM data of benzoic acid–CO2 expansions (Pextr = P0 =
200 bar, Textr = 336 K, and T0 = Tnozzle = 376 K) and aspirin–CO2

expansions (Pextr = P0 = 250 bar, Textr = 333 K, and T0 = Tnozzle =
372 K)

Distance/cm Dav/nm s

Benzoic acid–CO2

6.1 442 0.59
10.6 363 0.68
15.6 410 0.61
20.1 291 0.78
24.6 345 0.65
29.2 399 0.62
Aspirin–CO2

6.1 148 0.79
10.6 171 0.73
15.6 137 0.86
20.6 134 0.87
29.2 218 0.88

Fig. 6 Average particle size Dav as a function of mole fraction of

co-solvent methanol, ethanol and isopropanol for RESS expansions

of cholesterol–CO2–alcohol co-solvent mixtures. See Table 4 for pre-

expansion conditions.

Table 4 Average particle diameter Dav and associated standard
deviation s as a function of distance from the RESS nozzle determined
from the 3-WEM data for RESS expansions of cholesterol–CO2 with
added alcohol co-solvent. Methanol: Pextr = P0 = 250 bar, Textr =
333 K, and T0 = Tnozzle = 371 K; ethanol: Pextr = P0 = 250 bar, Textr =
336 K, and T0 = Tnozzle = 374 K; isopropanol: Pextr = P0 = 250 bar,
Textr = 338 K, and T0 = Tnozzle = 373 K

Mole fraction Dav/nm s

Cholesterol–CO2–methanol
0.035 77 0.96
0.050 67 0.84
0.100 84 0.95
Cholesterol–CO2–ethanol
0.036 106 0.95
0.071 95 0.94
0.106 130 0.98
0.142 79 0.96
Cholesterol–CO2–isopropranol
0.055 82 0.97
0.082 121 0.98
0.110 105 0.96
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diffraction set-up (Malvern Spraytech). The latter had a

lower detection limit of about 200 nm, and a satisfactory

agreement with the upper level of the PSDs determined by

the 3-WEM and Spraytech systems was found. The particle

sizes we obtained were also in agreement with the experimental

data of Helfgen et al. for cholesterol–CO2 expansions without

co-solvent.6,7

4. Conclusions

We have performed RESS studies on benzoic acid, cholesterol

and aspirin, in which the influence of several expansion

parameters on the particle size has been studied using 3-WEM

detection. For benzoic acid, the average particle diameter

Dav decreased with increasing pre-expansion pressure, and

increased with increasing pre-expansion temperature. This is

probably due to a lower mass flow rate, which is associated

with a lower pre-expansion pressure or higher pre-expansion

temperature, as outlined above. Careful regulation of the mass

flow rate therefore allows us to control the particle size within

certain (relatively narrow) limits, in the specific case of benzoic

acid between ca. 100 and 500 nm. No obvious correlation

between Dav and the distance from the RESS nozzle has

been found for benzoic acid and aspirin particles, indicating

that particle growth processes have already stopped not too

far away from the Mach disc. In addition, no correlation

between the amount and type of co-solvent could be found

for cholesterol expansions in CO2, where particle sizes of

y100 nm were obtained for a range of alcohols. The addition

of non-toxic co-solvents to RESS expansions might therefore

be a viable way to produce a larger particle density in cases

where solutes with extremely low solubility are to be

micronized. Clearly, a detailed flow-field modelling, preferably

using 3-D simulations, will be required to understand all

the systematic trends observed in the current study, and

ultimately predict particle sizes in RESS expansions for

arbitrary systems.
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Water as a solvent is not only inexpensive and environmentally benign, but may allow good

reactivity. The present work focuses on the application of a modified Ugi reaction, i.e. the Ugi

four-centre three-component reaction (U-4C-3CR), in aqueous medium to construct b-lactam

libraries. All the attempted reactions could be successfully performed in water. The reaction

conditions under which the precipitation process was effective were investigated; no further

work-up or purification was necessary. In several cases when less water-soluble b-amino acids

were used, the precipitated products were isolated easily by simple filtration. In other cases,

evaporation of the solvent was appropriate for isolation; when the product was crystalline,

recrystallization was necessary to obtain the pure final compounds. In water, the yields were

higher as compared with the reactions in organic solvents. When bicyclic b-amino acids and the

bulky tert-butyl isocyanide were used as starting materials, noteworthy increases in

diastereoselectivity were observed.

Introduction

In most cases, water comprises a contaminant for organic

chemists, unless it is used as a reactant. However, attention has

recently turned to the possibility of using water as a solvent for

organic reactions.1,2 Pirrung et al. reported higher reaction

rates in aqueous medium as compared with organic solvents

for multicomponent reactions such as the Ugi reaction.3–5 This

difference was attributed to the hydrophobic effect, enhanced

hydrogen bonding in the transition state, and the high cohesive

energy density of water. In contrast, Mironov et al. observed a

considerably lower rate when an aqueous medium was applied

for the Ugi reaction.6 The use of water as a solvent for organic

transformations offers several advantages, such as less

environmental pollution and the cheapness relative to organic

solvents. A further benefit is that the products are often

insoluble in water and this can facilitate their isolation.

Multicomponent reactions such as the isocyanide-based Ugi

condensations may afford a possibility to prepare numerous

and very diverse products in fewer steps than was possible

before.7–11 The traditional Ugi 4-component condensation

incorporates a carboxylic acid, an amine, a carbonyl compound

and an isocyanide in a one-pot condensation. For example,

a-acetocarboxamides are synthetized in good yields and with

good diastereoselectivity by this method. In modified Ugi 4- or

5-centre, 3- or 4-component reactions (U-4C-3CR or U-5C-

4CR), a- or b-amino acids containing two functional groups

(a carbonyl and an amine) in the same compound are

obtained. This amended protocol provides a chance to prepare

a- or b-amino acid derivatives and heterocyclic libraries,

e.g. b-lactams, benzodiazepines, piperazines, morpholines and

other derivatives.12–19 In the past few years, much attention

has been paid to the synthesis of b-lactam derivatives as

selective protease inhibitors against serine protease, elastase,

cysteine protease and papain.20–22

Racemic and enantiopure b-amino acids are of increasing

significance as building blocks in the synthesis of b-lactam

pharmacophores, and as segments in peptides. These mole-

cules possess a great variety of biological activities.23,24 In

recent years, the diversity of b-amino acids has rapidly

increased and has opened the door to the design and synthesis

of biologically active peptidomimetics, b-lactam antibiotics,

heterocycles and related compounds, e.g. taxol deriva-

tives.25–28 These structurally diverse b-amino acids are also

popular as starting materials for combinatorial synthesis.

Combinatorial libraries of b-lactams have been successfully

prepared in MeOH using the U-4C-3-CR, cis alicyclic and

diexo bicyclic b-amino acids being used as bifunctional starting

materials for intramolecular cyclization.29–31

The aim of the present work was to create a b-lactam library

in aqueous medium similarly to that obtained in MeOH,

with optimization of the reaction condition, the yields, the

stereoselectivity and the isolation technique.

Results and discussion

Fig. 1 shows the compounds selected for the construction

of the b-lactam library: 4 aliphatic or aromatic aldehydes

(A–D), 8 cyclic b-amino acids (cis-2-aminocyclopentane- (I),

cis-2-aminocyclohexane- (II), 6-aminocyclohex-3-ene- (III),

2-aminocyclohex-3-ene- (IV), diendo-3-aminobicyclo[2.2.1]

heptane-2- (V), diexo-3-aminobicyclo[2.2.1]heptane-2- (VI),

diendo-3-aminobicyclo[2.2.1]hept-5-ene-2- (VII) or diexo-3-

aminobicyclo[2.2.1]hept-5-ene-2-carboxylic acid (VIII)), and

cyclohexyl (a) or tert-butyl isocyanide (b). Fig. 2 shows the

N-subsituted b-lactams synthetized (2a–q).

aInstitute of Pharmaceutical Chemistry, University of Szeged, POB 427,
H-6701, Szeged, Hungary. E-mail: fulop@pharm.u-szeged.hu;
Fax: +36-62-545705; Tel: +36-62-545564
bDepartment of Chemistry, University of Jyväskylä, POB 35, 40351,
Jyväskylä, Finland
{ Electronic supplementary information (ESI) available: Compound
characterization details. See DOI: 10.1039/b613117d
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In the first step of the general method, the b-amino acid

(I–VIII) was reacted with the appropriate aldehyde (A–D),

resulting in protonated Schiff base 1, followed by addition of

the isocyanide (a, b) to afford b-lactam 2 via intramolecular

cyclization and rearrangement (Scheme 1).

Racemic b-amino acids were used in 10% excess, with

equimolar amounts of the aldehyde and isocyanide. The

diversity of the final Ugi products was increased by the

aldehyde constituent, since aldehydes are available commer-

cially in a great structural variety. It should be mentioned that

the relatively poor solubility of the different aldehydes in

aqueous medium reduced their applicability. Because of the

high number of possible combinations, only representative

members of the library were prepared.

In all cases, the condensation of the three participants led to

the formation of a new stereogenic centre at position C2 of

the acetamido group in the b-lactam product and afforded

diastereoselective reactions (Table 1).

For this protocol, different quantities of water were used to

achieve a critical concentration of the corresponding inter-

mediate Schiff bases. We experienced that the concentration

was a determining factor. Precipitation occurred when less

water-soluble b-amino acids and an appropriate amount of

water were used. In this way, the reactions were complete in

1 day at room temperature, as compared with a 3 day reaction

in methanol. Products 2j, 2l and 2p were precipitated in

moderate yields, in purities of 65–91%. When precipitation

was not observed, products were isolated in moderate to good

yields by evaporation of the water. In most cases, the crude

products (2) were sufficiently pure to allow analytical

identification and further purification was not required. With

anisaldehyde (D ), solid b-lactams (2b, 2f, 2k, 2m and 2q) were

isolated in yields of 44–57%; in consequence of decomposition

of the aldehyde, crystallization was necessary to remove the

remaining contamination. With aliphatic aldehydes such as

propion- and pivalaldehyde, good yields were obtained.

The diastereomeric ratio ranged from 60 : 40 to 100 : 0.

Quantitatively diastereoselective reactions were mainly

observed when the b-amino acid component contained a

norbornane or norbornene skeleton. Comparison of the

diastereomeric ratios obtained in the aqueous phase or in

an organic solvent did not reveal appreciable differences.

However, the yields were slightly better in water than in

organic media.13 The structures of the major isomers 2a–q

were determined, with 2q as a representative example, by

X-ray crystallography (Fig. 3).

In conclusion, we found that the U-4C-3CR functions

efficiently in aqueous medium. Relative to organic media,

Fig. 1 Building blocks of Ugi libraries generated from b-amino acids

(I–VIII), isocyanides (a, b) and aldehydes (A–D).

Fig. 2 Structures of the b-lactam derivatives prepared 2a–q.

Scheme 1
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water as a solvent has several advantages, such as the

environmentally benign and mild conditions and a shorter

reaction time. Additionally, the experimental procedures may

be simplified since the final products may be isolated by simple

filtration. This benefit can be exploited when less water-

soluble, e.g. norbornene-based b-amino acids are utilized. As

exemplified in this publication, the unique solvating properties

of water have beneficial effects on the Ugi reaction with

respect to the diastereoselectivity and the shorter reaction time.

Experimental

General procedure for the preparation of b-lactams (2a–q)

To the b-amino acid (I–VIII) (1.1 mmol) dissolved in a few

drops of water, the corresponding aldehyde (A–D) (1.0 mmol)

was added dropwise. Further water was then cautiously added

dropwise until the generated Schiff base just dissolved. The

reaction was stirred for 1 h at room temperature, followed by

addition of the isocyanide (a, b) (1.0 mmol). The resulting

mixture was stirred for 1 day at room temperature. The

precipitate (2j, 2l and 2p) was then filtered off. When the

product did not precipitate, the aqueous solution was

evaporated in vacuo, which resulted in 2a, 2c–e, 2g–i, 2n and

2o in more than 85% purity. For 2b, 2f, 2k, 2m, and 2q, the

b-lactams were obtained as solids and were crystallized with

EtOH/EtOAc to remove the remaining aldehyde D and other

decomposed material.

The preparations of 2i and 2q are presented with physical

and spectroscopic data below. Details on the other fully

characterized compounds are available in the ESI.{

diendo-N-Cyclohexyl-2-(4-oxo-3-azatricyclo[4.2.1.02,5]non-3-yl)

butyramide (2i)

This compound was obtained as a yellow oil, diastereoisomeric

ratio 86 : 14, (0.18 g, 79%); (found: C, 71.14; H, 9.31; N, 9.19.

C18H28N2O2 requires C, 71.02; H, 9.27; N, 9.20%); nmax(film)/

cm21 3284, 3078, 2936, 2848, 2664, 2364, 1740, 1647, 1550,

1444, 1260; dH(400 MHz, CDCl3, Me4Si): major diastereomer:

0.93 (3H, t, J 7.55, CH2CH3), 1.12–1.99 (18H, m, 8 6 CH2 and

2 6 CH), 2.33–2.45 (2H, m, CHCH2CH), 3.37 (1H, dd, J 2.01

and 6.04, CHCHCO), 3.67–3.80 (1H, m, NHCH), 3.94 (1H, t,

J 8.05, CHCHN), 3.99 (1H, t, J 5.04, NCHCO) and 6.58 (1H,

d, J 7.06, NH); minor diastereomer: 0.96 (3H, t, J 7.55,

CH2CH3), 1.12–1.99 (18H, m, 8 6 CH2 and 2 6 CH), 2.33–

2.45 (2H, m, CHCH2CH), 3.55 (1H, t, J 7,71, CHCHCO),

3.67–3.80 (1H, m, NHCH), 3.87 (1H, t, J 8.06, CHCHN),

3.93 (1H, t, J 5.04, NCHCO) and 7.35 (1H, d, J 7.06, NH);

dC(100 MHz, CDCl3, Me4Si): major diastereomer: 11.2, 23.8,

24.7, 25.3, 26.1, 26.6, 33.2, 36.8, 38.9, 43.3, 48.7, 58.6, 59.1,

59.4, 61.5, 63.4, 168.8 and 171.7; minor diastereomer: 11.3,

23.8, 24.9, 25.2, 26.0, 26.4, 36.8, 38.5, 43.4, 48.7, 58.6, 58.9,

59.1, 59.4, 61.5, 63.4, 170.3 and 171.7; m/z (EI) 306 (M+ + 2H,

1), 305 (M+ + H, 3), 304 (M+, 2), 211(6), 180 (3), 179 (35), 178

Table 1 Yields, melting points and diastereomeric ratios of compounds 2a–q

Product b-Amino acid Aldehyde (R1) Isocyanide (R2) Yield (%) Mp/uC d.r.a

2a I A (Et) a (cyclohexyl) 87b oil 68 : 32
2b I D (OMePh) a (cyclohexyl) 44c 208–210 100 : 0
2c II A (Et) a (cyclohexyl) 72b oil 75 : 25e

2d III A (Et) b (tBu) 74b oil 66 : 34e

2e III A (Et) a (cyclohexyl) 70b oil 66 : 34
2f III D (OMePh) b (tBu) 50c 204–207 63 : 36
2g IV A (Et) a (cyclohexyl) 86b oil 68 : 32
2h IV A (Et) b (tBu) 91b oil 67 : 33
2i V A (Et) a (cyclohexyl) 79b oil 86 : 14
2j V C (Ph) b (tBu) 45d 117–120 100 : 0
2k V D (OMePh) a (cyclohexyl) 51c 251–254 100 : 0
2l VI C (Ph) b (tBu) 35d 140–146 92 : 8
2m VII D (OMePh) b (tBu) 48c 193–196 100 : 0
2n VIII A (Et) a(cyclohexyl) 90b oil 62 : 38
2o VIII A (Et) b (tBu) 95b oil 60 : 40
2p VIII B (tBu) b (tBu) 51d 200–202 100 : 0
2q VIII D (OMePh) b (tBu) 57c 218–222 83 : 17
a The diastereomeric ratios were established by 1H-NMR on the crude products. b The compounds were isolated by evaporation of the solvent;
the yields and purities were estimated by 1H-NMR. c The final compounds were isolated as crystalline forms after evaporation; the yields are
given for the recrystallized products. d The products precipitated from the aqueous solution. e The diastereomeric ratios matched those
reported previously (2c 3 : 1 and 2d 2 : 1).29

Fig. 3 Perspective view of 2q. Thermal ellipsoids have been drawn

with a probability level of 20% (ORTEP plot).
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(100), 150 (4), 123 (18), 122 (4), 121 (8), 93 (8), 83 (4), 67 (12),

66 (10), 57 (7), 41 (7).

diexo-2-(4-Methoxyphenyl)-N-tert-butyl-2-(4-oxo-3-

azatricyclo[4.2.0.12,5]non-7-en-3-yl) acetamide (2q)

This compound was obtained as yellowish crystals, diastereo-

isomeric ratio 83 : 17, (0.14 g, 57%); mp 218–222 uC; (found: C,

71.23; H, 7.40; N, 7.91. C21H26N2O3 requires C, 71.16; H, 7.39;

N, 7.90%); nmax(film)/cm21 3332, 3058, 2973, 1731, 1672, 1513,

1454, 1299; dH(400 MHz, CDCl3, Me4Si): major diastereomer:

1.26 (9H, s, tBu), 1.54 (1H, d, J 9.56, CHCHCO), 1.66 (1H, d,

J 10.07, CHCHN), 2.81–2.85 (2H, m, CHCH2CH), 2.98–3.03

(1H, m, CHCHCO), 3.32 (1H, d, J 3.53, CHCHN), 3.73 (3H,

s, OCH3), 5.08 (1H, s, NCHCO), 5.96 (1H, 2 6 d, J 3.02 and

5.54, CHCH), 6.12 (1H, J 3.02 and 5.54, CHCH), 6.36 (1H, br

s, NH), 6.80 (2H, d, J 8.06, C6H4OMe-p) and 7.26 (2H, d, J

8.06, C6H4OMe-p); minor diastereomer: 1.32 (9H, s, 3 6 Me),

1.35–1.41 (2H, m, CHCH2CH), 2.16–2.21 (1H, m, CHCHCO),

2.84–2.89 (1H, m, CHCHN), 3.02 (1H, d, J 3.53, CHCHCO),

3.81 (3H, s, OMe), 3.83 (1H, d, J 4.03, CHCHN), 5.21 (1H, s,

NCHCO), 5.92 (1H, 2 6 d, J 3.02 and 5.54, CHCH), 6.10 (1H,

br s, NH), 6.16 (1H, 2 6 d, J 3.02 and 5.54, CHCH), 6.86–6.92

(2H, m, C6H4OMe-p) and 7.31–7.36 (2H, m, C6H4OMe-p);

dC(100 MHz, CDCl3, Me4Si): major diastereomer: 29.1, 39.7,

41.9, 43.8, 52.1, 55.8, 56.4, 58.1, 61.1, 114.8, 128.2, 130.2,

136.2, 139.2, 160.1, 168.4 and 170.0; minor diastereomer: 29.3,

39.9, 41.9, 43.8, 56.5, 58.1, 61.6, 114.9, 130.4, 136.2, 139.3,

160.1, 168.5 and 170.1; m/z (EI) 355 (M + H+, 1), 271 (1), 255

(52), 254 (100), 189 (8), 188 (24), 162 82), 136 (4), 121 (16), 120

(4), 88 (60), 70 (10), 66 (24), 58 (1).

X-ray crystallographic study. Crystallographic data were

collected at 173 K with a Nonius-Kappa CCD area detector

diffractometer using graphite-monochromatized Mo-Ka

radiation (l = 0.71073 Å). The data were collected by Q and

v rotation scans and processed with the DENZO-SMN

n0.93.0 software package.32

Crystal data for 2q:{ C21H26N2O3, Mr = 354.44, triclinic,

space group P-1 (no. 2), a = 9.4031(5), b = 9.3855(5), c =

11.0060(6) Å, a = 78.010(3), b = 84.307(3), c = 82.744(3)u, V =

939.84(9) Å3, T = 173 K, Z = 2, m(Mo-Ka) = 0.084 mm21,

3897 unique reflections (Rint = 0.0348) which were used in

calculations. The final wR(F2) was 0.1110 (all data).

