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times without loss of catalytic activity.
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Green Chemistry is rapidly gaining pro-
minence in many countries with the
emergence of awards, undergraduate
degree programs, and major research
funding initiatives, with spectacular
achievements in the field on a regular
basis. Much of the earlier research
focused on the general areas of waste
minimisation in chemical synthesis,
especially in using alternative reaction
media such as ionic liquids and super-
critical carbon dioxide, solventless reac-
tions, catalysis, oxidation reactions,
alternative energy sources and energy
usage, toxicity, and atom efficiency, and
other issues associated with minimising
waste.

Given the increase in greenhouse gas
emissions due to the use of petroleum
(and other fossil fuels) and the impending
limits of this non-renewable resource
as evidenced by petrol price increases,
there is a need to develop renewable
resources such as biomass as the feed-
stock for the chemical industry and as
an energy source. This includes biomass
that is traditionally discarded as waste
(see below). The advantages of deriving
our chemical, and energy needs,
from renewable sources including bio-
mass are obvious and crucial to our
way of life. The switch to the use of
biomass as a feedstock and an energy
source is an important global initiative in
getting the world onto a sustainable
trajectory.'

Technology roadmaps for the compre-
hensive use of biomass will play an
important role in identifying key areas
of research and development. Systematic
consideration of biomass properties
and best available technologies is
required together with addressing triple
bottom line issues. Chemicals derived
from biomass will be a ‘supply chain’

for the chemical industry for transforma-
tion into a plethora of compounds.
Clearly these will need to be based on
green chemistry, taking advantage of
the aforementioned early focus in the
field as discussed above, and ongoing
developments.

The above so called waste should be
considered a valuable resource for new
technologies. In fact, all forms of bio-
mass, including the residue from the
chemical processing of biomass, are a
potential renewable source. In this con-
text, the Western Australian State
Government has a policy of zero landfill
waste by 2020.> While this is unlikely
to be achieved it nevertheless gives a
clear message and challenge from
Government that scientists and engineer-
ing need to be engaged in solving the
problem. It is a major challenge for
consideration—Landfill’ opportunities
for green chemistry!

The shift to renewable feedstocks
based on biomass is a formidable
challenge, and much needs to be done.
Research centres dedicated to this are
appearing on a regular basis.> Despite
this the use of biomass in green chemistry
initiatives has received little attention
in Green Chemistry, with a limited
number of articles dedicated to the field
since the journal was founded in 1999.
Articles on renewable feedstocks, and
energy, are welcomed. They can be in
the general areas of deriving chemicals
from waste from aquaculture, fisheries,
agricultural and plantation forestry, and
the biomass from crops grown exclu-
sively as a source of biomass, as in the
palm oil industry in Malaysia,* extrac-
tion and conversion of high value added
compounds, biofuels, gasification, bio-
polymers, carbon for mineral processing,
and more.

Other challenges/areas in biomass
utilisation include: (a) Bio-catalysis as a
route to commodity chemicals, using
microbes and enzymes. (b) Separation
of cellulose, hemicellulose, and lignin,
alternative energy sources and
new  separation technology. ()
Biodegradable polymers using carbohy-
drate feedstocks. (d) Liquid and gaseous
fuels and lubricants, chiral feedstocks
for drug syntheses, etc. (e) Mineral
processing—alternative energy sources
and reductants, bio-flotation, and smelt-
ing. (f) Gasification and pyrolysis as a
route to liquid fuels, feedstock for the
chemical industry, hydrogen for the
‘hydrogen economy’, and carbon mate-
rial. In addition, economic and manage-
ment issues, including developing low
cost processes with a small footprint, for
use in rural areas, transport of biomass,
compactions, life cycle assessment, efc.
need to be addressed, along with social
issues including community awareness
and impacts on the rural community
and ecosystem functions.