The structure was solved by direct methods by use of the

SIR97 program33 and full-matrix, least-squares refinements on

F2 were performed by use of the SHELXL-97 program.34 The

CH hydrogen atoms were included at the fixed distances with

the fixed displacement parameters from their host atoms. The

NH hydrogen atom was refined isotropically. The figure was

drawn with ORTEP-3 for Windows.35
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23 F. Fülöp, Chem. Rev., 2001, 101, 2181–2204.
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The solid–liquid phase equilibrium (SLE) in binary mixtures that contain a room-temperature

ionic liquid, IL, and an organic solvent: {1-ethyl-3-methylimidazolium tosylate, [EMIM][TOS] (1)

+ cyclohexane, or benzene (2)} and {1,3-dimethylimidazolium methylsulfate, [MMIM][CH3SO4]

(1) + hexan-1-ol (2)} have been measured under very high pressures up to about 900 MPa

at the temperature range from T = 328 to 363 K. The termostatted apparatus for the

measurements of transition pressures from the liquid to the solid state was used. The pressure–

temperature–composition relation of the high pressure solid–liquid phase equilibria

polynomial based on the Yang model was satisfactorily used. The freezing and melting

temperatures at a constant composition increase monotonously with pressure. The high pressure

experimental results obtained at isothermal conditions (p–x) were interpolated to well known T–x

diagrams. Additionally, the SLE of binary systems {[EMIM][TOS] (1) + cyclohexane, or

benzene (2)} at normal pressure have been measured by a dynamic method from 270 K to

the melting point of the IL. Experimental solubility results are compared with values calculated

by means of the non-random, two-liquid equation (NRTL) utilizing parameters derived from

SLE and liquid–liquid equilibria (LLE) results. The experimental results at high pressures

were compared for every system to these at normal pressure. The paper includes

thermophysical basic characterization of pure ionic liquids obtained via differential scanning

calorimetry (DSC), temperatures and enthalpies of melting. The influence of the interaction

between the IL and solvent on the solubility at 0.1 MPa and high pressure up to 900 MPa

was discussed.

Introduction

Room Temperature Ionic Liquids (ILs), are being explored as

potential environmentally benign solvents1–4 because of their

negligible vapour pressure5–7 in comparison with the tradi-

tional volatile organic solvents used in industry. ILs have been

studied in many chemical processes, for example, in bio

processing operations, as electrolytes in electrochemistry, in

gas separations such as the capturing of CO2, in liquid–liquid

extractions, and as heat-transfer fluids.6–12 It was found that

non-volatile organic compounds can be extracted from ionic

liquids using supercritical carbon dioxide, which is widely

used to extract large organic compounds with minimal

pollution.13–16 Carbon dioxide dissolves in the liquid to

facilitate extraction, but the ionic liquid does not dissolve in

carbon dioxide, so a pure product can be recovered. To design

any process involving ionic liquids on an industrial scale it is

necessary not only to know a range of physical properties

including viscosity and density, but also heat capacity and

other thermodynamic properties including phase equilibria

such as vapour–liquid equilibria (VLE), liquid–liquid equili-

bria (LLE) and solid–liquid equilibria (SLE).17–27

The influence of pressure as well as that of the cation’s

alkyl chain length on several properties (speed of sound,

density, heat capacity) of the ILs have been measured.28 It

was concluded that as the anion increases in size the density

increases, while the sound speed shows the opposite trend:

when pressure rises, density increases, compressibility

decreases and the sound speed increases.28 The effect of

pressure on heat capacity depends on nature of the IL.28 The

influence of pressure (60–120 MPa) is greater when the higher

temperature dependence of the isobaric expansivity of the IL

is observed.28

Our previous study of phase equilibria with ILs, e.g. of 1,3-

dimethylimidazolium methylsulfate, [MMIM][CH3SO4], were

performed with typical solvents: with n-alkanes (pentane, or

hexane, or heptane, or octane, or decane), or cycloalkanes

(cyclohexane or cycloheptane) and with aromatic hydro-

carbons (benzene, or toluene, or ethylbenzene, or propylbenzene,

or o-xylene, or m-xylene, or p-xylene).23–26 In these systems, the

liquid–liquid phase equilibrium was mainly observed.

The present work is the continuation of our studies

concerning the solid–liquid phase equilibria of binary mixtures

involving n-alkanes and highly polar compounds, as ether, or

diacetate under high pressures up to 900 MPa.29–31 Besides its

Physical Chemistry Division, Faculty of Chemistry, Warsaw University
of Technology, Noakowskiego 3, 00-664 Warsaw, Poland.
E-mail: ula@ch.pw.edu.pl; Fax: +48-22-6282741; Tel: +48-22-6213115
{ Electronic supplementary information (ESI) available: Tabulated
data (Tables 1S–3S) of the experimental phase diagrams. See DOI:
10.1039/b608059f
{ Presented at the XLIX National Meeting of PTChem and
SITPChem, Gdańsk, Poland, September 18–22, 2006.
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importance for technological processes such as crystallization

and purification at high pressure, the SLE provides a good tool

for examining the thermodynamic nature of many systems.

From a historical perspective, the very first (solid + liquid)

phase equilibria measurements of organic liquids at high

pressure conditions were presented by Baranowski and

Dudek.32,33 Simultaneously, results for different organic

mixtures were presented by Nagaoka and Makita,34,35

Nagaoka et al.36 and Tanaka and Kawakami.37 Recently,

Yang et al. presented results involving n-alkane mixtures with

alcohols.38,39 The pressure effect on phase behaviour of binary

mixtures of fatty acids up to 200 MPa was measured and well

described by Inoue et al.40 The eutectic mixtures become

usually richer in the component with the highest slope dp/dT

of the melting curve and the eutectic temperature rises with

increasing pressure; also, different compositions of the eutectic

point are observed.29,30,36,37

The current study focuses on solutions of binary mixtures

that contain a room-temperature ionic liquid, IL, and an

organic solvent: {1-ethyl-3-methylimidazolium tosylate,

[EMIM][TOS] (1) + cyclohexane, or benzene (2)} and of

{1,3-dimethylimidazolium methylsulfate, [MMIM][CH3SO4]

(1) + hexan-1-ol (2)}. The solid–liquid and liquid–liquid

equilibria at normal pressure and solid–liquid under very high

pressures up to about 900 MPa have been measured at the

temperature range from T = 328 to 363 K. These (IL + solvent)

binary systems were chosen from many measured by us.

Pressometry is usually used for detecting the influence of

pressure on the melting point, the eutectic point and the

changes on liquidus curves. Thus the choice of the IL system is

for low melting point and for a binary system exhibiting a

simple eutectic point at ambient pressure. The influence of

high pressure on the LLE cannot be observed. In the chosen

systems only {[EMIM][TOS] (1) + cyclohexane (2)} presents

the binary system with immiscibility in the liquid phase. The

data presented here will be useful from the technological

perspective, because they show the influence of high pressure

on the melting temperature and liquidus curves.

The formulas of ionic liquids under study are as follows:

Phase equilibria under 0.1 MPa were correlated by the non-

random, two-liquid equation (NRTL).41 The Yang equation

was a thermodynamic model that was used for the correlation

of the SLE in (IL + solvent) binary mixtures.38,39 Acceptable

agreement with the experimental points was obtained.

Results and discussion

The thermophysical constants of pure ionic liquids and

solvents are shown in Table 1. The salts investigated here

show low melting temperatures, at normal pressure, of 322.93

and 308.90 K for [EMIM][TOS] and [MMIM][CH3SO4],

respectively.

For this discussion, the SLE and LLE for new binary ionic

liquid–organic solvent systems were determined. The experi-

mental data of phase equilibria in binary systems of

[EMIM][TOS] with cyclohexane and benzene are given in

Table 1S in the ESI.{ The table includes the direct experi-

mental results of the SLE: temperatures, T/K or TLLE/K versus

x1, the mole fraction of the IL at the equilibrium temperatures

for the investigated systems. The upper critical solution tem-

perature, UCST, was observed in the system [EMIM][TOS]

with cyclohexane. Maximum of the curve (above 370 K) was

not observed because the boiling temperature of the solvent

was lower. For the investigated mixture, it was impossible to

detect by the visual method, the mutual solubility of the ILs in

the solvent-rich phase. These data can be approached by the

COSMO-RS calculations26 and we expected the IL mole

fraction of about 1 6 1024, as was observed in many systems.

The experimental data of phase equilibria in binary systems of

[MMIM][CH3SO4] with hexan-1-ol at normal pressure were

given in our previous discussion.48 For the {[MMIM][CH3SO4]

+ hexan-1-ol, or heptan-1-ol} simple eutectic mixtures were

observed with complete miscibility in the liquid phase.

Immiscibility was observed with UCSTs for the longer chain

alcohols.

The ability of an IL to form hydrogen bonds or other

possible interactions with potential solvents is an important

feature of its behaviour. With aromatic hydrocarbons–

benzene, the stronger interaction was observed of possible

n–p or p–p interactions between the IL and benzene

(interaction may be expected between the imidazolium ring

and benzene ring). The liquidus curve was very flat, but the

immiscibility in the liquid phase was not observed.

Experimental phase diagrams of SLE investigated at

ambient pressure are characterized mainly by the following:

(1) the shape of the equilibrium curve is similar for both

[EMIM][TOS] and [MMIM][CH3SO4] with every solvent; (2)

better solubility of [EMIM][TOS] was observed in benzene

Table 1 Thermophysical constants of pure substances: melting
temperature, Tfus,1; enthalpy of fusion, DfusH1 [as determined from
differential scanning calorimetry (DSC) data]; change of heat capacity
at melting temperature, DfusCp,1; molar volume at 298.15 K, Vm

298.15

Compound Tfus,1/K
DfusH1/
kJ mol21

DfusC p,1/
J K21 mol21

Vm
298.15/

cm3 mol21

[EMIM][TOS] 322.93 27.83 — 221.50a

[MMIM][CH3SO4] 308.90 16.58 — 156.68b

Cyclohexane 279.82c 2.677c 14.63c 108.75d

279.65 108.91e

Benzene 278.61c 9.834c 4.01c 89.40f

278.65 89.52d

Hexan-1-ol 221.15 15.38g — 125.30h

a Calculated from group contribution method.42 b Ref. 43. c Ref. 44.
d Ref. 45. e Calculated from PhysProps, E 1999–2003, Greg Rupert,
G&P Engineering Software. f Ref. 46. g Ref. 44. h Ref. 47.
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than in cyclohexane; (3) the assumption was made that the

phase diagram, measured for the binary systems exhibit simple

eutectic behaviour mixtures.

Tables 2S and 3S in the ESI{ show solid–liquid phase

equilibrium data collected at high pressures. The system

{[EMIM][TOS] (1) + cyclohexane (2)} exhibits immiscibility

in the liquid phase which cannot be measured by the apparatus

used by us, but it can be seen as a characteristic flat liquidus

curve in a broad range of the IL’s mole fraction (see Fig. 1).

The effect of pressure on the solid–liquid phase equilibria of

the binary mixtures has been measured at various constant

compositions and temperatures. The liquid–solid transitions

were determined for the whole IL concentration range from

x1 = 0 to 1. The solubility of [EMIM][TOS] in the two solvents

tested is lower than that of [MMIM][CH3SO4], not only

because of the higher melting temperature, but also because of

the polar solvent (hexan-1-ol). At 0.1 MPa and at high

pressure the solubility of [EMIM][TOS] in benzene is higher

than in cyclohexane. These results are presented in Fig. 2 and

Fig. 3 at constant temperatures and as an example in Fig. 4 at

constant composition. Fig. 5 presents the [MMIM][CH3SO4]

in hexan-1-ol system at constant temperatures. The difference

between the melting point of cyclohexane (279.82 K) and the

first experimental point (318.95 K) is a result of the position of

the eutectic point, which is between these two points. For

many ionic liquids the eutectic point is at a very low mole

fraction of the solvent.

Unfortunately, the eutectic points in the solvents tested were

not found because they are shifted to the very low mole

fraction of the IL. The influence of high pressure on the

liquidus curve in the tested systems is typical: with increasing

pressure the freezing curves shift monotonously to higher

temperatures (see Fig. 2, 3 and 5). The high pressure

experimental results obtained at isothermal conditions (p–x)

were interpolated to well known T–x diagrams as is shown in

Fig. 1 Experimental data of solid–liquid equilibrium under high

pressure of the system {[EMIM][TOS] (1) + cyclohexane (2)}; plot of

pressure against mole fraction, x, of the IL.

Fig. 2 Solid–liquid equilibrium of the {[EMIM][TOS] (1) + cyclo-

hexane (2)} system at constant temperatures. Solid lines represent the

Yang equation; plot of pressure against mole fraction, x, of the IL.

Fig. 3 Solid–liquid equilibrium of the {[EMIM][TOS] (1) + benzene

(2)} system at constant temperatures. Solid lines represent the Yang

equation; plot of pressure against mole fraction, x, of the IL.
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Fig. 6 and Fig. 7 for {[EMIM][TOS] (1) + benzene (2)} and for

{[MMIM][CH3SO4] (1) + hexan-1-ol (2)}, respectively.

The difference of the pressure from 0.1 MPa to 160 MPa

increases the melting temperature of the [EMIM][TOS]

giving DT = 40.1 K. The melting temperature, Tfus,1, of

[EMIM][TOS] has changed from Tfus,1 = 322.9 K (0.1 MPa) to

Tfus,1 = 363.1 K at 160 MPa and that of [MMIM][CH3SO4] has

changed from Tfus,1 = 308.9 K (0.1 MPa) to Tfus,1 = 343 K

at 160 MPa. These results show that high pressure has a

much stronger influence on the thermophysical properties of

[EMIM][TOS] than on [MMIM][CH3SO4]. The influence of

high pressure on the melting temperatures of the ILs and of the

solvents is presented in Fig. 8. The slope of dp/dT is totally

different for the ILs and the solvents. ILs, as hydrogen-bonded

substances and much bigger molecules, show lower influence

especially comparing with cyclohexane. There is disagreement

between the point at 0.1 MPa and the first point at higher

pressure for [MMIM][CH3SO4], which can be seen in Fig. 8. It

can be the experimental error, which is normally lower for the

higher pressure.

For the system {[EMIM][TOS] (1) + benzene (2)}, it can be

seen in Fig. 6 the characteristic inflection on the liquidus

curves at normal and high pressures. We think it may be the

result of possible solid–solid phase transition observed also on

DSC of the pure substance at 293 K. Unfortunately, it was

impossible to separate two of the peaks in the DSC, one from

Fig. 4 Solid–liquid equilibrium of the {[EMIM][TOS] (1) + benzene

(2)} system at constant composition. Solid lines represent the Yang

equation; plot of pressure against temperature.

Fig. 5 Solid–liquid equilibrium of {[MMIM][CH3SO4 (1) + hexan-1-

ol (2)} system at constant temperatures. Solid lines represent

the Yang equation; plot of pressure against mole fraction, x, of

the IL.

Fig. 6 Solid–liquid equilibrium of the {[EMIM][TOS] (1) + benzene

(2)} system at constant pressures (interpolated values). Solid lines

represent the Yang equation (high pressure), or the NRTL equation

(0.1 MPa).
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melting and the second from a solid–solid phase transition.

It is also worth mentioning that during the second and third

turn of heating and cooling the DSC curve showed only the

glass transition temperature at 214.1 K with DCp equal to

61 J K mol21. It means that this IL demonstrates strong

precooling.

Correlation at ambient pressure

The solubility of a solid (1) in a liquid may be expressed in a

very general manner by eqn (1)

{lnx1c1~
DfusH1

R

1

T
{

1

Tfus,1

� �
{

DfusCp,1

R
ln

T

Tfus,1
z

Tfus,1

T
{1

� � (1)

where x1, c1, DfusH1, DfusCp,1, Tfus,1 and T stand for mole

fraction, activity coefficient of the IL in the saturated solution,

enthalpy of fusion, difference in solute heat capacity between

the liquid and solid phase at the melting temperature, melting

temperature of the solute (1) and equilibrium temperature,

respectively. Eqn (1) is valid for simple eutectic mixtures with

complete immiscibility in the solid phase. Only the first term of

the eqn (1) was used in the tested systems, because the DfusCp,1

values of the ILs were not known.

For the solid–liquid equilibria the parameters of the

excess Gibbs energy equation were fitted by an optimization

technique. The objective function, OF, was as follows,

OF A1A2ð Þ~
Xn

i~1

w{2
i lnx1ic1i Ti,x1i,A1A2ð Þ{lna1i½ �2 (2)

where ln a1i denotes an ‘experimental’ value of the logarithm of

the solute activity, taken as the right-hand side of eqn (1), wi is the

weight of an experimental point, A1 and A2 are the two adjustable

parameters of the correlation equations, i denotes the ith experi-

mental point and n is the number of experimental data points.

The weights of the experimental points were calculated by

means of the error propagation formula,

w2
i ~

Llnx1c1{Llnai=LT

� �2

T~Ti

DTið Þ2z

Llnx1c1=Lx1

� �2

x1~x1i

Dx1ið Þ2
(3)

where DT and Dx1 are the estimated errors in T and xji,

respectively. According to the eqn (3) above, the objective

function was obtained by solving the non-linear equation

[eqn (1)]. The root-mean-square deviation of temperature, sT,

defined by eqn (4) was used as a measure of the goodness of

the solid–liquid equilibria correlation,

s
T
~

Xn

i~1

T
exp
i {T cal

i

� �
n{2

2
 !1=2

(4)

where n is the number of experimental points (including the

melting point) and 2 is the number of adjustable parameters.

Fig. 7 Solid–liquid equilibrium of the {[MMIM][CH3SO4] (1) +

hexan-1-ol (2)} system at constant pressures (interpolated values).

Solid lines represent the Yang equation (high pressure), or the NRTL

equation (0.1 MPa). Data at 0.1 MPa from ref. 47; plot of pressure

against temperature.

Fig. 8 Influence of pressure on the melting temperatures of ILs and

solvents; plot of pressure against temperature.
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The SLE of three binary systems was correlated by the

NRTL equation.41 Table 2 lists the results of fitting the

solubility curves. For the systems presented in this table

the description of the solid–liquid phase equilibrium for

both ILs, given by the two-parameter equation, was in the

same range of accuracy with the average standard deviation

sT = 2.08 K.

A simultaneous correlation of the solid–liquid and

liquid–liquid phase equilibrium data for the mixtures of

{[EMIM][TOS] (1) + cyclohexane (2)} was done also with

the simple NRTL equation,41 where GE is the excess Gibbs

energy for the equilibria

GE

RT
~x1x2

t21G21

x1zx2G21

z
t12G12

G12x1zx2

� �
(5)

where

t12 = (g12 2 g22)/RT (6)

t21 = (g21 2 g11)/RT (7)

G12 = exp(2a12t12) (8)

G21 = exp(2a12t21) (9)

The activity coefficients and the model adjustable para-

meters (g12 2 g22) and (g21 2 g11) were usually found by the

optimization technique, widely discussed previously.49 For this

work the minimization of the objective function OF, presented

by eqn (10), was proposed,

OF A1,A2ð Þ~
Xn

i~1

x
exp
i {xcal

i A1,A2ð Þ
� �2

z x
�exp
i {x�cal

i A1,A2ð Þ
� �2

h i
LLE

z0:001
Xn

i~1

lna
exp
i xi,Tið Þ{lnacal

i xi,Ti,A1,A2ð Þ
	 
2

SLE

(10)

where n is the number of experimental points and x�1 is the

mole fraction of i in the second liquid phase. The first term is

dedicated to the liquid–liquid equilibrium and deviations of

the n-alkane mole fraction; the second term is connected to the

solid–liquid equilibrium and is multiplied by the factor 0.001

to get lower influence of the order of magnitude of deviations

of temperature on the correlation. A1 and A2 are two

adjustable parameters.

The root-mean-square deviation of mole fraction, sx, for the

LLE was defined as follows:

sx~
Xn

i~1

x
exp
i {xcal

i

� �2

i

n{2
z
Xn

i~1

x
�exp
i {x�cal

i

� �2

i

n{2

( )1=2

(11)

The calculated values of the equation parameters and

corresponding root-mean-square deviations are presented in

Table 2.

High pressure correlation

The experimental high pressure data (P, x1) at constant

temperature were correlated by the equation proposed by

Yang et al.38,39 It was shown that the activity coefficient c1 at

high pressure can be expressed as,

lnc1~
X3

i~0

ai

1

T
{

1

Tfus,1

� �i

za0 ln
T

Tfus,1
z

Tfus,1

T
{1

� �
(12)

where ai and a9 are two adjustable parameters. After

substituting eqn (12) into eqn (1) some simplifications were

obtained,

lnx1~
X3

i~0

bi

1

T
{

1

Tfus,1

� �i

zb0 ln
T

Tfus,1
z

Tfus,1

T
{1

� �
(13)

where b0 = 2a0, b1 = 2a1 2 DfusH1/R, b2 = 2a2, b3 = 2a3, b9 =

2a9 + DfusCp,1/R.

The value of the second term on the right-hand side of

eqn (13) is small and this term can be neglected. Thus, the

eqn (13) may be rewritten in a simple form:

lnx1~
X3

i~0

bi
1

T
{

1

Tfus,1

� �i

(14)

Solid–liquid phase equilibrium curves are dependent on

pressure. With increasing pressure, the SLE curves shift to a

higher temperature. In eqn (14) the bi terms were found to be

pressure-dependent and this dependence can be expressed as

follows:

bi~
X2

j~0

DjiP
j (15)

The objective function OF used in the fit of the parameters

of eqn (14) and eqn (15) was as follows,

OF~
Xn

i~1

w{2
i lnxcal

1i Ti,Pi,Dji

� �
{lnx1i

� �
(16)

where ln x1i
cal denotes values of the logarithm of the solute

mole fraction calculated from the eqn (14), ln x1i denotes the

logarithm of the experimental solute mole fraction and the

symbols, Ti, Pi, Dji express temperature, pressure and

coefficients from eqn (15), respectively; wi is the weight of

the calculated values, described by means of the error

propagation formula.