Professor Colin Raston
Editorial Board Chair, Green Chemistry
University of Western Australia

References

1 P. Anastas, Meeting the challenges of
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2 The Western Australian State Sustainability
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nesungrant.cornell.edu/; (d) http://www.
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Chao-Jun Li was born in 1963 and
received his BSc at Zhengzhou
University (1983), his MS at the
Chinese Academy of Sciences in Beijing
(1998) and his PhD (with honor) at
McGill University (1992) under the
direction of T. H. Chan and D. N.
Harpp. While at McGill he was awarded
a Max Bell Graduate Open Fellowship
and a Clifford Wong Graduate
Fellowship. He spent 1992-94 as an
NSERC Postdoctoral Fellow in Barry

M. Trost’s laboratory at Stanford
University (US), and following that
went to Tulane University (US) as an
assistant professor. He was promoted to
associate professor with tenure in 1998
and full professor in 2000. In 2003, he
became a Canada Research Chair (Tier I)
in Green Chemistry and a Professor of
Chemistry at McGill University in
Canada.

While at Tulane University, Li
received an NSF Career Award (1997),
an Outstanding Young Scientist Award
(Overseas) from NSF of China (2000), a
Presidential Green Chemistry Challenge
Award from the US EPA (2001), a
Faculty Research Award from the
Faculty of Arts and Sciences at Tulane
(2002), and an Annual Award from the
Business Association of New Orleans
(2002). He was an Eli Lilly Teaching
Fellow in 1995 and a Japan Society for
Promotion of Science (Senior) Fellow
in 2002. He is an honorary research
professor at the Chemistry Institute of
the Chinese Academy of Science (1996-)

and a guest professor at the University
of Science and Technology in China
(2001). He was a visiting professor
(with Robert G. Bergman) at University
of California at Berkeley (2002).

Li has served as an International
Co-coordinator of Green Chemistry
Conferences in China (2000-). He was
a consulting editor of The Encyclopedia
of Sciences and Technologies (2002) and
The Year Book of Sciences and
Technologies (2002) and was on the
Editorial Advisory Boards of Letters in
Organic Chemistry and Mini Reviews in
Organic Chemistry.

His current research efforts are to
develop a Green Chemistry for organic
synthesis based upon innovative and
fundamentally new organic reactions
that will defy conventional reactivities
and possess high ‘“‘atom-efficiency”.
He has published over 160 original
research papers and reviews and co-
authored with T. H. Chan a book,
Organic  Reactions in Aqueous Media
(John Wiley, 1997).
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Markus Holscher reviews some of the recent literature in green chemistry

Asymmetric hydrogenation
catalysts derived by
noncovalent anchoring on
aluminosilicates

The heterogenization of homogeneous
catalysts is one of the intensely investi-
gated scientific approaches for the gen-
eration of efficient catalysts. Although
the field has seen many fascinating
developments over the years problems
like catalyst leaching and loss of activity
often could not be solved to a satisfac-
tory extent. Sheldon and coworkers from
the Delft University of Technology took
a promising step forward by anchoring a
homogeneous catalyst on mesoporous
aluminosilicate AITUD-1, which was
subsequently used as catalyst for the
hydrogenation of dimethyl itaconate 1
and 2-acetamidoacrylate 2 (Chem.—
Eur. J., 2004, 10, 5829-5835).
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The strategy relies on the mesoporous
aluminosilicate carrier as an anionic
host, to which the cationic rhodium
complexes 3 and 4 were bound noncova-
lently by ion exchange. The Al : Rh ratio
was carefully chosen to be 10 : 1, increas-
ing the chances of the complexes being
re-immobilized, in case they were mobi-
lized during the catalytic reaction. The
authors found a strong dependence of
the catalytic activity (TOFs between
>1000 and 19) on the solvent chosen in
hydrogenations of 1 with ee-values being
largely unaffected by the solvent and
ranging between 96 and 98%, when
3-AITUD-1 was the catalyst. Catalyst
leaching was found to be as low as 0.1%.
The hydrogenation of 2 with 3-AITUD-1
proceeded with TOFs >350, ee-values of
90% and a leaching of 0.05% in MTBE.
When 4-AITUD-1 was chosen as the
catalyst ee-values dropped drastically
and leaching increased.