Table 3 contains the coefficients Dji of eqn (15) for the

studied systems. The pressure during the experiments was

Table 2 Correlation of the SLE/LLE data of the {[EMIM][TOS] (1) +
cyclohexane, or benzene (2)} systems and of {[MMIM}[CH3SO4] (1) +
hexan-1-ol (2)}47 by means of the NRTL equation; values of
parameters and root-mean-square deviations sT, or sx

NRTL IL + cyclohexane IL + benzene IL + hexan-1-ol

a 0.37 0.30 0.60
Dg12/J mol21 7578.47 21562.12 4215.61
Dg21/J mol21 17 822.21 10 120.57 4594.65
sT

SLE/Ka — 3.70 0.47
sx

LLEb 0.0120 — —
a According to eqn (4). b According to eqn (11).
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measured at constant composition–temperature conditions.

The relation between temperature T and pressure p of the SLE

at constant x1 can be satisfactorily described with a simple

quadratic equation, so the p–x diagram can be transformed

into the T–x diagram. Direct experimental points and the

results of the correlation are shown in the 3D diagram in Fig. 1.

The solid lines represent the results of the fit with eqn (14).

The description of the experimental data is quite good.

The standard deviation in mole fraction is 0.169 for

{[EMIM][TOS] + cyclohexane}, 0.054 for {[EMIM][TOS] +

benzene} and 0.120 for {[MMIM][CH3SO4] + hexan-1-ol}.

Experimental

Materials

The origins of the chemicals (in parentheses Chemical Abstract

registry numbers, the manufacturer, and mass percent purities)

were as follows: [EMIM][TOS] (CAS No. 328090-25-1, Solvent

Innovation GmbH, .98%); [MMIM][CH3SO4] (CAS No.

97345-90-9, Solvent Innovation GmbH, .98; cyclohexane

(CAS No. 110-82-7, Intern. Enz. Lim., for spectroscopy);

benzene (CAS No. 71-43-2, Sigma-Aldrich, 99.97+%); hexan-

1-ol (CAS No. 111-27-3, Reachim, 0.99). ILs were dried for

24 h at 330 K in a vacuum before use. All solvents were

fractionally distilled over different drying reagents to mass

fraction purity better than 99.8% and were stored over freshly

activated molecular sieves of type 4Å (Union Carbide). All

compounds were checked by GLC analysis and no significant

impurities were found. Analysis, using the Karl-Fischer

technique, showed that the water content in solvents was less

than 0.02 mass%. Samples of ionic liquids used in the

experiment have been checked regularly concerning water

content using Karl-Fischer titration. In all cases, the content of

water was less than 160 ppm.

Differential scanning microcalorimetry (DSC)

The melting temperature and the enthalpy of fusion were

measured by a Perkin-Elmer Pyris 1 differential scanning

calorimetry (DSC) instrument. Measurements were carried out

at a scan rate of 10 K min21, with a power sensitivity of

16 mJ s21 and with the recorder sensitivity of 5 mV. Each

time the instrument was used, it was calibrated with the

99.9999 mol% purity indium sample. The calorimetric

accuracy was ¡1%, and the calorimetric precision was

¡0.5%. The thermophysical properties are shown in Table 1.

Phase equilibria apparatus at ambient pressure and

measurements

SLE and LLE temperatures have been determined using a

dynamic method that has previously been described in

detail.25,26 Appropriate mixtures of IL and solvent placed

under a nitrogen atmosphere in a drybox into a Pyrex glass cell

were heated very slowly (less than 2 K h21 near the equilibrium

temperature) with continuous stirring inside the cell. The

sample was placed in a glass thermostat filled with silicone oil,

or water. The temperature of the liquid bath was varied slowly

until the one phase was obtained. The two phase disappear-

ance temperatures in the liquid phase were detected visually

during an increasing temperature regime. The temperature

was measured with an electronic thermometer P 550

(DOSTMANN electronic GmbH) with the probe totally

immersed in the thermostatting liquid. The thermometer

was calibrated on the basis of ITS-90. The accuracy of the

temperature measurements was judged to be ¡0.01 K.

Mixtures were prepared by mass, and the errors did not

exceed dx1 = 0.0002 and dT1 = 0.1 K in the mole fraction and

temperature, respectively.

Solid–liquid phase equilibria apparatus at high pressure and

measurements

A simple piston-cylinder device, presented in detail in previous

papers, was used.29–31 The mobile piston was moved by a

hydraulic press. The device was thermostatted with the water

thermostat linked to a thermocouple, and the temperature was

measured by a Pt-resistance thermometer Delta HD 9215

(Poland) with an accuracy of ¡0.1 K. The pressure was

measured up to 1.5 GPa with an error of ¡2%. (Liquid +

solid) phase transitions were determined by discontinuities of

volume–pressure curves. The accuracy of the discontinuity in

the P–V curves following the measurement of pressure at the

crystallization point is assumed to be ¡2%. The initiation of

freezing was noticed at a higher pressure than the equilibrium

value of this phase transition, observed as an ‘overpressure’

effect (the intersection between the lines of the one- and two-

phase regions). The equilibrium point was the first from the

solid phase line (see our previous work).29–31 The results

published are the average of three or more measurements at

the intersection point.

Conclusion

Knowledge of the impact of different factors on the phase

behaviour of the IL with other liquids is useful for developing

ILs as designer solvents. The observation of the liquid–liquid

demixing at the solvent-rich phase was inhibited by the

permanently foggy solution. The existence of the liquid–liquid

equilibria in the mixture of [EMIM][TOS] with cyclohexane is

Table 3 Parameters Dji of the Yang equation for measured
{[EMIM][TOS] (1) + cyclohexane, or benzene (2)} or
{[MMIM][CH3SO4] (1) + hexan-1-ol (2)} systems

IL + cyclohexane IL + benzene IL + hexan-1-ol

D00 21.0224 22.9960 6 1021 29.9607 6 1021

D10 21.3411 6 1021 27.6541 6 1023 25.1806 6 1021

D20 22.6342 6 1024 24.6026 6 1024 21.3200 6 1023

D01 21.5983 6 103 25.2901 6 102 21.1601 6 103

D11 22.5324 6 102 22.1246 6 101 23.9897 6 102

D21 2.3419 6 1021 28.8144 6 1021 23.3996 6 1021

D02 2.1283 6 103 27.7870 6 101 2.0277 6 103

D12 1.7817 6 102 26.7513 6 102 6.1105 6 102

D22 22.0412 6 101 24.8161 6 102 4.9706 6 101

D03 21.8081 6 103 1.2908 6 103 22.5728 6 103

D13 4.7572 6 101 1.8434 6 103 26.9634 6 102

D23 5.7063 1.2789 6 103 21.6003 6 102

sa 0.169 0.054 0.120

a The standard deviation s~
Xn

i~1

xcal
i Pi ,Ti ,A1,A2,. . .,A12ð Þ{x

exp
i

� �2

n{k

" #1=2

.
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the evidence that the interaction between the IL and the

solvent is not high, because two phases exist in the liquid

phase. The saturated solution of [EMIM][TOS] with benzene is

very close to the separation of phases, but it was not observed.

This means that the n–p interaction between the electron pair

on the oxygen of the anion, or the p–p interaction between the

benzene ring and imidazolium ring, or between two benzene

rings (one from solvent and the other from an anion) has an

influence on the phase equilibria.

The noticeable differences in the solubilities of [EMIM]

[TOS] and [MMIM][CH3SO4] is a result of the melting

temperature of the IL. The influence of high pressure on the

melting temperature and the liquidus curve is different for

different ionic liquids. In this work it is much bigger for

[EMIM][TOS].

Owing to the differences in solubilities, ILs used in this work

have attracted significant attention as potential solvents for

industrial reactions, also at high pressures. Finally, it should be

noted that the models used in this work for the correlation can

be very useful for practical purposes.
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23 U. Domańska and A. Marciniak, J. Chem. Eng. Data, 2003, 48,
451.
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The first, highly efficient synthesis of 2-oxazolidinones from five-membered cyclic carbonates and

b-aminoalcohols or 1,2-diamines, which gave excellent yields, are described. The effects of

temperature, reaction time, solvent and the amount of catalyst were investigated.

Introduction

2-Oxazolidinones and cyclic ureas have been extensively used

in organic synthesis, for example, pharmaceuticals, cosmetics,

pesticides, and so on.1 In particular, the chiral 2-oxazolidi-

nones (Evans’ chiral auxiliaries) have been used as chiral

auxiliaries in a wide range of asymmetric syntheses.2,3

Conventionally, 2-oxazolidinones and cyclic urea are synthe-

sized by using phosgenation of the corresponding 1,2-

aminoalcohols or 1,2-diamines with toxic phosgene or its

derivative,4 which may cause serious environmental pollution

and equipment corrosion. Therefore, a number of non-toxic

procedures have been suggested: (1) oxidative carbonylation

using CO/O2 and b-aminoalcohols or 1,2-diamines, (2) they are

prepared by dialkyl carbonates and b-aminoalcohols or 1,2-

diamines, (3) direct synthesis of 2-oxazolidinones and cyclic

ureas from carbon dioxide and 1,2-aminoalcohols, aziridines

or 1,2-diamines.

The intramolecular oxidative cyclocarbonylation of

b-aminoalcohols or 1,2-diamines catalyzed by transition

metals is a way to produce these heterocyclic compounds,5,6

but the oxidative carbonylation is expensive in using carbon

monoxide and it has potential explosion hazards. As an

alternative, dialkyl carbonates were used for the synthesis of

2-oxazolidinones and cyclic ureas.7 It should be noted that

dimethyl carbonate is currently produced by phosgenation

and oxidative carbonylation routes.8 There are several reports

on the direct synthesis of 2-oxazolidinones or cyclic ureas by

carbon dioxide and b-aminoalcohols, aziridines or diamines,9

however, toxic catalysts and high pressure and/or high tem-

perature are required in most of those work. Development

of a simple, highly efficient and environmentally benign

method for synthesis of 2-oxazolidinone derivatives is still

highly desired.

Herein, we report a novel method for synthesis of

2-oxazolidinones and cyclic ureas from five-membered

cyclic carbonates under mild conditions. To the best of our

knowledge, it is the first example of the preparation of

2-oxazolidinones and cyclic ureas from cyclic carbonates. This

synthetic method has several advantages: (1) five-membered

cyclic carbonates were synthesized from epoxides and carbon

dioxide (Scheme 1),10 so it implies the use carbon dioxide as a

starting material; (2) the 2-oxazolidinones or cyclic ureas and

diol were obtained under mild conditions that are neither

dangerous or noxious; (3) this reaction was potentially safe

and wasteless, diol was the sole co-product, which can be sold

as anti-freeze. So, this reaction process was environmentally

benign and atom economic (Scheme 2).

Results and discussion

The reaction of 2-aminoethanol and propylene carbonate was

investigated as a model. As shown in Table 1, 2-oxazolidinone

was obtained in very low yield (8%) (Table 1, entry 14). When

potassium carbonate was used as catalyst, the excellent yield

(93%) of 2-oxazolidinone was obtained in N,N-dimethylform-

amide (DMF) (Table 1, entry 8), and the sole co-product was

propane-1,2-diol.

The effects of the various of solvents on the reaction of the

synthesis of 2-oxazolidinone using 2-aminoethanol and pro-

pylene carbonate were also investigated (Table 1). In tetra-

hydrofuran (THF), little 2-oxazolidinone was obtained (30%).

In contrast to THF, high yield is obtained in polar organic

solvents other than ethanol. The lower yield (79%) of

2-oxazolidinone was obtained in ethanol due to the side

product of diethyl carbonate, obtained by transesterification

between propylene carbonate and ethanol. Among the polar

State Key Laboratory for Oxo Synthesis and Selective Oxidation,
Lanzhou Institute of Chemical Physics, Chinese Academy of Sciences
and Graduate School of Chinese Academy of Science, Lanzhou, 730000,
P. R. China. E-mail: cgxia@lzb.ac.cn; Fax: +86-931-827-7147;
Tel: +86-931-496-8089
{ Electronic supplementary information (ESI) available: 1H and 13C
NMR spectra for 2-oxazolidinones and 2-imidazolidinones. See DOI:
10.1039/b609967j
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organic solvents effective for the synthesis of 2-oxazolidinone,

DMF was proved to be the best (Table 1, entries 1–6).

In order to establish the optimized reaction conditions, we

examined the effect of temperature, reaction time, the amount

of the catalyst and different catalysts. We found that

increasing the reaction temperature had a pronounced positive

effect on the yield of 2-oxazolidinone under 80 uC. However,

the enhancement of the reaction temperature up to 90 uC gave

the slight drop of the yield (Table 1, entries 6–9). This is

probably due to the decomposability of propylene carbonate in

the presence of potassium carbonate. The yield was affected by

the reaction time, and increasing reaction time was propitious

to improve the yield of 2-oxazolidinone (Table 1, entries 9–11).

A higher yield is obtained by increasing the amount of the

catalyst (Table 1, entries 8, 12, 13). In the reaction of the

2-aminoethanol and propylene carbonate, the yield of 2-oxa-

zolidinone was greatly affected by basic metal salts (Table 1,

entry 8, 15–17).

Under the optimized reaction conditions (the molar ratio of

the substrate to catalyst was 100 : 1, at 80 uC in DMF for 5 h),

it was found that this method was applicable to the synthesis

of corresponding 2-oxazolidinones from different b-amino-

alcohols and five-membered cyclic carbonates. The results are

summarized in Table 2. As can be seen, this method showed

excellent yields for almost all the employed b-aminoalcohols

and five-membered cyclic carbonates, providing the corre-

sponding 2-oxazolidinones. It is notable that optical activity of

2-oxazolidinone was obtained (57%) by this method (Table 2,

entry 8). It is regrettable that 2-benzoxazolinone wasn’t

obtained when the substrate was 2-aminophenol (Table 2,

entry 9).

The results of cyclic ureas obtained for the reaction between

cyclic carbonates and 1,2-diamines are presented in Table 3.

The results showed that satisfactory yields of 2-imidazolidi-

nones were obtained from the aliphatic 1,2-diamines and five-

membered cyclic carbonates. In this reaction, the yield of the

cyclic urea was affected by the structure of the substrate

used. When we used o-phenylenediamine as the substrate, the

product of 2-hydroxybenzimidazole wasn’t obtained (Table 3,

entry 6).

In a previous study,9e Bhanage carried out the reaction of

carbon dioxide with various 1,2-diamines and b-amino-

alcohols, excellent yields of 2-oxazolidinones and 2-imidazo-

lidinones were obtained. However, high pressure (6 MPa) and

Table 1 Effects of reaction conditions on the synthesis of 2-oxazo-
lidinone from 2-aminoethanol and propylene carbonatea

Entry Catalyst Solvent
Temperature/
uC Time/h

Yieldb

(%)

1 K2CO3 THF 70 5 30
2 K2CO3 1,2-Dimethoxyethane 70 5 45
3 K2CO3 Acetonitrile 70 5 51
4 K2CO3 1,4-Dioxane 70 5 87
5 K2CO3 Ethanol 70 5 79
6 K2CO3 DMF 70 5 90
7 K2CO3 DMF 60 5 79
8 K2CO3 DMF 80 5 93
9 K2CO3 DMF 90 5 91
10 K2CO3 DMF 80 4 83
11 K2CO3 DMF 80 6 93
12 K2CO3

c DMF 80 5 65
13 K2CO3

d DMF 80 5 85
14 — DMF 80 5 8
15 KHCO3 DMF 80 5 90
16 K3PO4 DMF 80 5 77
17 Na2CO3 DMF 80 5 85
a Reaction conditions: propylene carbonate 10 mmol, ethanolamine
10 mmol, potassium carbonate 0.1 mmol. b GC yield. c 0.04 mmol.
d 0.08 mmol.

Table 2 The synthesis of 2-oxazolidinones from the different substratesa

Entry Cyclic carbonate b-Aminoalcohols Products Yieldb (%) Entry Cyclic carbonate b-Aminoalcohols Products Yieldb (%)

1 89 6 89

2 90 7 74

3 78 8 57c

4 80 9 —

5 92

a Reaction conditions: cyclic carbonate 10 mmol, b-aminoalcohol 10 mmol, potassium carbonate 0.1 mmol, DMF 5 mL, temperature 80 uC,
time 5 h. b Isolated yield. c [a]D

20 = 215u (c = 0.4, ethanol).
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high temperature (150 uC) were required. In the literature,11

2-oxazolidinones and 2-imidazolidinones were synthesized

from urea and aliphatic 1,2-diamines or b-aminoalcohols.

However, 2-imidazolidinones were obtained with low yield,

whereas high yields were obtained in this study (Table 3).

Thus, five-membered cyclic carbonates are useful reagents for

the syntheses of 2-oxazolidinones and 2-imidazolidinones.

Conclusion

In summary, we have found that the synthesis of 2-oxazoli-

dinones cyclic ureas from five-membered cyclic carbonates

and corresponding aliphatic b-aminoalcohols or 1,2-diamines

could be performed with excellent yields by using potassium

carbonate as catalyst under mild conditions. This atom-

ecnomical methodology represents a valuable and environ-

mentally benign non-phosgene alternative to the use of toxic

phosgene or expensive dimethyl carbonate. Since five-

membered cyclic carbonates were prepared from epoxides

and carbon dioxide, the title reactions will be chemical fixation

of carbon dioxide to important chemicals indirectly.

Experimental

For each reaction, cyclic carbonate (10 mmol), b-amino-

alcohols or 1,2-diamines (10 mmol) in DMF (5 ml) and

potassium carbonate (0.1 mmol) were charged into a 25 ml

round-bottomed flask equipped with a magnetic stirrer at

80 uC for 5 h. The resulting products were analyzed on a

Hewlett-Packard 6890/5973 GC-MS and NMR. Quantitative

analyses were carried out over a Agilent 6820 GC and column

chromatography on a silica gel (200–300 mesh, eluent:

methanol–dichloromethane 1 : 10).
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The hydrothermal reaction of slurries containing MgO and Cp3 alumina has been investigated

in situ using energy dispersive X-ray diffraction (EDXRD). A range of temperatures (100, 150,

180 and 240 uC) were studied. Kinetic data for the formation of the hydrotalcite-like Mg–Al

layered double hydroxide (LDH) have been determined. At 100 uC the LDH is the predominant

phase that is formed but at higher temperatures the impurity phases brucite and boehmite become

more significant. The rate of reaction increases with temperature in agreement with Arrhenius

behaviour and the LDH growth curves exhibit sigmoidal kinetics. The rate of formation of the

LDH phase was found to be approximately equal to the rate of consumption of MgO, indicating

that the mechanism of LDH formation is unlikely to proceed via a long-lasting intermediate phase.

Introduction

Interest in layered double hydroxides (LDHs) remains high as

new applications continue to be discovered.1,2 A knowledge of

the basic chemistry of these materials is therefore fundamental

for the efficient, targeted development of future uses and the

exploitation of their full potential.

Also known as anionic clays or hydrotalcite-like materials,

the structure of LDHs is similar to that of the mineral brucite,

Mg(OH)2.3 Substitution of the divalent layer cations by

trivalent cations generates positively charged sheets which

necessitates the incorporation of charge balancing anions in

the interlayer region. Although some LDHs occur naturally

the majority are produced synthetically. This enables experi-

mentation with a range of synthetic variables, including

incorporation of different metal species into the layers and

anionic species into the interlayer. Furthermore, variations in

the stoichiometry and synthesis conditions have created a wide

range of LDHs with general formula [M(II)12xM(III)x(OH)2]

(An2)x/n?yH2O]. This compositional flexibility permits the

design of LDHs with selected functionality, and the numerous

range of current applications have been recently reviewed.4,5

The most commonly used method for preparation of LDHs

is that of coprecipitation.6 Many other synthesis routes have

been developed in attempts to improve or extend the chemical

and physical properties both of the LDH product itself, and of

more complex LDH containing systems, for example LDH-

polymer nanocomposites.7

Modifications of the coprecipitation method include hydro-

thermal synthesis,8 the use of microwave irradiation,9 and

homogeneous precipitation, by for example, urea hydrolysis.10

Alternatively, a precursor, ‘parent’ LDH may be used for

synthesis as in ion exchange reactions.11 The dehydration–

reconstruction method, which involves the decomposition of a

pre-existing LDH by mild calcination (e.g. 500 uC), exploits the

rehydration properties of the resulting mixed oxide, and also

enables the incorporation of interlayer anions at low tempera-

tures.12,13 Reducing the temperature of reactions and mini-

mising waste, for example by the use of one-pot syntheses,14

are important targets in the development of more environ-

mentally friendly, ‘green’ synthesis strategies.

The MgO–Al2O3–H2O system has previously been reported

in the synthesis of Mg–Al LDHs,15–19 and has been used as a

method for preparing synthetic meixnerite in substantially

carbonate free environments.18,19 Sealed reaction vessels are

usually employed to allow accurate control of the anionic

species.20 The hydrothermal reaction of MgO and Al2O3 is

of interest, as the elevated temperature and pressure pro-

duced is known to create the possibility of forming different

chemical compositions of different structural arrangements,

i.e. polytypes.18

The occurrence of polytypism is important, as polytypes

may have different physical and chemical properties. Bookin

and Drits studied the theoretically possible21 and naturally

occurring22 polytypes of hydrotalcite-like minerals. The

naturally occurring mineral hydrotalcite which has approxi-

mate composition Mg6Al2(OH)16CO3?4H2O was found to have

a three layer structure with rhombohedral (R) symmetry—

designated by Bookin and Drits as the 3R1 polytype. CO3
22 is

the most common anionic species found in LDHs due to the

strong interaction of the carbonate within the interlayer.23 The

nature of this interaction limits the number of polytypes

observed for LDHs containing CO3
22 to two; a two-layer

polytype with hexagonal symmetry (2H1) and a three-layer

polytype with rhombohedral (3R1) symmetry.24 The structures

of synthetically prepared CO3
22 bearing LDHs have all been

identified as the 3R1 polytype. Synthetically prepared OH2

containing LDHs, however, have been observed to form in

two polytypes, both three-layer with rhombohedral symmetry,

aDepartment of Chemistry, University of Cambridge, Lensfield Road,
Cambridge, UK CB2 1EW. E-mail: wj10@cam.ac.uk;
Fax: +44 1223 336362; Tel: +44 1223 336468
bChemistry Research Laboratory, Department of Chemistry, University
of Oxford, Mansfield Road, Oxford, UK OX1 3TA.
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designated as the 3R1 and 3R2 polytypes respectively. Both

polytypes have a fairly homogeneous distribution of cations,

but in the 3R2 polytype the layers are shifted by lattice

translations of (1/3, 2/3) or (2/3, 1/3) from the 3R1 structure.

The 3R2 polytype is rarely observed in naturally occurring

minerals, and, to date, has only been observed for sulfate

containing forms.22 It is only possible to distinguish between

these two polytypes by careful analysis of the reflection

intensities—the appearance of the 3R2 polytype can be

observed by comparison of the reflections appearing in the

mid 2h region (30–50u). Specifically, the 012, 015 and 018

reflections will be relatively strong for the 3R1 polytype and

the 101, 104 and 107 reflections will be relatively strong for the

3R2. Newman et al. reported the direct synthesis of this

polytype by the hydrothermal treatment of Cp 1.5 (a flash

calcined gibbsite) and MgO at 180 uC, with hydroxyl groups as

the dominant interlayer species.18

Despite the wealth of literature on the subject of LDHs, the

mechanism of LDH formation remains unclear, perhaps due

to the diversity of potential approaches to LDH synthesis or

the numerous corresponding synthetic variables. Eliseev et al.

reported that during formation of a Mg–Al LDH by

coprecipitation, initially an amorphous phase is formed which

then converts to a layered structure.25 Using 27Al solid state

NMR, they observed a tetrahedral–octahedral change in Al

geometry associated with this transition, which they suggested

may be used as a measure of crystallisation. Sato et al. studied

the thermal decomposition and reconstruction of LDHs by

SEM, and proposed a topotactic mechanism based on their

observations that the initial lamellar microstructure was

retained.26 More recently Xu and Lu presented evidence

supporting a dissociation–deposition–diffusion mechanism

based on their studies of the hydrothermal treatment of MgO

and Al2O3 at 110 uC.17 Before and during LDH formation,

some reactions, such as hydrolysis of MgO and Al2O3 and the

dissociation of Mg(OH)2 and Al(OH)3 formed in situ, may

occur simultaneously. The type and rate of these reactions are

dependent on temperature, which is controlled during hydro-

thermal synthesis, pH, which is not controlled, and pressure,

which will initially increase but then remain fairly constant.

Synchrotron radiation enables in situ energy dispersive

X-ray diffraction (EDXRD) analysis, which allows direct

observation of the growth of crystalline phases during

reaction.27–29 Millange and co-workers have already effectively

used this technique for the time resolved study of the

rehydration of an LDH providing insight into the kinetics of

this process.29

In this investigation we report on the use of EDXRD to

study the hydrotalcite formation from a physical mixture of

the MgO and Cp3 alumina. We have used the real time

measurements obtained to establish the kinetics and improve

our understanding of the mechanism of LDH formation under

hydrothermal conditions.

Experimental

MgO (reagent grade, Aldrich) and Cp 3 Al2O3 (a transition

alumina prepared by flash calcination of gibbsite) were

combined with distilled water to give slurries of composition

R (Mg/Al) = 2, 10 wt% solids. A partially amorphous

form of Al2O3 was selected since crystalline Al2O3 has a low

reactivity.30

Time-resolved in situ EDXRD was undertaken at the U.K.

Synchrotron Radiation Source (SRS), Daresbury Laboratory,

which operates using the radiation from the storage ring

running at 2 GeV with an average stored current of 200 mA.

Experiments were conducted on station 16.4, a wiggler magnet

working at a peak frequency of 6 T supplies the station with

X-ray frequency radiation. The station receives usable X-ray

flux continuous in the range 5–120 KeV, with a maximum

flux of 3 6 1010 photons s21 at approximately 13 KeV. A

three-element detector system was employed. Each detector

was separated by a 2h angle of 2.8u. In this investigation, the

detectors were situated at 2h angles of 1.6u (bottom), 4.4u
(middle) and 7.2u (top). Using the relationship between energy,

E/KeV, and d spacing, d/Å, E = 6.19926/d sinh. This corres-

ponds to an observable d-spacing range of 1–14 Å. Data

collection times were 30 s throughout.

The slurries were treated in a stainless steel hydrothermal

cell with a Teflon lining specifically designed to enable in situ

measurements to be taken over a wide range of temperatures

(up to 240 uC).31 A Teflon coated magnetic stirrer bar ensured

that a homogeneous portion of the reacting mixture remained

in the beam. Reactions were undertaken at 100, 150, 180

and 240 uC.

An automated Gaussian fitting routine was used to study

the variation in integrated reflection area of the identifiable

Bragg reflections with time. This permitted visualisation of

the development and loss of crystalline phases during the

hydrothermal reaction.32 The program was designed to enable

manageable data analysis of the large numbers of powder

diffraction patterns generated during time resolved experi-

ments. Generally the results obtained showed little scatter. In

order to compare several sets, the data was normalised and in

some cases a 3-parameter sigmoidal trendline was fitted to

improve visualisation.

For subsequent ex situ analysis, the products from the in situ

study were dried at 70 uC without filtering or washing. Angle

dispersive powder X-ray diffraction (PXRD) patterns of the

resulting materials were recorded with a Phillips X’Pert MPD

diffractometer in reflection geometry using Cu Ka radiation

(l = 1.5418 Å). Data were collected from finely ground

samples pressed on a flat plate, glass sample holder. The 2h

range explored was between 5–80u.
Phase identification was achieved by comparison with

PXRD patterns simulated, using the X’Pert Plus software,

from single crystal structural information data obtained from

the International Crystal Structure Database, as well as with

the diffraction patterns collected from known 3R1 and 3R2

polytypes synthesised in our laboratory.

Results

The dried products were all off-white powders for which the

PXRD patterns collected ex situ are summarised in Fig. 1. It is

evident that the Mg–Al LDH is the predominant phase formed

in all cases. For the material prepared at 100 uC, the reflections

correspond well to the structure of the 3R1 polytype. At higher
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reaction temperatures, reflections corresponding to both the

3R1 and the 3R2 polytypes are observed. It is noted, however,

that the principal LDH structure in the dried products

resulting from all reaction temperatures undertaken is that of

the 3R1 polytype. At 240 uC there is also significant formation

of the impurity phases boehmite and brucite (marked).

A schematic diagram of the in situ spectra recorded from the

top, middle and bottom detector is shown in Fig. 2. The data

from two consecutive 30 s measurements were combined to

improve the signal to noise ratio in the spectra. The presented

spectra therefore show the data collected during Minute 1 (left)

and Minute 30 (right). The high background intensity is due to

diffraction from the water present in the reaction vessel. There

are also some observable reflections which arise due to interac-

tion between the X-ray beam and the reaction vessel—most

notably, the strong reflection visible in spectra acquired from the

bottom detector (marked Exp. Ref. in Fig. 2), which is due to

diffraction from the Teflon lining of the reaction vessel. Addi-

tionally, there are sharp reflections (marked * in Fig. 2), which

are thought to be due to diffraction from metals in the reaction

vessel. These reflections are seen at all reaction temperatures

and their intensity remains constant throughout. These reflec-

tions are not taken into account in the results presented below.

In order to assign the reflections observed in the EDXRD

spectra, each potential phase which could be present during the

reaction was analysed to calculate the expected energies at

which the reflection would occur from the corresponding value

of 2h. In the initial spectra, collected during the first minute,

only reflections arising from the MgO phase are visible. After

30 minutes of reaction, these reflections have disappeared and

only reflections corresponding to the LDH are identifiable.

These phases have been indexed LDH hkl and MgO hkl

respectively. It was not possible to differentiate between

reflections corresponding to the 3R1 and 3R2 LDH polytype

in the EDXRD spectra.

Fig. 3 shows the variation in EDXRD spectra collected from

the middle detector with time for the reaction at 100 uC. No

reflections additional to MgO and LDH are seen to develop

during the intermediate stages of the reaction. The variation

Fig. 1 Ex situ PXRD patterns of materials prepared during the in situ

studies of the hydrothermal reaction of MgO and Cp3 alumina.

+ marks boehmite reflection and * marks brucite reflection.

Fig. 2 Schematic diagram showing the initial (Minute 1) in situ spectra recorded by the top (28–100u/2h), middle (18–50u/2h) and bottom

(6–18u/2h) detectors compared with those recorded during Minute 30 of reaction at 180 uC. Identifiable reflections are indexed. The reflections

marked Exp. Ref. and * are experimental artefacts arising from the apparatus used.
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with time of the EDXRD spectra collected for reactions at 150,

180 and 240 uC is found to have similar trends. From the

data collected at 240 uC it was possible to identify additional

reflections in the EDXRD spectra corresponding to the

impurity phase boehmite.

Analysis of the EDXRD data obtained using the Gaussian

fitting routine yielded information about the kinetics of the

consumption and growth of crystalline phases during reaction.

The strong 003 basal reflection of the LDH, the 002 reflection

of MgO and (at 240 uC) the 020 boehmite reflection, were

selected to study the variation of these phases with time.

Fig. 4 summarises the data for LDH and MgO with reaction

temperature. The LDH growth curves closely reflect, in terms

of rate, the consumption of the MgO phase. In agreement

with Arrhenius behaviour, the kinetics of reaction are seen

to increase with temperature of hydrothermal reaction. Two

effects are noticeable: the point at which the LDH reflection

becomes distinguishable (LDH crystallisation) occurs earlier as

the temperature is increased, and the rate at which the reaction

occurs (measured by the slope of the nucleation controlled

growth area of the curve) increases. In all cases, the normalised

intensity vs. time curves of the MgO and LDH phases cross at

approximately 0.5. As coherent diffraction from the starting

material declines, it is matched by a gain in coherence from the

product phase. This is consistent with a process in which MgO

is transformed directly into the LDH: if an intermediate phase

was forming, one might expect the reactant and product phase

curves to cross at a lower normalised intensity, as seen by

Geselbracht et al., where two intermediate phases were

detected in a reaction and the reactant and product curves

crossed at approximately 0.2.33 The decay of overall intensity

which can be seen in the results from 240 uC is possibly the

result of the stirrer bar being impeded by the developing

product phases. In this situation the portion of the reacting

mixture remaining in the line of the beam would decrease and

therefore lead to a loss of intensity.

Fig. 5 compares the extent of reaction with time for each

reaction temperature. Sigmoidal trendlines are fitted to enable

clear visualisation, as this shape was found to have the closest

Fig. 3 Variation with time of the in situ spectra collected from the

middle detector (18–50u/2h) for the reaction at 100 uC.

Fig. 4 Plot showing relationship between growth of LDH 003

reflection and consumption of MgO 002 reflection from the in situ

data with time at the temperatures studied.

Fig. 5 Comparison of the rate of development of the LDH 003 basal

reflection with the temperature of hydrothermal reaction.
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fit with the data. Unfortunately, it was not possible to fit a full

kinetic model to the data collected due to the low resolution

during the initial stages of reaction.

For the reaction at 240 uC it was also possible to study the

development of boehmite and of the intense reflection at

approximately 38.5u two-theta (which may have contributions

from brucite 011 and LDH 015/104 reflections). The growth of

these reflections with respect to the 003 LDH basal reflection

and loss of 002 MgO reflection is shown in Fig. 6. It is

interesting to note that the development of both the boehmite

reflection and the reflection seen at 38.5u in the ex situ pattern,

have different kinetics from that of the LDH phase. Both

reflections appear after longer time intervals than the LDH

003 reflection and the rate of development of the boehmite

reflection is slower. The fact that the development of the

reflection at 38.5u has different kinetics from the LDH

003 reflection indicates that this reflection arises from one or

more phase in addition to the LDH. If this is the case, then

both the brucite and boehmite phases crystallise after the MgO

phase has been fully consumed. These phases must, therefore,

either be formed from amorphous phases present in the slurry

or must be formed from the decomposition or structural

alteration of the LDH present. It was not possible to study the

development of impurity phases at other reaction temperatures

as insufficient quantities were formed. The reflection intensities

were, therefore, too weak for assignment to be made and to

allow accurate determination of the reflection area compared

with the background noise.

Discussions

Contrary to what was expected based on previous knowledge,

in this investigation the ex situ data show that the predominant

LDH structure formed at all reaction temperatures was that of

the 3R1 polytype.

A possible explanation for this observation would be if the

LDH formed contained carbonate (due to the predisposition

of carbonate containing LDHs towards the 3R1 polytype).

Elemental analysis of the products obtained indicated the

wt% of carbon to be approximately 1.3%. Assuming that the

layer stoichiometry reflects the stoichiometry of the initial

slurry, the corresponding LDH containing carbonate as the

charge balancing anion would have approximate composition

Mg4Al2(OH)12(CO3)?2H2O, corresponding to a wt% C of

2.66%. This indicates that the products formed contain both

carbonate and hydroxyl anions. Possible sources of carbonate

anions include CO2 from the atmosphere or adsorbed on the

reactants (as CO3
22/HCO3

2). Alternatively, the absorption of

CO2 from air during the post-synthesis collection process may

account for the presence of carbon, but this would not be

expected to effect the structure of the LDH formed, as the

interconversion between 3R1 and 3R2 structure is not thought

to be possible.18

Another explanation for the formation of the 3R1 polytype

may also be considered. It is possible that the 3R2 polytype

is not formed directly on reaction of slurries containing

MgO and Cp3 alumina but forms via a 3R1 intermediate.

In this investigation, the maximum data collection time was

90 minutes. More data would be needed, to eliminate this

possibility.

There is some debate over the assignment of reflections

in the products resulting from hydrothermal reactions at

temperatures sufficiently high to yield LDHs with the 3R2

structure. Reflections in positions approximately equivalent

to those of brucite (marked * in Fig. 1) were left unassigned

(‘non-indexed’) by Newman et al. when reporting the

synthesis of the 3R2 polytype, observing that the reflections

occurred at lower d-spacings than reported data for brucite.

They noted that the reflection close to 19u has previously

been assigned to the existence of a superlattice structure

in LDHs, possibly due to cation ordering within the layers

and/or to the ordered arrangement of anions within the

gallery.18 Our results show the formation of brucite during the

reaction at 240 uC, indicating that the non-indexed reflections

are likely to have at least some component (if not all)

from brucite.

The presence of brucite and boehmite is observed in both the

in situ and ex situ data collected from the material prepared by

hydrothermal reaction at 240 uC. This is consistent with the

phase diagrams presented by Mascolo in his review on the

hydrothermal synthesis of anionic clays from the amorphous

precursors of M2O3 (M = Al, Cr, Fe) with an appropriate

agent of crystallisation MO (M = Mg, Zn, Ni).16 Mascolo

considers LDHs as low density phases whose formation is

favoured by low temperature hydrothermal treatment (and

hence a lower self generated pressure). Mascolo suggests that

elevated pressures favour the formation of Al rich LDHs, and

that as the temperature is increased (.200 uC) the LDH phase

becomes less stable and brucite and boehmite become the more

thermodynamically stable phases. The exact stability of the

LDH is dependent on the layer composition and the nature of

the interlayer anion.

Fig. 6 Comparison of the normalised variation of integrated reflec-

tion area with time for the LDH 003, MgO 002 and Boehmite 020

reflections and the multi component reflection at 38.5u, for the reaction

at 240 uC.
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Conclusions

Hydrothermal reaction of MgO and Cp Al2O3 occurs rapidly,

yielding mainly the Mg–Al LDH product at all temperatures.

Reaction at 100 uC yielded an LDH phase with a structure

corresponding to the 3R1 polytype. As the temperature of

hydrothermal treatment is increased, a small amount of the

3R2 structure and the presence of brucite and boehmite

impurities is also detected.

In situ EDXRD has proved successful in furthering

understanding of the mechanism of reaction and has enabled

conclusions to be made regarding the kinetics. At all

temperatures there is some delay before the LDH peak

becomes visible (LDH crystallisation). This is followed by a

rapid increase in intensity of the 003 reflection corresponding

to mass crystallisation of LDH particles. After the reaction is

complete (when there is no further rise in intensity) the LDH

crystallites are thought to enter into a growth stage, although it

was not possible to observe the corresponding decrease in the

FWHM of the reflection from our data, which could indicate

that the growth of LDH crystallites occurs on a slower

timescale. Brucite and Boehmite are observed to crystallise less

quickly than the LDH phase.

In agreement with the findings of Millange et al.29 for the

rehydration of an Mg–Al LDH, it is evident that increasing the

temperature has a significant effect on the rate of hydrotalcite

formation. However, unlike the results of that study, where

the LDH 003 reflection appears almost instantaneously upon

rehydration of the Mg–Al mixed metal oxide, for the

formation of LDH by hydrothermal reaction of MgO and

Al2O3 slurries, there is a delay of at least 5 minutes before the

LDH reflection is detectable. This would be consistent with the

postulation that the rehydration of a calcined Mg–Al LDH

occurs topotactically, as it would be expected to have a lower

activation energy than the hydrothermal reaction of MgO and

Cp3 alumina to form Mg–Al LDH. In the situation reported

here, the Mg and Al cations will be separated, thus requiring

an additional diffusion step in order to form the LDH.

The MgO consumption curves appear to mirror the rate

of the LDH growth curves. The curves cross where the

normalised intensity of each is approximately 0.5, and no other

crystalline phases are detected by EDXRD. Therefore, the

mechanism for LDH formation by this method does not

involve the formation of a long-lasting, either amorphous or

crystalline, intermediate phase.
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Here we present a magnetically recoverable palladium catalyst prepared by immobilization of

palladium over silica-coated magnetite nanoparticles. The catalyst reduced by molecular

hydrogen contains palladium nanoparticles well distributed and stabilized in the magnetizable

support surfaces and converts cyclohexene to cyclohexane under mild reaction conditions (75 uC
and 6 atm) with TOF of 11 500 h21. The catalyst was easily recovered with a permanent magnet

in the reactor wall and reused for up to 20 recycles of 2500 TON each without any significant loss

in catalytic activity, demonstrating an efficient recycling process for hydrogenation reactions.

Introduction

Superparamagnetic nanoparticles are now emerging as new

supporting materials for catalysts immobilization with

increased catalyst to products separation capabilities.1

Nanometric iron oxides respond to an external magnetic field

but do not remain magnetized when the magnetic field is

removed. These properties permit superparamagnetic mate-

rials to be concentrated from the solution with a magnet and

dispersed immediately after removing the magnetic field. The

absence of remanence prevents particle–particle attraction and

particle aggregation, which would dramatically decrease the

surface area of a solid support. Magnetic separation is very

promising to greatly improve separability and recycling of

homogeneous and nanocluster catalysts. In this recycling

process, the catalyst can be magnetically recovered inside the

reactor vessel while draining the liquid products. It can be

considered a greener technology that avoids the consequences

of filtration steps such as catalyst mass loss, catalyst oxidation,

use of additional solvents and the subsequent generation of

organic residues.

Magnetic separation has been extensively used in biomedical

applications such as drug targeting, cell sorting and isolation

and separation of biochemical products.2 The biomedical

applicability of magnetic particles is greatly improved by

coating their surfaces to protect the magnetic core and increase

surface reactivity. It is worth mentioning the results of Philipse

et al.3 and Xia et al.4 on the preparation of silica coated

magnetic nanoparticles. Silica contains reactive silanol groups

that can be easily functionalized by organosilanes yielding

modified surfaces with a variety of functional groups, such as

amino and thiol.5 Those functional groups can also work

perfectly as coordinating sites for metals as well as starting

materials for the engineering of chelant ligands on silica

surfaces. Thiol-modified mesoporous silica, for instance, has

been shown as a remarkable scavenger for palladium.6,7 The

palladium loaded solid obtained by Crudden et al.7 was also

used as a heterogeneous and reusable catalyst for coupling

reactions with no leaching of palladium (,3 ppb Pd in the

filtrates). Immobilization of palladium on solid supports is a

strategy to decrease the accumulation of palladium in the final

products, especially important in the synthesis of pharmaceu-

ticals, but leaching of palladium can occur. In some cases, it

has been demonstrated that heterogeneous catalysts are merely

reservoirs for highly active soluble forms of palladium.8 In an

attempt to prepare a palladium-based magnetically separable

catalyst we first coated the surfaces of superparamagnetic

nanoparticles with silica and then modified their surfaces

with thiol for the immobilization of palladium. The catalyst,

reduced by molecular hydrogen, contains palladium nano-

particles well distributed and stabilized in the magnetizable

support surfaces. The catalytic performance and recycling of

the magnetizable palladium catalyst in hydrogenation reac-

tions in solventless conditions were investigated.