Carbon nanotube polymer
nanocomposites prepared in
the presence of supercritical
Cco,

Besides the well known applications of
supercritical CO, (scCO,) in extraction
processes and as an extremely helpful
reaction medium in homogeneous cata-
lysis, more and more fields emerge for
the use of this unique solvent. Liu, Xu
and coworkers from the Chinese
Academy of Sciences, Beijing, developed
an interesting approach for the prepara-
tion of hexadiyne derived polymers,
which coat the inner and outer surfaces
of carbon nanotubes (Chem. Commun.,
2004, 2190-2191). Solid state polymer-
ization of diacetylenes (DAs) results in
polymers, which exhibit potentially
useful properties for use in electrical
transport and nonlinear optical and
thermochromic applications. Carbon
nanotubes (CNTs) are also envisaged to
be helpful in the construction of various
nanoelectronic elements. The authors
combined both materials by introducing

DAs into CNTs. The monomers were
first dissolved in ethanol, CNT was
added subsequently and after a thorough
mixing of the two components supported
by the application of ultrasound, the
solution was transferred to an autoclave
in which it was heated to 35 °C after
pressurization with CO, (12 MPa). After
10 h reaction time the solution was
released from the autoclave and the
sample was heated to 200 °C to poly-
merize the monomers. Detailed FTIR
spectroscopic and XPS analytic investi-
gations proved the polymer was coating
the inner and outer surfaces of the CNT.
UV-Vis and fluorescence spectra showed
the optical properties of the polymer to
be similar to those of the neat polymer,
meaning that the CNT-DA-polymer
composite might very well be suitable
for application in optical materials.

lonic liquid—-CO, media for
catalytic, enantioselective
hydrogenation of imines

Chiral secondary amines are interesting
building blocks, which are exploited
industrially e.g. for the production of
(S)-metolachlor. Chiral iridium complex
1 is one of the catalysts that performs
enantioselective imine hydrogenations
with high levels of asymmetric induction.

+

(o)

| J PFe
PhP. N

I

/(/cod\)\ /\

1

However, the immobilization of this
catalyst in unconventional reaction
media has been problematic, and this
issue has now been addressed again by
Leitner and coworkers from RWTH-
Aachen (J. Am. Chem. Soc., 2004, 126,
16142-16147). The combination of ionic
liquid (IL) and supercritical CO, (scCO,)
introduces a number of advantages such

This journal is © The Royal Society of Chemistry 2005
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as higher efficiency for the hydrogena-
tion reaction itself, facile product
removal without cross contamination by
catalyst or IL, and greatly enhanced
long-term stability of the catalyst. The
testing of different ILs and reaction
conditions led to an optimized reac-
tion protocol for the hydrogenation
of N-(1-phenylethylidene)aniline to the
corresponding (R)-phenyl-(1-phenyl-
ethyl)amine with conversions of >99%
and ee-values of 78% with ethyl methyl
imidazolium bis(trifluoromethylsulfonyl)-
imide (EMIM][BTA]) as the IL. The long-
term stability of the catalyst was tested
using IL butyl methyl imidazolium hexa-
fluorophosphate ((BMIM][PFg]), showing
that in 7 consecutive runs neither activity
nor enantioselectivity changed markedly.