Results and discussion

Silica-coated magnetic particles were prepared following the

procedure described by Philipse et al.3 that consists of pre-

coating magnetic particles surfaces with soluble silicate, and

subsequent growth of a silica layer by condensation of

tetraethylorthosilicate. The pre-coating step was necessary to

improve the solubility of the magnetic particles in the alcohol

mixture that is used for the silica layer growth. Without this

step, precipitation and agglomeration of the magnetic nano-

particles take place immediately after addition of ethanol or

isopropanol. The magnetic cores were prepared by co-

precipitation of Fe2+/Fe3+ ions under alkaline conditions

followed by stabilization with tetraethylammonium hydro-

xide.3 TEM images of the pre-coated magnetic particles and

the silica-coated magnetic spheres are shown in Fig. 1 and 2.

Analysis of the micrograph in Fig. 1a indicates that these
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nanoparticles display an irregular shape, but evaluating their

characteristic diameter results in a mono modal distribution.

The histogram of Fig. 1b shows that particle size distributions

can be reasonably well fitted by a Gaussian curve. The average

diameter of the nanoparticles after pre-coating with silicate,

determined by measuring the diameter of 600 randomly

selected particles in enlarged TEM images, was 12 ¡ 3 nm.

After a 10 nm silica layer growth, the particles size increased

to approximately 30 to 40 nm diameter size (Fig. 2). Although

most of the particles appear spherical in shape, some aggrega-

tion can be seen and we were not able to precisely determine

particles size.

Magnetization curves revealed the superparamagnetic

behavior of the silica coated-magnetic nanoparticles with a

saturation magnetization of 12.6 emu g21 (Fig. 3). This value is

smaller than that of bulk magnetite (92 emu.g21), which is

consistent with the presence of a diamagnetic component. The

decrease of the saturation magnetization suggests the presence

of 30% of silica in the material.9 Even with this reduction in

the saturation magnetization the solid can still be efficiently

separated from solution with a small neodymium permanent

magnet (y4400 G).

The silica-coated magnetic particles had their surfaces

modified with thiol groups through hydrolysis and con-

densation with 3-mercaptopropyltrimethoxysilane (MPTMS),

performed in dry toluene under nitrogen to minimize side-

reaction. A thermal curing of the silanized solids was included

to guarantee a stable, cross-linked and condensed silane

layer.5 The mercaptopropyl-modified silica coated magnetic

particles were submitted to an aqueous solution of [PdCl4]22

(1.0 mg mL21). The isolated solid contains 1.21 wt% of

palladium as determined by ICP-AES. The catalytic activity

of the magnetizable palladium catalyst was investigated in

Fig. 1 (a) Transmission electron microscopy (TEM) of the pre-coated

magnetite nanoparticles and (b) histogram showing particle size

distribution.

Fig. 2 TEM of silica-coated magnetic spheres.

Fig. 3 Magnetization curve of silica-coated magnetic particles at

300 K.
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hydrogenation reactions of olefins to the corresponding

alkanes in solventless conditions. The reactor loaded with

the catalyst and the olefin was submitted to the desired

hydrogen pressure and temperature. The reaction is monitored

by the consumption of hydrogen in a reservoir connected to

the main reactor maintained at constant pressure. Curves of

hydrogen pressure versus time were obtained for each experi-

ment. At the desired time, the reactor was cooled down, the

remaining hydrogen relieved and the catalyst recovered

magnetically by placing a magnet in the reactor wall. The

organic phase was easily separated and analyzed by gas

chromatography. Table 1 summarizes the results.

The hydrogenation of cyclohexene at PH2
= 6 atm and T =

75 uC showed a very high turnover frequency of 11 500 h21

(Table 1, entry 1). At a hydrogen pressure of 1 atm, the

reaction became ten times slower at 75 uC (Table 1, entry 4)

and did not go to completion after two hours at 25 uC (Table 1,

entry 6). Similar experiments performed with non-supported

PdCl2 showed deposition of a metallic film and catalyst

deactivation. The performance of commercially available Pd/C

catalyst under the conditions used in this study is comparable

to our results (TOF = 18 750 h21), but with the difficulty

of separating the product. The catalytic parameters shown

in Table 1 were calculated based on the total amount of

palladium in the catalyst without taking into account the true

number of active metal sites on nanoparticles surfaces,

consequently those values may be underestimated.10 The

values shown in Table 1 are higher than those reported for

hydrogenation of cyclohexene by palladium11 and other metal

nanoparticles12 stabilized in solid or liquid supports.

Further experiments were performed to verify the catalyst

stability and recyclability. After a first run with complete

conversion of 28 mmol of olefin (11.2 mmol palladium, 75 uC
and 6 atm H2), the magnetically recovered catalyst was reused

in twenty successive runs of 2500 TON each (total turnover of

50 000 in 9 h), by addition of new portions of cyclohexene. The

catalyst showed no significant loss of activity at the end of the

20th run (Fig. 4). Variations on the reaction rates in the series

of experiments were observed, but the rate of the first and the

20th batch were the same (5000 h21), which means that the

active metal sites were maintained. Moreover, the minimum

activity (lower TOF values) did not change significantly, but

peaks of increased activity were observed at recharges 6, 12,

13, 15 and 18. The organic products were collected and the Pd

content was ,0.01 ppm (ICP-AES analysis). In order to better

estimate the catalyst lifetime, a new experiment was performed

with an olefin/Pd ratio of 50 000 (Table 1 entry 7) and the

catalyst was still active for a second run (Table 1, entry 8)

corresponding to a total turnover (TTO) of 100 000.

In order to obtain evidence that reduction of the Pd(II)

bonded to mercaptopropyl modified magnetic solid occurred

when submitted to hydrogenation conditions, we carried out

TEM (Fig. 5), X-ray diffraction (XRD) (Fig. 6) and X-ray

photoelectron spectroscopy (XPS) (Fig. 7) analysis of the spent

catalyst. The results shown in Fig. 5 and Fig. 6 are consistent

with the formation of [Pd(0)]n nanoparticles on silica surfaces

of the catalyst submitted to hydrogenation reactions.

The stabilization of metal nanoparticles on the magnetic

support surface can explain the high reusability of our catalyst

without losing activity. It is well established that high energy

surface metal nanoparticles aggregate into larger particles or

bulk materials in the absence of stabilizing agents or supports,

resulting in decreased surface areas, loss of reactive sites and

consequently deactivation of the catalyst by agglomeration.13

The TEM image of the spent catalyst (Fig. 5a) clearly shows

the silica shell decorated with very small particles, attributed to

palladium species since they were absent in the TEM image of

the silica-coated magnetic particles shown in Fig. 2. Analysis

of TEM enlarged micrographs, by measuring the diameter of

300 randomly selected particles, resulted in the particle size

distribution histogram shown in Fig. 5b. The size distribution

was found to be well described by a Gaussian distribution

function from which we obtained an average particle diameter

of 3.0 ¡ 0.5 nm. The high resolution TEM (HRTEM) image

(Fig. 5c) allowed us, by means of Gatan software, to obtain the

Fourier transform from which lattice spacings of 2.16 and

2.02 Å were (experimental error ,5%). These lattice spacings,

corresponding to the interplanar distance (1 1 1) and (2 0 0) of

the Pd(0), are depicted by the arrows in Fig. 5c.

The XRD pattern of the spent catalyst confirms the presence

of crystalline Pd(0) by the appearance of the most representa-

tive Bragg reflections of Pd(0) metal as indicated in the

Fig. 6(b). The mean diameter could be estimated from the

Table 1 Hydrogenation of cyclohexene to cyclohexane by Pd
magnetically recoverable catalyst

Entry P/atm T/uC Time/min Conv. (%)a TONb TOFc/h21

1 6 75 13 .99 2500 11 538
2 4 75 18 .99 2500 8333
3 2 75 51 .99 2500 2941
4 1 75 152 .99 2500 987
5 6 25 22 96 2400 6545
6 1 25 120 56 1400 700
7 6 75 510 .99 50 000 5882
8d 6 75 600 .99 50 000 5000
9e 10 75 240 3 27 7
a Measured by GC. b Catalytic turnover number: mol of substrate
transformed per mol of catalyst. c Catalytic turnover frequency: mol
of substrate transformed per mol of catalyst per hour. d Catalyst
reused after experiment described in entry 7. e Reaction performed
without Pd: magnetic particles/substrate ratio = 1/1000.

Fig. 4 Catalyst recycling in the hydrogenation of cyclohexene at

2500 mol substrate per mol catalyst each run, 75 uC and 6 atm H2.
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XRD diffraction pattern by means of the Debye–Scherrer

equation calculated from full width at half-maximum (fwhm)

of the (111), (200), (220), (311), and (222) planes obtained from

Rietveld’s refinements. The most representative reflections of

Pd(0) and Fe3O4 were indexed as face-centered cubic (fcc) with

unit cell parameter a = 3.9142 Å and a = 8.3668 Å, respec-

tively. The simulations of Bragg reflections and Rietveld’s

refinement were performed with a pseudo-Voigt function using

Fig. 5 (a) TEM micrographs, (b) histograms showing the particle size

distribution of Pd(0), and (c) HRTEM image of the spent catalyst with

the interplanar distance indicated by arrows.

Fig. 6 X-ray diffraction pattern of (a) the magnetic core—Fe3O4

nanoparticles and (b) the spent catalyst (top) and Rietveld’s refinement

(bottom). (A = Bragg peak position Fe3O4; B = Bragg peak position

SiO2; C = Bragg peak position Pd (0)).

Fig. 7 XPS spectrum of the spent catalyst.
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the FULLPROF code.14 It is important to point out that the

use of fwhm of a peak to estimate the size of crystalline grain

by means of the Scherrer equation has serious limitations,

since it does not take into account the existence of a

distribution of sizes and the presence of defects in the

crystalline lattice. Therefore, the calculation of the average

diameter of the grains from fwhm of the peak can overestimate

the real value, since the larger grains give a strong contribution

to the intensity, while the smaller grains just enlarge the base of

the peak. Moreover, the presence of defects in a significant

amount causes an additional enlargement of the diffraction

line. Considering this enlargement, the obtained size can be

smaller than the real size of the grains. These problems can be

minimized by the use of Rietveld’s refinement method. Indeed,

these discrepancies are confirmed by the values found for the

average diameter of the nanoparticles without the structural

refinement (8.5 ¡ 3 nm and 6.5 nm), which significantly differ

from those found by means of Rietveld’s refinement (11.5 ¡

3 nm and 4.5 nm) for the nanoparticles Fe3O4 and Pd(0),

respectively. These latter values are much closer to those

determined by TEM. Fig. 6 shows the X-ray diffraction

pattern of the magnetic core—Fe3O4 nanoparticles, the spent

catalyst (top) and Rietveld’s refinement of this material

(bottom).

Further analysis of the spent catalyst using XPS showed the

palladium 3d doublet at 336.7 eV for 3d5/2 and 341.9 eV for

3d3/2 (Fig. 7). According to the literature,15 the Pd 3d5/2 peak

binding energy for Pd(0) is 335.1 eV. However, we found the

Pd 3d5/2 peak shifted to higher values, suggesting that the

catalyst has electron-deficient palladium species on the surface.

These oxidized forms of Pd might be palladium chloride or

palladium oxide, which show Pd 3d5/2 peak binding energies at

337.5 or 336.9 eV, respectively.15 Considering the peak

position, TEM and XRD results, the Pd(II) component found

in our system can be attributed to PdO, probably resulting

from surface reoxidation of high surface area palladium

nanoparticles during workup procedures. Analysis of peak

binding energies also confirms the absence of the metal

precursor, palladium chloride, in the spent catalyst. Using

the same sample portion, a new XRD analysis was performed

and, again, the most representative Bragg reflections of Pd(0)

metal were observed in the XRD pattern, whereas the expected

Bragg reflections of crystalline PdO were not detected. These

results are consistent with the presence of an amorphous layer

of PdO over the palladium nanoparticles only detected by XPS

and not detected by XRD.

Conclusions

In summary, we have prepared a highly stable magnetically

recoverable catalyst formed by very small palladium nano-

particles well distributed and stabilized in the magnetizable

support surfaces. A good agreement was found between

TEM and XRD methods for determining the mean relative

diameters of the nanoparticles. The values obtained were 3.0

and 4.5 nm from TEM and XRD, respectively. The catalyst

showed excellent catalytic activity for hydrogenation of

cyclohexene without catalyst leaching or deactivation after

20 cycles or 100 000 turnovers. After each reaction, the

catalyst could be easily separated magnetically from the

reaction products minimizing the generation of organic

residues and avoiding the use of additional solvents and

environmentally non-friendly procedures.

Experimental

Materials and instrumentation

Iron(II) chloride hydrate, iron(III) chloride hydrate, ammo-

nium hydroxide, 3-mercaptopropyltriethoxysilane, tetraethyl-

ammonium hydroxide, tetraethoxysilane and cyclohexene were

purchased from Aldrich and Fluka and used without further

purification.

GC analysis. Gas chromatography analyses were performed

on a Shimadzu GC 17A, equipped with a 30 metre capillary

column with a dimethylpolysiloxane stationary phase, using

the following parameters: initial temperature: 40 uC, initial

time: 5 min, ramp: 10 uC min21, final temperature: 250 uC,

final time: 5 min, injector and detector temperature: 250 uC,

injection volume: 2 mL.

TEM analysis. The morphology of the obtained nano-

particles was obtained on a Philips CM 200 operating at an

accelerating voltage of 200 kV. The samples for TEM were

prepared by dispersion of the nanoparticles in aqueous

solution at room temperature and then collected on a

carbon-coated copper grid. The histograms of the nano-

particles size distribution, assuming spherical shape, were

obtained from the measurement of about 600 particles and

were reproduced in different regions of the Cu grid, found in

an arbitrarily chosen area of enlarged micrographs. The high

resolution electron microscopy work was performed with a

JEM-3010 ARP microscope.

XRD analysis. The phase structures of nanoparticles were

characterized by XRD. For the XRD analysis, the nano-

particles were isolated as a fine powder and placed in the

sample holder. The XRD experiments were carried out on a

Rigaku-Denki powder diffractometer equipped with a curved

graphite crystal using Cu Ka radiation l = 1.5418 Å. The

diffraction data were collected at room temperature in a

Bragg–Brentano h–2h geometry with scan range between 10u
to 100u. The diffractograms were obtained with a constant

step, D2h = 0.02u. The indexation of Bragg reflections was

obtained by a pseudo-Voigt profile fitting using the

FULLPROF code.14

Magnetic measurements. A VSM was used to obtain the

magnetization versus magnetic field loop at room temperature

up to H = 20 kOe. The apparatus was calibrated with a Ni

pattern. The magnetization measurements were carried out on

a known quantity of powder samples, slightly pressed and

conditioned in cylindrical holders of Lucite.

XPS analysis. The X-ray photoelectron spectra were

obtained with a VSW HA-100 spherical analyzer using an

aluminum anode (AlKa line, hn = 1486.6 eV) X-ray source.

The high-resolution spectra were measured with constant
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analyzer pass energies of 44 eV, which produce a full width at

half-maximum (fwhm) line width of 1.7 eV for the Au(4f7/2)

line. The powdered samples were pressed into pellets and fixed

to a stainless steel sample holder with double-faced tape and

analyzed without further preparation. To correct for charging

effects the spectra were shifted so that the C1s binding energy

was 284.6 eV. Curve fitting was performed using Gaussian

line shapes, and Shirley type background was subtracted from

the data.

Synthesis of magnetic particles. Fe3O4 nanoparticles were

prepared by the co-precipitation method: 10 mL of an aqueous

solution of FeCl3 (1 mol L21) were mixed with 2.5 mL of FeCl2
(2 mol L21) dissolved in HCl 2 mol L21. Both solutions

were freshly prepared with deoxygenated water before use.

Immediately after being mixed under nitrogen, the solution

containing the iron chlorides was added to 125 mL of

ammonium hydroxide solution (0.7 mol L21, deoxygenated

water) under vigorous mechanical stirring (10 000 rpm, Ultra-

Turrax T18 Homogenizer, IKA Works), under nitrogen

atmosphere. After 30 minutes, the black precipitate formed

was separated magnetically and redispersed in a new portion

of water (3 6 250 mL). The obtained precipitate was dispersed

in 125 mL of water and stabilized after addition of 15 mL of

tetraethylammonium hydroxide.

Synthesis of magnetic silica spheres. Silica-coated magnetic

particles were prepared following the procedure described by

Philipse et al.3 A 16 mL of a 0.58 wt% silicate solution (the

silicate solution was previously passed through an acid

exchange resin column and the pH adjusted to 9.5 using a

small portion of the original silicate solution) was mixed with

85 mL of ferrofluid stabilized with tetraethylammonium

hydroxide (1.4 g L21). After the mixture, the solution attained

pH 12 and was adjusted to pH 10 with 0.5 mol L21 HCl. The

solution was stirred for 2 h and submitted to dialysis against an

aqueous solution of tetraethylammonium hydroxide with pH

adjusted to 10 for 2 days. Further silica growth on the

obtained particles was performed according to the Stöber

method. To a solution containing 944 mL of ethanol, 34 mL

of NH4OH and 9.1 mL of the obtained particles was added

0.8 mL of TEOS. The solution was allowed to stand for 24 h

under stirring. The product was isolated by centrifugation

(6000 rpm, 20 min) and washed with ethanol (3 6 50 mL) and

water (2 6 50 mL) and dried in oven at 100 uC overnight.

Synthesis of mercaptopropyl-modified magnetic silica spheres.

The reaction was performed under nitrogen using Schlenk

techniques and dry solvent. To a dispersion containing 200 mg

of magnetic silica spheres in toluene (15 mL) was added

0.15 mL of 3-mercaptopropyltriethoxysilane (MPTS). The

solution was stirred for 2 hours. The resulting precipitate was

centrifuged (6000 rpm, 10 min) and washed with toluene and

acetone and dried in oven at 100 uC for 20 h. Elemental

analysis: 2.04% C, 0.85% H.

Preparation of palladium catalyst. To 50 mg of thiol-

modified magnetic silica spheres was added 5 mL of a palla-

dium chloride solution (1 mg mL21) (PdCl2 was dissolved in

water by addition of NaCl and heating). The resulting solid

was separated magnetically, washed with water and acetone

and isolated as a powder. Palladium contents (analyzed by

ICP-AES): 1.21 wt%

Hydrogenation experiments. The catalytic reactions were

carried out in a Fischer–Porter reactor connected to an H2

reservoir. In a typical experiment, catalyst (50 mg, 5.6 mmol

Pd) and 1.16 g of cyclohexene (14 mmol) are added to the

reactor under inert atmosphere. The reactor is connected to a

hydrogen gas reservior and the reaction is initiated by the gas

admission at constant pressure. The reaction is monitored by

the fall in hydrogen pressure in the H2 reservoir as a function

of time. H2 uptake was measured in 10 sec intervals with a

pressure transmitter interfaced via a Novus Field Logger

converter to a computer. The pressure versus time data are

collected by the FieldChart Novus Software, stored as a data

file and exported to MicroCal Origin 7.0 for hydrogenation

rates calculations. The catalyst is recovered magnetically by

placing a magnet in the reactor wall and the products are

collected and analyzed by GC and GC-MS. The isolated

catalyst can be reused by addition of new portions of substrate.

Acknowledgements

We are grateful to FAPESP, CNPq and TWAS for financial

support. We also thank the Laboratory of Magnetism of IF-

USP for VSM measurements, and the Laboratory of Electron

Microscopy of LNLS, Campinas, SP for HRTEM images.

References

1 T.-J. Yoon, W. Lee, Y.-S. Oh and J. K. Lee, New J. Chem., 2003,
27, 227; P. D. Stevens, G. Li, J. Fan, M. Yen and Y. Gao, Chem.
Commun., 2005, 4435; P. D. Stevens, J. Fan, H. M. R. Gardimalla,
M. Yen and Y. Gao, Org. Lett., 2005, 7, 2085; A. Hu, G. T. Yee
and W. Lin, J. Am. Chem. Soc., 2005, 127, 12486; M. Kotani,
T. Koike, K. Yamaguchi and N. Mizuno, Green Chem., 2006, 8,
735.

2 Q.A. Pankhurst, J. Connolly, S. K. Jones and J. Dobson, J. Phys.
D: Appl. Phys., 2003, 36, R167 and references therein; Z. M. Saiyed,
S. D. Telang and C. N. Ramchand, Biomagn. Res. Technol., 2003,
1, 2; S. K. Sahoo and V. Labhasetwar, Drug Discovery Today,
2003, 8, 1112.