Magnetic carbon coated
nanoparticles as catalyst
carriers for the production of
fine chemicals

The beneficial use of heterogeneous
catalysts depends among other criteria

crucially on the size of the catalyst
particle (activity) and on facile product—
catalyst separation without catalyst de-
activation or product contamination
(recyclability). Since liquid-phase reac-
tions are important for many
industrial applications it would be
advantageous to have catalysts with
small particle sizes, hence increasing
catalyst activity. However, catalyst par-
ticle sizes in the submicrometer range are
almost impossible to separate from the
product by conventional means. Tsang
et al. from the University of Reading
recently advanced significantly in this
field by developing carbon coated cata-
lyst particles with a magnetic core, thus
enabling facile catalyst separation from
the reaction mixture by applying mag-
netic fields (Angew. Chem., 2004, 116,
5763-5767). In a typical synthesis a
solution of nitroferricyanide (111) dihy-
drate, nickel nitrate and poly(vinyl alco-
hol) were mixed in water at room
temperature. This solution was sprayed
into the headspace of a jar filled with
saturated ammonia solution under

defined conditions. The droplets precipi-
tated immediately and the collected solid
was dried and heated to 1173 K under
nitrogen. Immersion of the particles in
boiling concentrated HCI furnished func-
tionalization with OH groups. Wet
impregnation with Pd containing solu-
tions yielded the final catalyst. XRD
analyses showed the particles to be
approximately 11 nm in diameter, and
TEM micrographs proved the existence
of an FeNi core encapsulated by thin,
quasi-spherical carbon structures with
lattices similar to graphite. The relative
sizes of alloy core and carbon coating
were found to depend on the amounts of
metal precursors and poly(vinyl alcohol)
used which opens the possibility of
tailoring the particles for applications.
Preliminary results for the hydrogenation
of nitrobenzene with Pd@C-FeNi parti-
cles showed the reaction to proceed at an
initial rate of 1.529 (umol nitrobenzene
converted to aniline per second). Catalyst
separation was simply achieved by apply-
ing an external magnetic field generating
a particle free solution.
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Clean oxidation of aromatic silyl enol ethers in water by air
without the use of any catalyst generates a-hydroxyl ketones in
good yields (69-86%).

The a-hydroxyl carbonyl moiety is a common structural unit in the
molecules of many natural products and pharmaceuticals.!
Various methods have been developed for the formation of such
derivatives, with the oxidation of the o-position to a carbonyl
group as the most direct one.” In this respect, Crombie and Godin
demonstrated that o-hydroxylation of an a-aryl ketone could be
achieved by passing air through an alkaline solution of the
ketone.> However, the autoxidation reaction was limited to
steroid-type compounds.* On the other hand, the oxidation of
preformed enolates and enolate derivatives such as enol silyl ethers
has been both versatile and synthetically useful. Among the
methods that proceed via the oxidation of preformed enolates,
the most convenient and reliable o-hydroxylation procedure is the
oxidation of enol silyl ethers of ketones. Indeed, oxidation of enol
silyl ethers has been carried out by using various methods
including organic peracids,’ singlet oxygen (generated in sifu under
photolytic conditions),’ osmium tetraoxide,” hypervalent iodine
systems,8 lead (1v) salts,’ chiral ketone/oxone systems,'® and
ozonolysis."! While all these methods can generate the desired
products efficiently, they require either the pre-generation of the
oxidant or the use of a stoichiometric amount of heavy metal-
based oxidant. It has been recognized that developing clean
oxidation is one of the most important challenges in green
chemistry research.'” The cleanest and most ideal reagent for
oxidation reactions would be air.'® Furthermore, water is the most
abundant and one of the most desirable solvents for chemical
syntheses.'* Although there has been great progress in transition-
metal catalyzed aerobic oxidation of organic compounds in water,
in the pharmaceutical industry it is even more desirable to develop
such oxidations without using any transition-metals in order to
achieve the lowest metal level in pharmaceutical agents for FDA’s
safety control.’® Taking the development of such oxidation
reactions as a general goal, we wish to report our exploratory
results of a highly efficient oxidation of aromatic silyl enol ethers to
a-hydroxyl ketone by air without the use of any catalyst in water.