3 A. P. Philipse, M. P. B. van Bruggen and C. Pathmamanoharan,
Langmuir, 1994, 10, 92.

4 Y. Lu, Y. Yin, B. T. Mayers and Y. Xia, Nano Lett., 2002, 2, 183.
5 I. Haller, J. Am. Chem. Soc., 1978, 100, 8050; C. M. Halliwell and

A. E. G. Cass, Anal. Chem., 2001, 73, 2476; K. C. Vrancken,
L. D. Coster, P. V. D. Voort, P. J. Grobet and E. F. Vansant,
J. Colloid Interface Sci., 1995, 170, 71.

6 T. Kang, Y. Park, J. C. Park, Y. S. Cho and J. Yi, Stud. Surf. Sci.
Catal., 2003, 146, 527; T. Kang, Y. Park and J. Yi, Ind. Eng. Chem.
Res., 2004, 43, 1478.

7 C. M. Crudden, M. Sateesh and R. Lewis, J. Am. Chem. Soc., 2005,
127, 10045.

8 K. Yu, W. Sommer, J. M. Richardson, M. Weck and C. W. Jones,
Adv. Synth. Catal., 2005, 347, 161; A. Biffis, M. Zecca and
M. Basato, Eur. J. Inorg. Chem., 2001, 1131.

9 P. S. Haddad, E. L. Duarte, M. S. Baptista, G. F. Goya,
C. A. P. Leite and R. Itri, Prog. Colloid Polym. Sci., 2004, 128, 232.

10 L. M. Rossi, G. Machado, P. F. P. Fichtner, S. R. Teixeira and
J. Dupont, Catal. Lett., 2004, 92, 149; J. A. Widegren and
R. G. Finke, J. Mol. Catal. A: Chem., 2003, 198, 317.

11 J. Huang, T. Jiang, B. Han, H. Gao, Y. Chang, G. Zhao and
W. Wu, Chem. Commun., 2003, 1654; J. Huang, T. Jiang, H. Gao,
B. Han, Z. Liu, W. Wu, Y. Chang and G. Zhao, Angew. Chem.,

384 | Green Chem., 2007, 9, 379–385 This journal is � The Royal Society of Chemistry 2007

D
ow

nl
oa

de
d 

on
 1

0 
N

ov
em

be
r 

20
10

Pu
bl

is
he

d 
on

 2
4 

Ja
nu

ar
y 

20
07

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/B

61
29

80
C

View Online

http://dx.doi.org/10.1039/B612980C


Int. Ed., 2004, 43, 1397; M. Ooe, M. Murata, T. Mizugaki,
K. Ebitani and K. Kaneda, Nano Lett., 2002, 2, 999.

12 See for example: L. M. Rossi, J. Dupont, G. Machado,
P. F. P. Fichtner, C. Radtke, I. J. R. Baumvol and S. R. Teixeira,
J. Braz. Chem. Soc., 2004, 15, 904; J. Dupont, G. S. Fonseca,
A. P. Umpierre, P. F. P. Fichtner and S. R. Teixeira, J. Am. Chem.
Soc., 2002, 124, 4228; C. W. Scheeren, G. Machado, J. Dupont,
P. F. P. Fichtner and S. R. Texeira, Inorg. Chem., 2003, 42, 4738;
C. W. Scheeren, G. Machado, S. R. Texeira, J. Morais,
J. B. Domingos and J. Dupont, J. Phys. Chem. B, 2006, 110,
13011; X. Mu, D. G. Evans and Y. Kou, Catal. Lett., 2004, 97,

151; J. Schulz, A. Roucoux and H. Patin, Chem. Commun., 1999,
535; A. M. Doyle, S. K. Shaikhutdinov, S. D. Jackson and
H.-J. Freund, Angew. Chem., Int. Ed., 2003, 42, 5240; J. D. Aiken,
III and R. G. Finke, J. Am. Chem. Soc., 1999, 121, 8803.

13 G. Schmid, Chem. Rev., 1992, 92, 1709.
14 J. R. Carbajal, Short Reference Guide of The Program Fullprof,

version 2005, http://valmap.dfis.ull.es/fullprof/php/downloads.php.
15 C. D. Wagner, W. M. Riggs, L. E. Davis and J. F. Moulder, in

Handbook of X-ray Photoelectron Spectroscopy, ed. G. E.
Muilenberg, Perkin–Elmer Corporation, Eden Prairie, MN,
USA, 1978.

This journal is � The Royal Society of Chemistry 2007 Green Chem., 2007, 9, 379–385 | 385

D
ow

nl
oa

de
d 

on
 1

0 
N

ov
em

be
r 

20
10

Pu
bl

is
he

d 
on

 2
4 

Ja
nu

ar
y 

20
07

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/B

61
29

80
C

View Online

http://dx.doi.org/10.1039/B612980C


A HCN-based reaction under microreactor conditions: industrially feasible
and continuous synthesis of 3,4-diamino-1H-isochromen-1-ones

Davy R. J. Acke and Christian V. Stevens*

Received 18th October 2006, Accepted 12th January 2007

First published as an Advance Article on the web 26th January 2007

DOI: 10.1039/b615186h

Microreactor technology has been studied as a suitable process to produce chemicals via

multicomponent reactions. In this study, efforts were made to produce 3,4-diamino-

1H-isochromen-1-ones. Based on a known reaction procedure, using in situ generated

HCN, a safe reaction setup was created to avoid the release of the hazardous gas during

the process. The 3,4-diamino-1H-isochromen-1-ones were produced continuously in moderate

to good yields.

Introduction

The use of multicomponent reactions (MCRs) is an easy and

interesting way to produce complex structures using simple

starting materials.1 Starting from the Strecker reaction,

discovered in 1850, a wide range of different types of MCRs

has been designed.2 Some important examples are the

Mannich reaction,3 the Biginelli reaction,4 the Ugi reaction5

and the Baylis–Hillman reaction.6 Another interesting MCR

recently described the production of 3-amino-4-(arylamino)-

1H-isochromen-1-ones (Scheme 1). This type of isocoumarin is

of great interest due to the possibility of forming base pairs

with guanine due to the ‘donor–acceptor’ similarity with

cytosine.7 Unfortunately, the reaction proceeds via a modified

Strecker reaction, in which the highly toxic hydrogen cyanide

is needed. In order to avoid large quantities of HCN, the

idea of using microreactor technology for production of this

isochromen-1-one was proposed. Microreactor systems are –

in a strict and rather ‘old-fashioned’ way – defined as devices

produced by micro engineering techniques. Nowadays the

broader definition also contains scaled-down designs of

existing reactors, modern reactor concepts, e.g. structured

catalysts like foams, and even capillary-in-tube reactors.8

Important advantages are the high mass and heat transfer and

the possibility of using toxic reagents in a safe way. During the

past decade a lot of work has been done in this field of

technology.9 In this study, the CYTOS1 College System, a

microreactor which is produced by CPC-Cellular Process

Chemistry Systems GmbH, was used.10 Several reaction types

such as exothermic reactions, conversions with unstable

intermediates, toxic reactions,9e Mizoroki–Heck reactions,9f

nitration reactions,9h pigment production,9k were already

successfully performed using this microreactor technology.

In the past, specialized microreactor systems were already

assembled to synthesize HCN via the Andrussov process, an

industrial process to produce large quantities of HCN by

reacting methane and ammonia in the presence of oxygen.11

To the best of our knowledge, this is the first study in a

microreactor system in which HCN is produced reacting

further in the microreactor.

Results and discussion

In our efforts to study the potential of microreactor

technology for MCRs,12 a micro-meso design13 is used. This

device consists of a stacked plate microreactor (micro) and a

residence time unit, which consists of an isolated tube to

increase reaction time (RTU, meso). The microreactor itself

has a mixing zone and a reaction zone. Pumping of the

reagents through the system is pressure-driven. The MCR

to form the 3-amino-4-(arylamino)-1H-isochromen-1-ones 6

consists of a Strecker reaction–intramolecular nucleophilic

addition–tautomerization sequence. First, the cyanide anion is

added to the imine 3, followed by an attack of the carboxy

group onto the nitrile to form an O-acyl imidate 5. This

compound tautomerizes towards the final structure 6. The

in situ generation of the hydrogen cyanide results from the

addition of acetic acid to potassium cyanide.

Research Group SynBioC, Department of Organic Chemistry, Faculty of
Bioscience Engineering, Ghent University, Coupure links 653, B-9000
Ghent, Belgium. E-mail: Chris.Stevens@UGent.be; Fax: +32 9264 6243;
Tel: +32 9264 5950

Scheme 1 Formation of 3,4-diamino-1H-isochromen-1-ones 6 (R =

aryl).
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Optimization

The optimization of a reaction under microreactor conditions

always contains a number of important steps: the order

of mixing of the starting materials, the residence time (flow

rate), the concentration of the reagents and the solvent choice

are of major importance to get a good production of the

desired compound. Table 1 summarizes the results of this

optimization.

A primary experiment was based on the reaction conditions

provided by Opatz and Ferenc (Table 1, entry 1).7 Some

changes had to be made, however, to fit the microreactor

setup:

(1) The reaction temperature was lowered from 65 to 50 uC,

since temperatures approaching the boiling point of the solvent

(less than 10 uC under the boiling point) provide irregular

residence times due to partial evaporation of the solvent (in

this case methanol).

(2) The concentration of the reagents in the microreactor

was lowered by 50% due to the limited solubility of KCN (the

maximum solubility of KCN in methanol at room temperature

is approximately 0.48 M). Moreover, other solvents could not

be used because of the low solubility of KCN.

(3) The maximum residence time of the system (approxi-

mately 2 h) was used instead of 3 h. For safety reasons and in

order to generate HCN only in situ, the potassium cyanide and

the acetic acid were pumped separately into the microreactor.

The reaction setup is given in Fig. 1. This experiment gave

no good results because crystals of the end-product were

formed in the tubing at the end of the reactor which led to

clogging of the system.

Since the crystallization only occurred at the end of the

tubing, it can be explained by a combination of a high product

concentration and a saturation effect. Because the micro-

reactor output was flushed with nitrogen for safety reasons

(removal of traces of HCN), the solvent was partially removed

at the end of the system due to evaporation. This initiated

crystallization due to saturation and led after some time to

crystals appearing everywhere in the end tubing.

In an attempt to solve this problem, the setup was changed

by submerging the end tubing in the solvent with or without

the use of an ultrasound bath to prevent nucleation in the tube.

Both alternatives appeared to be insufficient, although putting

the end tubing in the solvent meant that slower crystallization

occurred. The use of ultrasound gave only smaller crystals:

more nucleation and less growth, which seemed to be in

accordance with the literature.14

A decrease to a concentration of 0.10 M of starting material

was finally enough to prevent blocking of the system (Table 1,

entry 3). In order to increase the amount of product produced

in a certain time, a combination of residence time decrease and

concentration increase was tested. In the case of 0.20 M of

starting material, the residence time had to be lowered to one-

sixth of the maximal residence time to prevent clogging

(entry 7). A reduction to approximately 30 min gave no initial

crystallization in the tubing, but after a longer run, partial

blocking of the system was observed (entry 6). Final tuning of

the reaction conditions to 0.15 M of starting material and a

residence time of approximately 40 min gave a maximum yield

of 66% (entry 5). Although some outputs (g h21) were higher

in other cases, this optimal setup was chosen because of the

higher yields.

Next to these results, a different setup was applied. Since no

crystallization occurred after the microreactor, a HPLC pump

was installed between the microreactor and the RTU by means

of a T-junction (Fig. 1). Through this pump an immiscible

perfluorated solvent, Fluorinert1 FC-70, was introduced to

the reaction flow. This method created plugs of the reaction

mixture, which was mixed in the microreactor, separated from

each other by the immiscible solvent, with lengths depending

on the flow rates of the pumps. Based on the research of

Ismagilov and coworkers,15 the idea was proposed that the

Table 1 Optimization of the production of 3-amino-4-(arylamino)-
1H-isochromen-1-ones 6 under microreactor conditionsa

Entry
Residence
time/minb

Concentration
of 1/Mc Yield (%)d Output/g h21

1 118 0.2 Clogginge —
2 118 0.15 Clogging —
3 118 0.1 67 0.41
4 39.2 0.2 Clogging —
5 39.2 0.15 43–66 1.17–1.80
6f 29.3 0.2 49 2.37
7 19.6 0.2 46–54 3.34–3.92
8g 5 0.2 48 0.58
9g 0.83 0.2 51 3.70
a General conditions: temperature: 50 uC; inlet A1: 2-formylbenzoic
acid and 2 equiv. acetic acid in methanol; inlet A2: 1.2 equiv.
potassium cyanide and 2 equiv. amine in methanol. b The residence
time was calculated according to eqn (1). c Concentration of the
reagents in the reactor. d After crystallization. e By ‘clogging’, the
formation of crystals in the tubes and the subsequent blockage of
the tubes is indicated. f Partial clogging occurred after the first
sample. g The sample was taken at the end of the microreactor.

Fig. 1 Reaction setup: (left) normal setup; (middle) plug formation; (right) adjusted setup. A = input reagents, B = microreactor, C = residence

time unit, D = output reaction mixture, E = input Fluorinert1 FC-70.
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immiscible solvent will drive the product further through the

system, even if there was crystallization in the plugs itself.

Table 2 shows the results of this setup. Although installation of

the pump directly after the mixing zone of the microreactor is a

better method to study the effect of the plug formation, this

was practically impossible due to the specific construction

of the microreactor. So it must be emphasized that already

some reaction (but no crystallization) takes place before the

plug formation.

The results show that the yields in this particular setup are

lower than in the normal setup (Table 1, entry 5). However, it

must be emphasized that, even at those high concentrations,

no clogging was observed in the tubes. It was even possible to

work at higher concentrations of reaction product and longer

residence times without the problem of crystallization in

the tubing system (Table 1, entry 4 and Table 2, entry 1). The

immiscible solvent forms an oily layer between the wall of the

microreactor and the plug.15 This prevents the crystals

accumulating on the walls of the reactor. Fig. 1 shows the

formation of plugs in the tubes. An additional advantage is

that, owing to the immiscibility and, moreover, the rapid

separation of the solvent, the quite expensive Fluorinert1

FC-70 can be reused directly via a loop by simple separation

from the reaction mixture. From an economical point of

view, Table 2, entry 1 provides the best conditions since it

has the highest yield and the lowest consumption of

Fluorinert1 FC-70 (highest rmf). The only disadvantage is

the somewhat higher residence time which leads to a longer

startup procedure.

Safety of the procedure

As mentioned in the Introduction, one of the important

advantages of microreactor technology is the possibility of

using in a safe way toxic reagents which cannot be used in a

conventional reaction setup without considerable safety risks.

Because of the small dimensions of the microreactor (2 mL),

only minor amounts of the toxic reagent are formed. In this

particular case, it was supposed that no hydrogen cyanide was

released at the end of the reaction setup, in the case that

equimolar (or lower) quantities of KCN were used. In order

to test this, a hydrogen cyanide spot-test was used.16

Unfortunately, this test provided only qualitative results.

In both the batch and the microreactor system, coloration

of the reagent was detected which proved that HCN was

released. A slower coloration was detected in the case of the

microreactor setup.

Degradation

The 3-amino-4-(arylamino)-1H-isochromen-1-one 6 appeared

to be very unstable in solution. Several solvents (chloroform,

DMSO, methanol, acetone) were tested and led to degradation

after some days. DMSO gave degradation after one week

towards the starting product and 3-oxo-1-(arylamino)-1,3-

dihydroisobenzofuran-1-carboxamide 7 (Fig. 2).17 The other

solvents gave complex mixtures of degradation products. This

led to the fact that during the sample collection and evapora-

tion of the solvent, a nitrogen atmosphere was necessary to

prevent degradation of the end-product. Once the crystals

were separated and dried, the 3-amino-4-(arylamino)-1H-

isochromen-1-ones 6 are stable, even in open air.

Scope of the reaction

Finally, the optimized procedure was tested for different

amines. When anilines were used, moderate to good yields

were achieved (Table 3, entry 1–4). Allylamine was converted

mostly to the Strecker product (37%), while 4-allylamino-3-

iminoisochroman-1-one 5e was only produced in 6% yield.

Apparently, when non-aromatic amines are used the imino

tautomer is more stable than the corresponding enamine

tautomer. A production rate around 2 g/h was achieved for

some adducts.

Comparing the yields of the batch procedure and the micro-

reactor procedure show higher yields in most batch proce-

dures. This is easy to explain, since in the batch procedure

crystallization occurs in the round-bottom flask during the

reaction, which promotes a shift towards the formation of the

end-product. In the microreactor procedure, crystallization

was avoided due to clogging problems. Nevertheless, scale-up

of this reaction is more advantageous in the case of the

microreactor procedure. The most important reason is that

more severe precautions are needed due to the formation of

Table 2 Production of 3-amino-4-(arylamino)-1H-isochromen-1-
ones 6 under microfluidic plug flow conditionsa

Entry
Residence
time/minb

Reaction mixture
fraction (rmf)c Yield (%)d Output/g h21

1 50 0.71 50 1.07
2 30 0.20 42 0.26
3 23 0.33 44 0.44
a General conditions: temperature: 50 uC; inlet A1: 0.4 M of
2-formylbenzoic acid and 0.8 M of acetic acid in methanol; inlet A2:
0.48 M of potassium cyanide and 0.8 M of amine in methanol. b The
residence time was calculated according to eqn (2). c The rmf was
calculated according to eqn (3). d After crystallization.

Fig. 2 Side product.

Table 3 Production of different 3-amino-4-(arylamino)-1H-isochro-
men-1-ones 6 using the CYTOS1 College Systema

Entry Amine 2 Product
Yield
(%)b

Yield
(%)c Output/g h21

1 Aniline 6a 66 82 1.80
2 3-Methoxyaniline 6b 75 88 2.28
3 3-Methylaniline 6c 69 60 1.98
4 N-Methylaniline 6d 49 64 1.41
5 Allylamine 5e 6d — 0.14
a General conditions: residence time: 39.2 min; temperature: 50 uC;
inlet A1: 0.3 M of 2-formylbenzoic acid and 0.6 M of acetic acid in
methanol; inlet A2: 0.36 M of potassium cyanide and 0.6 M of
amine in methanol. b After crystallization. c Ref. 7. d No crystal-
lization occurred and the reaction mixture was subjected to column
chromatography which gave product 5e.
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high concentrations of HCN in the scale-up of the batch

reaction, while in the case of the microreactor procedure

this is possible by simple numbering-up (i.e. the number of

reactors is increased instead of the volume of the reactor)

without changing the reaction conditions. Furthermore, the

procedure is continuous, which guarantees a more constant

quality of the end-product in comparison to different batch

reactions.

Conclusions

A multicomponent reaction was studied to produce 3-amino-4-

(arylamino)-1H-isochromen-1-ones via in situ generation of

HCN. To the best of our knowledge, this is the first chemical

reaction in a microreactor system in which HCN is generated

and further reacted in the microreactor. Moderate to good

yields were achieved. Also, an alternative and easy setup was

developed to work at higher concentrations in case the

reaction suffers from crystallization in the tubings at the end

of the microreactor.

Experimental

General

The microreactor used in this study is a CYTOS1 College

System10 (Fig. 3). The CYTOS1 College System microreactor

consists of several stacked plates with microstructures in the

sub-millimeter range (width approx. 100 mm). The volume of

the microreactor itself is 2 mL (Vmicroreactor) and that of the

RTU is 45 mL (VRTU) so the total volume (Vtotal) of the system

is 47 mL. The pumps were calibrated at the desired flow

rate (rpiston pumps). The temperature was controlled using an

external circuit (Huber Tango thermostat).

The reagents were used without prior purification.

Fluorinert1 FC-70 was purchased from Acros Organics. 1H

NMR spectra (300 MHz) and 13C NMR spectra (75 MHz)

were recorded on a Jeol Eclipse FT 300 NMR spectrometer

and peaks are relative to SiMe4 (TMS). IR spectra were

measured with a Perkin-Elmer Spectrum One FT-IR spectro-

photometer. Low resolution mass spectra were recorded on an

Agilent 1100 Series VL mass spectrometer (ES 70 eV).

General procedure (Table 1, entry 1)

2-Formylbenzoic acid (4.2 g, 28 mmol) and acetic acid (3.36 g,

56 mmol) were dissolved in 70 mL of methanol in a measuring

cylinder. The other measuring cylinder contained aniline

(5.22 g, 56 mmol) and potassium cyanide (2.19 g, 33.6 mmol)

dissolved in 70 mL of methanol. Both solutions were connected

to the inlets of the device. Both pumps were adjusted to the

same flow rate (r) and the flow rate was controlled by

measuring the ingoing and outgoing volumes. The residence

time (t) was calculated by the formula:

t~
Vtotal

rtotal
(1)

At the outlet, the end-product was collected at steady state

conditions, i.e. after 1.6t. About 30 mL was collected for work

up. The work up consisted of the removal of the solvent via

evaporation under a N2 atmosphere. The residual mixture was

filtered and the crystals were washed with methanol and water.

The crystals were dried with P4O10.

General procedure for the plug flow reactions (Table 2)

The same reaction mixtures were used as described above. A

HPLC pump was connected between the microreactor and the

RTU via a T-connection (see Fig. 1). A solution of Fluorinert1

FC-70 was connected to the pump. The flow rates (rpiston pumps

and rHPLC) were calculated by measuring the outgoing volume

of reaction mixture and Fluorinert1 FC-70. The residence

time (t) was calculated as follows:

t~
Vmicroreactor

rpiston pumps

z
VRTU

rpiston pumpszrHPLC
(2)

The reaction mixture fraction (rmf) at the output was

calculated as follows:

rmf ~
Vreaction mixture

Vreaction mixturezVFluorinert

(3)

Fluorinert1 FC-70 was separated and the rest of the work

up was identical to the procedure described above.