Initially, the solution of 1-phenyl-1-trimethylsiloxypropene la
was stirred in a given solvent at room temperature for 4 days under
an atmosphere of air (Table 1). No oxidation product 2a was
detected when an organic solvent such as ethanol, acetone,
tetrahydrofuran and benzene (entries 1 and 5-7) was used. The
exposing of 1a to air in solvent-free conditions did not provide the

*dwang210@iccas.ac.cn (Dong Wang)
¢j.li@mcgill.ca (Chao-Jun Li)

Table 1 Oxidation of 1-phenyl-1-trimethylsiloxypropene under
various conditions

OSiMe; air o o]
’ )k/
Ph)\/ solvent Ph)g/ Ph
OH
1a 2a 3

Yield (%)¢

Entry? Solvent Time/d 2a 3
1 C,H;O0H 4 — —
2 C,HsOH-H,O (1 : 1) 4 25 35
3 C,H;OH-H,0 (1 : 9) 4 74 16
4 H,0" 4 86 9
5 Acetone 4 — —
6 THF 4 e —
7 CeHy 4 e
8 — _ 4 e —
9 H,0-Ga(OTf)y 2 81 8

10 H,0-Cu(OTh),’ 2 53 40
11 H,O-Yb(OTf)y 2 62 35

@ All reactions were carried out at room temperature. ” De-ionized
water. © Solvent-free. “Isolated yield. ¢ Starting material was
recovered. / Catalyst loading, 20 mol%.

desired product 2a either (entry 8). It is interesting to note that
when a mixture of ethanol and water (1 :1) was used, the
corresponding oxidation product was obtained in 25% yield (the
mole percent of product obtained related to its theoretical amount
based on the moles of silyl enol ether used) together with 35%
hydrolyzed product. When the amount of water in the solvent
mixture of water—ethanol increased, the yields of 2a increased from
25% to 74%, accompanied by a decrease in the amount of
hydrolysis product 3 phenylpropanone, from 35% to 16% (entry 2
and 3). When the oxidation was carried out in neat water in the
absence of any catalyst, 2a was obtained in 86% yield and only 9%
of 3 was produced (entry 4). Thus, water is an essential medium for
accelerating the oxidation reaction of silyl enol ether under an air
atmosphere. It is worth mentioning that under a nitrogen
atmosphere the oxidation reaction did not proceed at all, with
the starting material recovered completely after 4 days. On the
other hand, the addition of Ga(OTf); accelerated the rate of the
reaction (entry 9). The use of other Lewis acids, such as Cu(OTf),
and Yb(OTY);, led to a significant increase in the amount of
hydrolysis product in water (entries 10 and 11). (Note: the addition
of the extra Lewis acids is less green too.)

Subsequently, various enol silyl ethers 1b—i were converted to
o-hydroxyl ketones by this method by using air as the oxidizing
reagent in water for 4 d without using any catalyst (Scheme 1), to
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give a-hydroxyl ketones 2b-h in good yields of 69-86% (Table 2).
The reaction was found to be strongly influenced by the steric
effect. When the R group in the silyl enol ether was changed from
a methyl group to a benzyl group, the product yield decreased
from 86% to 69%. In addition, for aryl substituted enol silyl ethers,
the presence of a bulky substituent on the phenyl ring also
decreased the yield of the oxidation product (entries 5-7 vs.
entry 1). The oxidation of the enol silyl ether of 1-naphthyl
aldehyde (1h) gave only a trace amount of product 2h due to the
large steric hindrance (entry 8). On the other hand, the electronic
effect of the substituent on the phenyl ring did not influence the
yield significantly (compare entries 4 and 5). The use of aliphatic
enol silyl ether (4) did not generate the oxidation product, with the
starting material hydrolyzed completely in water (entry 10).
However, enol silyl ether generated from o-tetralone (1i) is more
stable in water; its oxidation reaction in water proceeded smoothly
to give product 2i in 72% yield (entry 9).