Spectral data

The spectral data of compounds 6a–d were in accordance with

the literature.7

4-Allylamino-3-iminoisochroman-1-one 5e

Yield 6%. Mp: 200–201 uC. IR [nmax (KBr)/cm21]: 3349, 3178

(2 6 NH), 1689, 1675 (CLO and CLN). 1H NMR: (d/ppm,

J/Hz, 300 MHz, DMSO) 3.59 (1 H, dd, J = 15.7 and 7.1,

NHCHaHb), 4.51–4.58 (1 H, pseudo-dd, J = 15.7 and 4.7,

NHCHaHb), 5.11 (1 H, s, NCH), 5.16 (1 H, pseudo-d, J = 11.8,

CHLCHaHb), 5.20 (1 H, pseudo-d, J = 5.2, CHLCHaHb),

5.80–5.93 (1 H, m, CHLCHaHb), 7.50–7.72 (5 H, m, arom.

H + CLNH), 8.05 (1 H, s, NH). 13C NMR (d/ppm, 75 MHz,

DMSO): 43.19 (NHCH2), 62.35 (C-4), 117.67 (LCH2), 122.39

(C-7), 122.83 (C-5), 128.60 (C-8), 131.38 (C-8a), 131.69 (C-6),

133.26 (LCH), 141.50 (C-4a), 167.55 (CLO), 168.48 (CLNH).

m/z (70 eV, ES+): 217 (M + H+). White powder. Rf (CH2Cl2–

MeOH 95 : 5): 0.21.Fig. 3 CYTOS1 College System.10
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A new family of nine cationic organometallic aqua complexes of the type

[(arene)Ru(RSO2N>NH2)(OH2)]+ (1–9), containing chiral N,N-chelating ligands, has been

synthesised and isolated as the tetrafluoroborate salts, which are water-soluble and stable to

hydrolysis. The enantiopure complexes 1–9 catalyse the transfer hydrogenation of prochiral aryl

ketones and imines in aqueous solution to give the corresponding alcohols and amines with good

conversion and enantioselectivity. This method gives an environmentally friendly access, for

instance, to isoquinoline alkaloids by asymmetric catalysis in water.

Introduction

Water-soluble organometallic complexes attract continuously

growing interest for applications in catalysis, because of

environmentally friendly processing, simple product separa-

tion and pH dependent selectivity in aqueous media. The

chemistry of organometallic aqua ions was comprehensively

reviewed by Koelle.1 Related reviews deal with water-soluble

organometallics complexed by hydrophilic ligands,2 metal-

mediated organic synthesis in water3 and catalysis by water-

soluble organometallic complexes in biphasic systems.4 In

particular, the transfer hydrogenation of ketones and imines in

organic solvents is a powerful tool for asymmetric synthesis

which was pioneered by Noyori,5–7 Morris,8 Bullock9 and

Bäckvall.10 Several recent reports deal with asymmetric

transfer hydrogenation of ketones with formate in aqueous

media using active catalytic systems based on N-(p-toluene-

sulfonyl)-1,2-diphenylethylenediamine and derivatives,11–16 or

on aromatic proline amides derivatives.17 These catalytic

systems show good activities and enantioselectivities, but

the catalysts are formed in situ from precursors and have

not been isolated.

Recently we reported the synthesis of arene ruthenium

chloro complexes, [(arene)Ru(L1)Cl] (L1H = (R,R)-N-(p-tolue-

nesulfonyl)diaminocyclohexane), which catalyse the transfer

hydrogenation of acetophenone in aqueous solution using

formate as the hydrogen source, with a TOF of 43 h21

and enantiomeric excess of 93%.18 Moreover, the known 2-S-

(p-toluenesulfonylamino)methylpyrrolidine (L2H) and 2-S-

(2,4,6-triisopropyl-benzenesulfonylamino)methylpyrrolidine

(L3H) ligands show, in combination with p-cymene ruthenium

dichloro dimer, a slight activity and selectivity for the same

reaction in isopropanol.19

Whereas the enantioselective transfer hydrogenation of CLO

double bonds is well-known, the same reaction for the CLN

double bonds is much less studied. There are several reports on

the enantioselective transfer hydrogenation of imines, particu-

larly of derivatives of 3,4-dihydroisoquinoline, using catalytic

systems based on N-(p-toluenesulfonyl)-1,2-diphenylethylene-

diamine and derivatives in combination with ruthenium or

rhodium precursors in azeotropic formic acid–triethylamine to

give the corresponding chiral amine, with TOFs between 20

and 30 h21 and more than 95% for enantiomeric excess.20–23

More recently, Wu et al. reported, for the same reaction,

similar catalytic systems involving a surfactant in aqueous

solution, with sodium formate as the hydrogen source, with

enantiomeric excesses greater than 96%.24

Herein, we report the synthesis of water-soluble arene

ruthenium complexes containing enantiopure chiral mono-

sulfonated diamine ligands, including the new ligand S-2-

(S-camphor-10-sulfonylamino)methylpyrrolidine, and their

catalytic potential for the asymmetric transfer hydrogenation

of aromatic ketones and imines in aqueous solution using

sodium formate as the hydrogen source.

Results

Synthesis of cationic arene ruthenium complexes containing

chiral sulfonated diamine ligands

The arene ruthenium chloro complexes [(arene)Ru(L1)Cl],

containing a chiral bidentate ligand derived from L1H =

N-tosyl-trans-1,2-diaminocyclohexane, which have been

Institut de Chimie, Université de Neuchâtel, Case Postale 158,
Neuchâtel, CH-2009, Switzerland. E-mail: georg.suess-fink@unine.ch;
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reported recently,18 react in aqueous solution with silver

sulfate to give, with precipitation of silver chloride, the corres-

ponding cationic aqua complexes [(arene)Ru(L1)(OH2)]+

(1: arene = C6H6, 2: arene = p-MeC6H4
iPr, 3: arene =

C6Me6), which can be isolated from the filtered solution, upon

addition of NaBF4, as the tetrafluoroborate salts (eqn (1)).

[(arene)Ru(L1)Cl] + Ag+ + H2O A
[(arene)Ru(L1)(OH2)]+ + AgCl

(1)

On the other hand, the L2 and L3 analogues

[(arene)Ru(L2)(OH2)]+ (4: arene = C6H6, 5: arene =

p-MeC6H4
iPr, 6: arene = C6Me6) and [(arene)Ru(L3)(OH2)]+

(7: arene = C6Me6) are accessible from the corresponding

arene ruthenium triaqua complexes and L2H and L3H,

according to eqn (2). All cationic aqua complexes can be

isolated from the filtered solution, upon addition of NaBF4, as

the stable tetrafluoroborate salts.

[(arene)Ru(OH2)3]2+ + LH A
[(arene)Ru(L)(OH2)]+ + H3O+ + H2O

(2)

Moreover, we synthesised a new representative of the series

of chiral (sulfonylamino)methylpyrrolidine ligands, which

contains a second chiral centre in the sulfonyl moiety:

Thus, 2-S-(S-camphor-10-sulfonylamino)methylpyrrolidine

(L4H) was obtained by reacting the N-Boc protected

S-2-aminomethylpyrrolidine (Boc = t-butyl carbonate) with

S-Camphor-10-sulfonyl chloride, followed by deprotection

with trifluoroacetic acid. (Scheme 1)

The new enantiopure L4H reacts in the same way (eqn (2)) as

L2H or L3H with arene ruthenium triaqua complexes

[(arene)Ru(OH2)3]2+ to give the cations [(arene)Ru(L4)

(OH2)]+ (8: arene = p-MeC6H4
iPr, 9: arene = C6Me6), which

precipitate from the aqueous solution as tetrafluoroborate

salts upon saturation with NaBF4.

All compounds [(arene)Ru(L)(OH2)][BF4] (containing

cations 1–9), are air-stable, orange-yellow and water-soluble

powders, which have been fully characterised by 1H and
13C NMR spectroscopy, mass spectroscopy and elemental

analysis (see Experimental). The systematic variation of the

substituents in both the arene and the sulfonated diamine

ligands allows us to study in detail the steric and electronic

influence on the catalytic activities and selectivities of these

complexes for transfer hydrogenation reactions.

Enantioselective transfer hydrogenation of aryl ketones in water

The synthesis of chiral alcohols from the corresponding

prochiral ketones by enantioselective transfer hydrogenation

has a great potential, particularly if the reaction can be carried

out in water using sodium formate as the hydrogen

source.11,14,18,25–27 Recently we found the chloro complexes

[(arene)Ru(L1)Cl] were able to catalyse the transfer hydro-

genation of acetophenone to give enantioselectively phenyl-

ethanol; in the case of arene = C6Me6, the aqua complex

[(arene)Ru(L1)(OH2)]+ (3) could be identified as a catalytically

active species.18 As expected, all aqua complexes 1–9 are active

catalysts for the enantioselective transfer hydrogenation of

various prochiral aryl ketones (A1 = acetophenone, A2 =

a-tetralone, A3 = 1-indanone, see Scheme 2) to give the

corresponding chiral aryl alcohols with enantioselectivities up

to 94% (Table 1). All reactions are found to be quantitative

(TON . 99) after 2 to 5 h.

As Table 1 reveals, the best results, as far as both catalytic

activity and enantioselectivity are concerned, have been

obtained with the aqua complex 3 as the catalyst, the turnover

frequencies varying from 25 to 44 h21 and the enantiomeric

excess attaining 93 to 94% (entries 3, 12 and 20). For the

hydrogenation of A1 (entries 1–9), the diaminocyclohexane

complexes 1 to 3 show a more than two times better

enantioselectivity than the 2-methylaminopyrrolidine com-

plexes 4 to 9, which contain less rigid ligands. This difference

Scheme 1 (i) S-Camphor-10-sulfonyl chloride, Et3N. (ii) CF3COOH.

Scheme 2 Enantioselective transfer hydrogenation of aryl ketones A1,

A2 and A3 catalysed by aqua complexes 1–9 in water.
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increases with the backbone rigidity of the substrate, as found

for A2 (entries 12 and 15) and A3 (entries 20 and 22). As far as

catalytic activity is concerned, all aqua complexes 1–9 show

comparable TOF values for one given substrate. However, the

catalytic activities differ substantially with changing substrate:

the more rigid substrates A2 and A3 are hydrogenated slower

than the more flexible A1. The substitution pattern of the

chiral ligand L or an additional chiral centre in 1–9 has no

significant influence on the catalytic activity.

The pH dependence of both, catalytic activity and enantio-

selectivity of the transfer hydrogenation reaction has been

studied in the case of substrate A1 and catalyst 6. Fig. 1 shows

the conversion and ee profiles in the pH range from 5 to 10.

While enantioselectivity is almost independent of the pH, the

highest activity was found for pH = 9.

Enantioselective transfer hydrogenation of aryl imines in water

The aqua complexes [(arene)Ru(L)(OH2)]+ (1–9) are also

found to catalyse the enantioselective transfer hydrogenation

of aryl imines in aqueous solution, using sodium formate as

the hydrogen source. This catalytic reaction, so far much less

studied than the transfer hydrogenation of ketones, works with

1–9 for the prochiral substrates phenyl-N-(1-phenylethylidene)

methanamine (A4), 1-methyl-6,7-dimethoxy-3,4-dihydroiso-

quinoline (A5) and 1-(5-chloro-2-nitrophenyl)-6,7-dimethoxy-

3,4-dihydroisoquinoline (A6), see Scheme 3. This is particularly

interesting in the case of A5, because the product R-salsolidine

and its derivatives are valuable intermediates in the synthesis

of alkaloid drugs showing antibacterial effects28,29 or being

active in neurodisease treatment.30

The results are compiled in Table 2. In all cases, the best

results are obtained with the p-cymene and hexamethylbenzene

complexes containing the chiral ligand L1 (2 and 3); while the

differences in the catalytic activities are less pronounced, the

enantioselectivities differ more markedly. All reactions are

found to be quantitative (TON . 99) after 2 to 5 h.

The pH-dependence of catalytic activity and enantioselec-

tivity, studied in the case of substrate A5 and catalyst 5, in the

pH range from 7 to 12 (Fig. 2), also shows an activity

maximum at pH = 9, while the enantioselectivity is almost not

influenced by the pH, in line with the findings for aryl ketones.

Discussion

In all catalytic reactions reported herein, the transfer hydro-

genation of aryl ketones or of aryl imines in aqueous solution

using sodium formate as hydrogen source, the catalytically

active aqua complexes [(arene)Ru(L)(OH2)]+ can be recovered

unchanged after the catalytic run as tetrafluoroborate salts.

Based on the observation of an intermediary hydrido complex

in the case of the transfer hydrogenation of acetophenone

catalysed by the non-chiral ortho-phenanthroline (phen)

complex [(C6Me6)Ru(phen)(OH2)]2+,31 and the X-ray-crystal-

lographic characterisation of the bipyridine (bipy) analogue

Table 1 Enantioselective transfer hydrogenation of aryl ketones A1,
A2 and A3 by aqua complexes 1–9 in watera

Entry Catalyst Substrate TOF/h21 b,c ee (%)b

1 1 A1 48 51
2 2 A1 45 83
3 3 A1 44 93
4 4 A1 34 25
5 5 A1 37 23
6 6 A1 43 39
7 7 A1 40 38
8 8 A1 39 44
9 9 A1 38 30
10 1 A2 15 91
11 2 A2 37 84
12 3 A2 25 94
13 4 A2 15 48
14 5 A2 24 23
15 6 A2 19 13
16 7 A2 25 11
17 8 A2 28 21
18 9 A2 25 14
19 2 A3 35 70
20 3 A3 35 93
21 5 A3 21 30
22 6 A3 28 13
a Conditions: H2O (5 mL), A (1 mmol), ratio catalyst/substrate/
formate = 1/100/500, 60 uC, pH = 9, 2 h. b Determined by chiral
HPLC analysis. c Turnover frequencies determined after 30 minutes
and expressed in mol of product/(mol of Ru 6 h).

Fig. 1 pH-dependent profile of conversion (n) and enantiomeric

excess (%) for the transfer hydrogenation of acetophenone A1 (1 mmol)

using 6 as catalyst and HCOONa as hydrogen donor in water (5 mL),

at 60 uC, for 2 h, the catalyst/substrate/formate ratio being 1/100/500.

Scheme 3 Enantioselective transfer hydrogenation of aryl imines A4,

A5 and A6 catalysed by aqua complexes 1–9 in water.
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[(C6Me6)Ru(bipy)H][CF3SO3],32 and based on the pioneering

mechanistic work of Noyori, with [(arene)Ru(TsNCHPh-

CHPhNH2)Cl],6,7,33,34 Morris,8 and Wills,35 we propose the

catalytic cycle outlined in Scheme 4 (for the example of

complex 6) as a mechanistic description of the catalytic action

of the aqua complexes 1–9 in the transfer hydrogenation of

aryl ketones and imines.

Interestingly, we observed that all prochiral aryl ketones and

imines preferentially yield, with 1–9, the R enantiomer of

the corresponding chiral alcohols or amines, although the

configuration of the chiral ligands is not the same: R,R-L1 in

1–3, S-L2 in 4–6, S-L3 in 7 and S,S-L4 in 8 and 9. This can be

rationalised in terms of CH/p interactions36 between the

hydrogen atoms of the arene ligand of the ruthenium complex

and the aryl substituent of the substrate in the hydrogen

bridged transition state (see Scheme 4, bottom). In all cases,

the chiral ligand L (R, R-L1, S-L2, S-L3, S, S-L4) orients the Si

face of the prochiral carbon atom of the substrate towards the

ruthenium centre (Scheme 5).

Conclusion

In conclusion, we report herein the synthesis of nine water-

soluble chiral arene ruthenium aqua complexes containing

Fig. 2 pH-dependent profile of conversion (n) and enantiomeric

excess (%) for the transfer hydrogenation of acetophenone A5 (1 mmol)

using 5 as catalyst and HCOONa as hydrogen donor in water (5 mL),

at 60 uC, for 2 h, the catalyst/substrate/formate ratio being 1/100/500.

Scheme 4 Postulated catalytic cycle for the enantioselective transfer

hydrogenation of imines using [6]BF4 as catalyst and sodium formate

as hydrogen source in aqueous solution.

Table 2 Enantioselective transfer hydrogenation of aryl imines A4, A5

and A6 by aqua complexes 1–9 in watera

Entry Catalyst Substrate TOF/h21 b,c ee (%)b

1 1 A4 54 48
2 2 A4 49 74
3 3 A4 51 91
4 4 A4 37 21
5 5 A4 40 48
6 6 A4 38 35
7 7 A4 32 29
8 8 A4 35 44
9 9 A4 29 32
10 1 A5 46 46
11 2 A5 50 88
12 3 A5 44 51
13 4 A5 46 21
14 5 A5 45 47
15 6 A5 45 44
16 7 A5 38 41
17 8 A5 41 45
18 9 A5 40 42
19 2 A6 24 61
20 3 A6 22 50
21 5 A6 18 25
22 6 A6 12 18
a Conditions: H2O (5 mL), A (1 mmol), ratio catalyst/substrate/
formate = 1/100/500, 60 uC, pH = 9, 2 h. b Determined by chiral
HPLC analysis. c Turnover frequencies determined after 30 minutes
and expressed in mol of product/(mol of Ru 6 h).

Scheme 5 CH/p interaction postulated between the arene ligand of

the ruthenium complexes and the aryl substituent of the prochiral

substrate, exemplified for two different cases.
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R,R-N-(p-toluenesulfonyl)diaminocyclohexane or S-2-(sulfo-

nyl-amino)methylpyrrolidine derivatives as chelating ligands.

All these complexes are found to effectively catalyse the

transfer hydrogenation of a-aryl ketones and a-aryl imines in

aqueous solution using formate as the hydrogen source,

without any additional surfactant. These catalytic reactions

involve CH/p interactions between the arene ligand of the

catalyst and the aryl substituent of the substrate, previously

reported by Noyori.36 Moreover, the transfer hydrogenation

of 1-methyl-6,7-dimethoxy-3,4-dihydroisoquinoline (A5) to

R-salsolidine with a TOF of 50 h21 and ee of 88% using

water-soluble complexes give an environmentally friendly

access to isoquinoline alkaloids by asymmetric catalysis in

aqueous solution.

Experimental

General remarks

All manipulations were carried out in an inert atmosphere

using standard Schlenk techniques and freshly distilled solvents

saturated with nitrogen prior to use. The starting dimers

[(arene)RuCl2]2
37 and the N-Boc-S-2-aminomethylpyrrolidine,

the S-2-[N-(4-toluenesulfonyl)aminomethyl]pyrrolidine (L2H)

and the S-2-[(N-(2,4,6-triisopropylbenzensulfonyl)amino-

methyl]pyrrolidine (L3H) were prepared according to the

published methods.19 The arene ruthenium chloro complexes,

[(arene)Ru(L1)Cl], were synthesised as previously reported.18

All other reagents were commercially available and were used

without further purification. NMR spectra were recorded on a

Bruker 400 MHz spectrometer. Electro-spray mass spectra

were obtained in positive- or negative-ion mode with an LCQ

Finnigan mass spectrometer. Microanalyses were carried out

by the Laboratoire de Chimie Pharmaceutique, Université de

Genève (Switzerland).

Synthesis of L4H

S-tert-butyl-2-(S-camphor-10-sulfonylamino)methylpyrrol-

idine-1-carboxylate. To a solution of S-tert-butyl-2-amino-

methylpyrrolidine-1-carboxylate (350 mg, 1.84 mmol) in

pyridine (20 mL) was added 1.5 equivalents of the

S-camphor-10-sulfonyl chloride (693 mg, 2.8 mmol) at 0 uC.

After 6 hours, Et2O (100 mL) was added and the organic layer

was washed with HCl 10% (2 6 30 mL), saturated NaHCO3

(2 6 30 mL) and saturated NaCl (30 mL). The resulting

yellowish oil was purified on a silica gel column (pentane–

ethylacetate = 3 : 1) to obtain the pure product as colourless

oil. (Yield: 65%, 485 mg). 1H NMR d (400 MHz, CDCl3,

21 uC): 0.85 (s, 3H), 1.02 (s, 3H), 1.21 (b, 1H), 1.43 (s, 9H),

1.82–2.13 (b, 9H), 2.84–2.91 (d, J = 15 Hz, 1H), 3.27–3.34

(b, 4H), 3.92 (b, 1H) ppm. 13C NMR d (200 MHz, CDCl3,

21 uC): 19.39 (CH3), 19.93 (CH3), 25.52 (CH2), 26.94 (CH2),

27.00 (CH2), 27.55 ((CH3)3), 28.81 (CH2), 31.58 (CH),

42.75 (C(CH3)2), 42.92 (CH2CO), 46.15 (CH2), 46.72

(CH2), 49.80 (CH2SO2), 58.06 (CH), 59.29 (CCH2), 79.88

(C(CH3)3), 170.65 (COOtBu), 217.05 (CO) ppm. m/z

(ESI, negative ion) 413.6 [C20H33N2O5S2]. (Found: C,

57.88; H, 8.24; N,6.71. C20H34N2O5S requires C, 57.94; H,

8.27; N, 6.76).

S-2-(S-camphor-10-sulfonylamino)methylpyrrolidine (L4H).

To a solution of S-tert-butyl-2-(S-camphor-10-sulfonylamino)

methyl-pyrrolidine-1-carboxylate (284 mg, 0.7 mmol) in dry

CH2Cl2 were added 10 equivalents of trifluoroacetic acid

(0.6 mL) at room temperature to give a dark yellowish

solution. After 8 hours, the organic layer was washed with

saturated NaHCO3 (2 6 50 mL) and saturated NaCl (2 6
30 mL). After evaporation, the residue was purified on silica

gel column (pentane–ethylacetate = 3 : 1) to give the desired

product L4H as colourless oil. (Yield: 60%, 130 mg). 1H NMR

d (400 MHz, CDCl3, 21 uC) = 0.91 (s, 3H), 1.05 (s, 3H), 1.25

(b, 1H), 1.72–2.07 (b, 9H), 2.78–2.86 (d, J = 16 Hz, 1H), 3.29–

3.32 (b, 4H), 3.91 (b, 1H) ppm. 13C NMR d (200 MHz, CDCl3,

21 uC) = 19.37 (CH3), 19.93 (CH3), 25.51 (CH2), 26.94 (CH2),

27.04 (CH2), 28.81 (CH2), 31.58 (CH), 42.75 (C(CH3)2), 42.88

(CH2CO), 46.17 (CH2), 46.70 (CH2), 49.84 (CH2SO2), 58.01

(CH), 59.32 (CCH2), 217.12 (CO) ppm. m/z (ESI, negative ion)

313.2 [C15H25N2O3S2]. (Found: C, 57.38; H, 8.38; N, 9.08.

C15H26N2O3S requires C, 57.30; H, 8.33; N, 8.91).

Preparation of arene ruthenium aqua complexes 1–9

Method A for complexes 1 to 3. To a suspension of the

appropriate chloro complex [(arene)Ru(L1)Cl]18 (0.3 mmol) in

deionised water was added 2 equivalents of silver sulfate

(0.6 mmol, 187 mg). After stirring at room temperature in the

dark for 2 hours, the resulting orange solution was filtered

over celite. Then solid NaBF4 was added until saturation of

the solution, visible by the appearance of a yellow precipitate.

Then the suspension was centrifuged, the solid was dissolved in

10 ml of dry acetonitrile and filtered over celite to eliminate

the excess of NaBF4. After evaporation of the solvent, the

tetrafluoroborate salt was obtained as an orange-yellow

powder in good yields.

[(C6H6)Ru(L1)(OH2)](BF4) ([1]BF4). (Yield: 70%, 116 mg).
1H NMR d (400 MHz, D2O, 21 uC) = 0.94(m, CH2), 1.23 (m,

2 CH2), 1.44 (m, CH), 1.58 (m, CH2), 1.86 (m, CH), 2.32 (s,

p-(CH3)C6H4SO2), 5.81 (s, C6H6), 7.15 (d, J = 7.1 Hz,

p-(CH3)C6H4SO2), 7.72 (d, J = 7.0 Hz, p-(CH3)C6H4SO2)

ppm. 13C NMR d (200 MHz, D2O, 21 uC) = 21.9 (p-(CH3)

C6H4SO2), 23.8 (CH2), 25.2 (CH2), 32.2 (CH2), 32.7 (CH2),

59.1 (CH), 60.5 (CH), 83.8 (C6H6), 127.8 (2 CH), 128.4 (2 CH),

138.1 (p-(CH3)C6H4SO2), 143.5 (p-(CH3)C6H4SO2) ppm. m/z

(ESI, positive ion) 465.1 [C19H27N2O3RuS+]. (Found: C,

41.43; H, 5.08; N, 4.98. C19H27BF4N2O3RuS requires C,

41.39; H, 4.94; N, 5.08).

[(p-MeC6H4
iPr)Ru(L1)(OH2)](BF4) ([2]BF4). (Yield: 73%,

133 mg). 1H NMR d (400 MHz, D2O, 21 uC) = 1.11 (m,

CH2), 1.22 (m, 2 CH2), 1.30 (d, J = 7.2 Hz, (CH3)2CH), 1.55

(m, CH), 1.74 (m, CH2), 2.08 (m, CH), 2.34 (s, p-(CH3)

C6H4SO2), 2.92 (m, J = 7 Hz, (CH3)2CH), 5.62 (d, J = 6.2Hz,

C6H4), 5.78 (d, J = 6.3Hz, C6H4), 7.21 (d, J = 8 Hz,

p-(CH3)C6H4SO2), 7.75 (d, J = 8 Hz, p-(CH3)C6H4SO2) ppm.
13C NMR d (200 MHz, D2O, 21 uC) = 18.1 (CH3), 21.6

(CH(CH3)2), 22.1 (p-(CH3)C6H4SO2), 24.2 (CH2), 24.5 (CH2),

31.8 (CH(CH3)2), 33.4 (CH2), 34.1 (CH2), 57.8 (CH),

60.5 (CH), 87.2 (C6H4), 104.5 (C6H4), 108.3 (C6H4), 126.5
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(p-(CH3)C6H4SO2), 129.4 (p-(CH3)C6H4SO2), 138.8 (p-(CH3)

C6H4SO2), 143.5 (p-(CH3)C6H4SO2) ppm. m/z (ESI, positive

ion) 521.1 [C23H35N2O3RuS+]. (Found: C, 45.51; H, 5.98;

N, 4.58. C23H35BF4N2O3RuS requires C, 45.47; H, 5.81;

N, 4.61).

[(C6Me6)Ru(L1)(OH2)](BF4) ([3]BF4). (Yield: 97%, 185 mg).
1H NMR d (400 MHz, D2O, 21 uC) = 1.12 (m, 2 CH2), 1.28 (m,

CH2), 1.31 (m, CH), 1.45 (m, CH2), 1.82 (m, CH), 2.24 (s,

C6(CH3)6), 2.51 (s, CH3), 7.34 (d, J = 7.3 Hz, C6H4), 7.84 (d,

J = 7.6 Hz, C6H4). 13C NMR d (200 MHz, D2O, 21 uC) = 16.8

(C6(CH3)6), 21.7 (p-(CH3)C6H4SO2), 24.3 (CH2), 34.1 (CH2),

34.8 (CH2), 57.5 (CH), 59.3 (CH), 91.7 (C6Me6), 127.4

(p-(CH3)C6H4SO2), 127.8 (p-(CH3)C6H4SO2), 138.1 (p-(CH3)

C6H4SO2), 142.8 (p-(CH3)C6H4SO2). m/z (ESI, positive ion)

549.2 [C25H39N2O3RuS+]. (Found: C, 47.41; H, 6.31; N, 4.32.

C25H39BF4N2O3RuS requires C, 47.25; H, 6.19; N, 4.41).

Method B for complexes 4 to 9. To a suspension of the

appropriate dimer [(arene)RuCl2]2 (0.15 mmol) in deionised

water was added 2 equivalents of silver sulfate (0.6 mmol,

187 mg). After stirring at room temperature in the dark for

2 hours, the resulting yellow solution was filtered and then

added to 0.4 mmol of L2H, L3H or L4H under inert

atmosphere. Then the solution was allowed to react at room

temperature for 2 hours, during this time the solution

darkened. Then solid NaBF4 was added until saturation of

the solution, which led to a yellow precipitate. Then the

suspension was centrifuged, the solid was dissolved in 10 ml of

dry acetonitrile, and filtered on celite to eliminate the excess of

NaBF4. After evaporation of the solvent, the tetrafluoroborate

salt was obtained as an orange-yellow powder.

[(C6H6)Ru(L2)(OH2)][BF4] ([4][BF4]). (Yield: 60%, 97 mg).
1H NMR d (400 MHz, D2O, 21 uC) = 1.32–1.45 (m, 1H), 1.51–

1.62 (m, 2H), 2.27 (s, 3H), 2.62 (m, 2H), 2.88–2.91 (m, 1H),

3.14–3.21 (m, 1H), 5.62 (s, 6H), 7.21 (d, J = 8.1 Hz, 2H), 7.55

(d, J = 8.0 Hz, 2H) ppm. 13C NMR d (200 MHz, D2O, 21 uC) =

21.32 (CH3), 25.42 (CH2), 28.56 (CH2), 46.11 (CH2), 46.56

(CH2), 58.21 (CH), 83.36 (C6H6), 127.18 (CHarom.), 129.78

(CHarom.), 137.06 (Carom.), 143.21 (Carom.) ppm. m/z (ESI,

positive ion) 451 [C18H25N2O3RuS+]. (Found: C, 40.31; H,

4.73; N, 5.26. C18H25BF4N2O3RuS requires C, 40.23; H, 4.69;

N, 5.21).

[(p-MeC6H4
iPr)Ru(L2)(OH2)][BF4] ([5][BF4]). (Yield: 58%,

107 mg). 1H NMR d (400 MHz, D2O, 21 uC) = 1.12 (d, J =

6.8 Hz, 6H), 1.29–1.37 (m, 1H), 1.54–1.61 (m, 2H), 1.97 (s,

3H), 2.32 (s, 3H), 2.52 (m, 2H), 2.63 (m, 1H), 2.92–2.99 (m,

1H), 3.15–3.23 (m, 1H), 5.61(d, J = 6.2 Hz, 2H), 5.78 (d, J =

6.2 Hz, 2H), 7.24 (d, J = 8.0 Hz, 2H), 7.55 (d, J = 8.1 Hz, 2H)

ppm. 13C NMR d (200 MHz, D2O, 21 uC) = 19.04 (CH3), 21.32

(CH3), 22.44 ((CH3)2), 25.42 (CH2), 27.38 (CH), 28.56 (CH2),

46.11 (CH2), 46.56 (CH2), 58.21 (CH), 86.31 (CHarom.), 88.28

(CHarom.), 106.13 (Carom.), 107.08 (Carom.), 127.05 (CHarom.),

129.85 (CHarom.), 137.12 (Carom.), 143.18 (Carom.) ppm. m/z

(ESI, positive ion) 507.1 [C22H33N2O3RuS+]. (Found: C,

44.45; H, 5.71; N, 4.57. C22H33BF4N2O3RuS requires C,

44.53; H, 5.60; N, 4.72).

[(C6Me6)Ru(L2)(OH2)][BF4] ([6][BF4]). (Yield: 61%, 112 mg).
1H NMR d (400 MHz, D2O, 21 uC) = 1.33–1.42 (m, 1H), 1.57–

1.64 (m, 2H), 1.98 (s, 18H), 2.28 (s, 3H), 2.57 (dd, J = 5.1 Hz,

J = 5.8 Hz, 2H), 2.91–2.96 (m, 1H), 3.17–3.28 (m, 1H), 7.26 (d,

J = 8.2 Hz, 2H), 7.57 (d, J = 8.2 Hz, 2H) ppm. 13C NMR d

(200 MHz, D2O, 21 uC) = 15.18 (C6(CH3)6), 21.32 (CH3),

25.42 (CH2), 28.56 (CH2), 46.11 (CH2), 46.56 (CH2), 58.21

(CH), 92.05 (C6(CH3)6), 127.18 (CHarom.), 129.78 (CHarom.),

137.06 (Carom.), 143.21 (Carom.) ppm. m/z (ESI, positive ion)

535.2 [C24H37N2O3RuS+]. (Found: C, 46.41; H, 6.08; N, 4.48.

C24H37BF4N2O3RuS requires C, 46.38; H, 6.00; N, 4.51).

[(C6Me6)Ru(L3)(OH2)][BF4] ([7][BF4]). (Yield: 59%, 132 mg).
1H NMR d (400 MHz, D2O, 21 uC) = 1.18 (s, 6H), 1.20 (s, 3H),

1.23 (s, 9H), 1.25 (m, 1H), 1.44 (m, 2H), 1.87 (s, 18H), 2.48 (m,

2H), 2.82 (m, 2H), 2.89 (m, 1H), 3.16–3.21 (m, 1H), 3.31 (m,

1H), 7.10 (s, 2H) ppm. 13C NMR d (200 MHz, D2O, 21 uC) =

15.03 (C6(CH3)6), 23.31 (CH3), 25.42 (CH2), 25.78 (CH3),

28.56 (CH2), 29.56 (CH), 34.15 (CH), 46.11 (CH2), 46.56

(CH2), 58.21 (CH), 92.12 (C6(CH3)6), 123.56 (CHarom.),

134.25 (CHarom.), 150.15 (Carom.), 152.32 (Carom.) ppm. m/z

(ESI, positive ion) 647.3 [C32H53N2O3RuS+]. (Found: C,

52.21; H, 7.39; N, 3.78. C32H53BF4N2O3RuS requires C,

52.38; H, 7.28; N, 3.82).

[(p-MeC6H4
iPr)Ru(L4)(OH2)][BF4] ([8][BF4]). (Yield: 60%,

118 mg). 1H NMR d (400 MHz, D2O, 21 uC) = 1.02 (s, 3H),

1.11 (s, 3H), 1.12 (d, J = 6.8 Hz, 6H), 1.21 (b, 1H), 1.67–1.99

(b, 9H), 1.97 (s, 3H), 2.63 (m, 1H), 2.71–2.79 (b, 1H), 3.26–3.30

(b, 4H), 3.84 (b, 1H), 5.61(d, J = 6.2 Hz, 2H), 5.78 (d, J =

6.2 Hz, 2H) ppm. 13C NMR d (200 MHz, D2O, 21 uC) = 19.04

(CH3), 19.28 (CH3), 19.89 (CH3), 22.44 ((CH3)2), 25.48 (CH2),

27.01 (CH2), 27.10 (CH2), 27.38 (CH), 28.79 (CH2), 31.62

(CH), 42.71 (C(CH3)2), 42.85 (CH2CO), 46.12 (CH2), 46.53

(CH2), 49.88 (CH2SO2), 57.96 (CH), 59.27 (CCH2),

86.31 (CHarom.), 88.28 (CHarom.), 106.13 (Carom.), 107.08

(Carom.), 217.03 (CO) ppm. m/z (ESI, positive ion): = 567.2

[C25H41N2O4RuS+]. (Found: C, 45.81; H, 6.40; N, 4.32.

C25H41BF4N2O4RuS requires C, 45.94; H, 6.32; N, 4.29).

[(C6Me6)Ru(L4)(OH2)][BF4] ([9][BF4]). (Yield: 62%, 122 mg).
1H NMR d (400 MHz, D2O, 21 uC) = 1.02 (s, 3H), 1.11 (s, 3H),

1.21 (b, 1H), 1.67–1.99 (b, 9H), 2.01 (s, 18H), 2.71–2.79 (b, 1H),

3.26–3.30 (b, 4H), 3.84 (b, 1H) ppm. 13C NMR d (200 MHz,

D2O, 21 uC) = 15.15 (C6(CH3)6), 19.28 (CH3), 19.89 (CH3),

25.48 (CH2), 27.01 (CH2), 27.10 (CH2), 28.79 (CH2), 31.62

(CH), 42.71 (C(CH3)2), 42.85 (CH2CO), 46.12 (CH2), 46.53

(CH2), 49.88 (CH2SO2), 57.96 (CH), 59.27 (CCH2), 92.11

(C6(CH3)6), 217.03 (CO) ppm. m/z (ESI, positive ion) 595.2

[C27H45N2O4RuS+]. (Found: C, 47.46; H, 6.54; N, 4.13.

C27H45BF4N2O4RuS requires C, 47.58; H, 6.65; N, 4.11).

Transfer hydrogenation catalysis

The transfer hydrogenation reactions of aryl ketones A1 to

A3 and aryl imines A4 to A6 (1 mmol), using 1 to 9 as

tetrafluoroborate salts (10 mmol) as catalyst and HCOONa

(5 mmol) as hydrogen source, were carried out in water (5 mL)

under inert atmosphere. In a typical experiment, the solution
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was heated for 2 hours at 60 uC, then the reaction was

quenched by cooling to 0 uC. The organic products were

extracted by Et2O and identified after filtration through silica

gel by HPLC on Chiracel OB-H capillary column for aryl

ketones A1 to A3 (hexane–isopropanol = 92 : 8, 0.7 mL min21,

215 nm) and on Chiracel OD-H capillary column for

aryl imines A4 to A6 (hexane–isopropanol–diethylamine =

90 : 10 : 0.1, 1 mL min21, 230 nm). Conversion and enantio-

selectivity were determined by integration of the signals. The

pH was monitored using a pH meter (Mettler Toledo InLab1

413) and adjusted using HNO3 (for pH = 4 to 9) or NaOH (for

pH = 10).
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Scope of the conference 

The aim of the conference is to stimulate 
interactions and exchange of ideas between 
academia and industry and researchers in 
the various disciplines that underly the 
subject of green and sustainable chemistry. 
The scientific program will reflect this
interdisciplinary nature of the subject and 
emphasize recent advances in relevant
areas. In particular, sessions will be devoted 
to the following topics: 

Heterogeneous and homogeneous 
catalysis
Biocatalysis/industrial biotechnology
Multicatalytic cascade processes
Alternative solvents/non-conventional 
reaction media
Alternatives for toxic/hazardous 
reagents
Integration of conversion and 
separation steps/new reactor 
technologies
Renewable raw materials, biofuels and 
the biorefinery
Sustainable energy
Design of safer, environmentally 
friendly products 
Life cycle assessment and 
sustainability
Metrics of green chemistry and 
sustainability
Industrial ecology 

Confirmed Invited Speakers 

PLENARY:

Matthias Beller, Univ. Rostock (Germany) 
Robert H. Grubbs, California Inst. of Technology 
     (USA) 
Shu Kobayashi, The Univ. of Tokyo (Japan) 
Michael Braungart, Univ. Lüneburg/EPEA
     Hamburg (Germany) and MBDC (USA) 

INVITED:

Peter Dunn, Pfizer (UK) 
Jan van der Eijk, Shell (The Netherlands) 
John Grate, Codexis (USA) 
Richard Henderson, GSK (UK) 
Istvan Horvath, Eotvos Univ. (Hungary) 
Graham Hutchings, Cardiff Univ. (UK) 
Takao Ikariya, Tokyo Inst. of Technology (Japan)
Andreas Kicherer, BASF (Germany) 
Michel Philippe, l’Oréal (France) 
Martyn Poliakoff, Univ. Nottingham (UK) 
Jaap C. Schouten, Eindhoven Univ. of Technology
    (The Netherlands) 
Peter Wasserscheid, Univ. Erlangen-Nürnberg 
     (Germany) 
Xumu Zhang, Pennsylvania State Univ. (USA) 

Organizing Committee 
Roger Sheldon (Chairman) 
Isabel Arends – Herman van Bekkum - Ulf 
Hanefeld – Saul Lemkowitz - Cor Peters - 
Fred van Rantwijk - Adrie Straathof – Luuk 
van der Wielen - Jenny Boks - Mieke van der 
Kooij – Rob van der Lans - Elly Muilman - 
Ank Voskuil 

Symposium Secretariat 
GSC-3 Secretariat 
Biocatalysis and Organic Chemistry
Julianalaan 136 
2628 BL Delft 
The Netherlands 
T: +31 15 278 2683 
F: +31 15 278 1415 
E: greenchem2007-bt@tudelft.nl
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ISSN 1463-9262
Zhang et al.	
Recent developments in microwave-
assisted polymerization 

Mack and Shumba	
Rate enhancement of the Morita–
Baylis–Hillman reaction 

Cutting-edge research for a greener sustainable future

Carril et al.	
A highly advantageous metal-free 
approach to diaryl disulfides in water

Gallezot	
Process options for converting 
renewable feedstocks to bioproducts

Features include

IUPAC Gold Book terms linked

Hyperlinked compound information in text 

Ontology terms linked to de� nitions and
 related papers

RSS feeds with ontology terms 
and compound structures

Bene� ts

Completely free service

At a glance HTML view with additional 
features accessed by toolbox

Downloadable compound structures

Printer friendly

Introducing Project Prospect
Scientists trawling through the thousands of research papers published 

every month must wish their computer could do the job for them. 

This could soon be a reality thanks to Project Prospect, an initiative 

developed by RSC Publishing together with academic partners. 

Readers can click on named compounds and scienti� c concepts in an 

electronic journal article to download structures, understand topics, or 

link through to electronic databases.  Powerful functionality instantly 

helps researchers to � nd, understand and share (bio)chemical 

knowledge with each other quicker than ever before. See the science 

in journal articles come alive: visit the Project Prospect website for 

FAQs, examples, contact information and latest news.

See
Science

Come 
Alive

www.projectprospect.org
Registered Charity Number 207890

23
01

07
61

23
01

07
61

1463-9262(2007)9:4;1-8

D
ow

nl
oa

de
d 

on
 1

0 
N

ov
em

be
r 

20
10

Pu
bl

is
he

d 
on

 0
1 

A
pr

il 
20

07
 o

n 
ht

tp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/B
70

39
75

C
View Online

http://dx.doi.org/10.1039/B703975C