The exact mechanism of this novel uncatalyzed and water-
promoted aerobic oxidation reaction of enol silyl ethers is not very
clear and was studied briefly. When the mixture of enol silyl ether
in water was kept in the dark, the oxidation reaction proceeded
smoothly to give the corresponding a-hydroxyl ketone in a yield
similar to the one generated from the reaction under visible light.
Furthermore, when DMPO (a spin-trapping reagent'® for the
oxygen radical) was added in the oxidation reaction in water, no
ESR signal was observed. A Kl-starch solution test was found to
be positive, which demonstrated the formation of peroxide during
the oxidation reaction.!” As a control experiment, a negative result
was observed under the same conditions in the absence of enol silyl
ether. Based on these experimental observations, a tentative
mechanism for the product formation is proposed in Scheme 2.
Such a mechanism is consistent with the one proposed for the
oxidation reaction of enolate, activated by counterion complexa-
tion in a six-membered transition state.'s

In conclusion, a method for oxidation of aromatic silyl enol
ethers by air was developed in water without the use of any
catalyst. This method generates a-hydroxyl ketones in good yields.
Further work is in progress to increase the rate of the reaction as
well as decrease the amount of by-products, which are important
for both making the method more green and for practical
applications.

Experimental

A representative experimental procedure is as follows. The enol
silyl ether (0.1 mmol) in water (de-ionized water, 2 mL) was stirred
at room temperature under an air atmosphere, monitored by TLC
until the enol silyl ether disappeared. The mixture was extracted by
ethyl acetate (2 x 10 mL) and the organic layer was dried over
Na,SO,4. The crude product was purified by flash chromato-
graphy on silica gel (eluent: petroleum ether (bp 30-60 °C)-ethyl
acetate = 6 : 1) to give the corresponding a-hydroxyl ketone.

Table 2 Uncatalyzed aerobic oxidation of various enol silyl ethers in
water

Yield
Entry Enol silyl ether Product (%)
1 OSiMe; e} 86
. _CHj CHsy
1a
oH 22
2 OSiMe, 0 74
X CH,CH3 CH,CH,
1b OH 2b
3 OSiMe; 0 69
1 2
Cc OH (o]
4 OSiMej (0] 80
/@)\/CHB /@)K(Clh
1d on 2
H3C H;C
5 OSiMes 0] 82
/@)\/CHs WCHs
1e 2e
H
Cl Cl ©
6 OSiMe3 ] 75
NS CH3 CH3
1f OH 2f
7 OSiMe; (0] 73
X _CHs CHj3
(0 7 T i
8 OSiMe; o Trace
NS CH3 CH3
O 1h O OH 2h
9 OSiMe; 0 2
N CH3 CH3
‘ K ‘ oH 2
10 OSiMe;

~CHs
4

3

@ Isolated yield. * Hydrolysis product was obtained (90%).

Characterization of the compounds. Most products are known
compounds except entry 6 in Table 2. The new compound 2f has
been fully characterized. 2f: '"H NMR § = 1.35 (s, 9H), 1.50 (d,
J =172Hz, 3H), 3.81 (d, J = 6.9 Hz, IH), 5.16-5.21 (m, 1H), 7.55,
7.90 (AA'BB’, J = 6.9, 8.4 Hz, 4H); 3C NMR ¢ = 22.5, 31.0,
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:/[ ?iMe3
Hzo /O H20

Arj/lio

R OH

Scheme 2

35.3, 69.2, 125.8, 128.7, 130.0, 156.5; 201.9. 2f: vy« 3473, 2965,
1679, 1605, 1274, 1109 cm~'. HRMS: caled. For C;3H;50x:
206.1307, found: 206.1301.
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In this review, we examine the concept that aqueous biphasic reactive extraction (ABRE) can
successfully integrate the solvent properties of polyethylene glycol (PEG) and its phase-transfer
characteristics into a single efficient system which can additionally be manipulated to facilitate the
separation of reactants and/or catalysts from products. We also suggest that the properties of
these systems may recommend them as being relatively environmentally benign in comparison to
the current use of organic solvents in extraction and in reactive extraction. In developing this
concept, we review a number of the physical and chemical properties of PEG and aqueous
solutions of PEG in the context of recent applications to chemical reaction engineering. Thus, we
cover the interesting physical properties of PEG solutions in water, their unique solvent
properties, and finally the metal cation coordination ability of PEG solutions. These properties
are important in the application of low molecular weight liquid PEG as a solvent in chemical
reactions; in the use of PEG as an alternative phase-transfer catalyst (PTC); and in the application
of ABRE in the development of alternative pulping processes, catalytic chemistry, and enzymatic
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catalysis.

1. Introduction

Regulatory pressure is increasingly focusing on the use,
manufacture, and disposal of organic solvents, and thus the
development of nonhazardous alternatives (one of several
goals of green chemistry and engineering) is vitally important
for the continued and sustainable development of the chemical
enterprise."> There are many potential advantages to replacing
volatile organic compounds (VOCs) with water or various
types of aqueous solutions. The most obvious are low cost,
reduced flammability, reduced toxicity, and reduced environ-
mental risk as a result of discharges of the supporting phase.
Water and aqueous-based solvent systems may represent an
increasingly significant choice for the replacement of tradi-
tional solvents in synthetic chemistry. Other leading VOC
solvent alternatives include supercritical fluids, ionic liquids,
immobilized solvents, solventless conditions, and the use of
fluorous solvents.!

A recent special edition of Chemical Reviews and a recent
American Chemical Society Symposium volume highlighted
some aspects of the use of water and aqueous solutions in
green chemistry,>* however, relatively few articles have
focused on the use of aqueous PEG solutions and related
materials in chemical reactions. This is despite the fact that,
unlike several of the ‘neoteric solvents’ such as ionic liquids
(ILs) where toxicity and environmental burden data are for the
most part unknown, complete toxicity profiles are available for
a range of polyethylene glycol (PEG) molecular weights and

+ Current address: Key Lab. of Rare Earth Chemistry and Physics,
Changchun Institute of Applied Chemistry, Chinese Academy of
Sciences, Renmin Street 5625, Changchun, 130022, People’s Republic
of China.

*rdrogers@bama.ua.edu

indeed, many are already approved for internal consumption
by the US FDA.>¢

Table 1 lists a number of recent reviews of organic reactions
conducted in water and aqueous solutions including the use of
high temperature water, soluble polymer supports, micellar
solutions, and PEG derivatives. In this context, PEG has
been used as a solvent and phase-transfer catalyst (PTC) in
organic synthesis.

A number of recent reviews have also covered PEG chemi-
stry and its applications in biotechnology and medicine,?*%
PEG and PEG-supported catalysis,” PEG-based aqueous
biphasic systems (ABS) as alternative separation media,>
aqueous two-phase systems (ATPS) in bioconversion,?®2® and
PEG and its derivatives as solvent and PTC in organic
synthesis.zo’21 However, none of these articles has focused on
PEG solutions as alternative reaction media. Here we present a
comprehensive review and analysis of the role of aqueous
solutions of PEG in the development of alternative reaction
media, an area of green chemistry which seems to have been
rather overlooked in comparison to other solvent systems such
as, for example sc-CO, and [Lg. #2930

Our interest in PEG solutions as green reaction media was
spurred by several factors including; the present high interest
in green separation chemistry,>'® our long-term study of
PEG-metal ion coordination,>*** our studies of ABS solvent
properties,* ™ and our application of aqueous biphasic
reactive extraction (ABRE) in the development of alternative
processes for wood pulping and green catalytic oxidation
systems.>*>7 In this review, we draw together five strands of
the current literature: (1) the interesting physical properties of
aqueous PEG solutions; (2) the unique solvent properties and
cation coordination ability of PEG solutions; (3) the applica-
tion of low molecular weight liquid PEG as a solvent in
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Table 1 Selected reviews of water and aqueous solutions used as
green reaction media

Medium and main reaction type Ref.
High temperature water as reaction medium 5,7
Organometallic reactions performed in water 811
Reactions mediated by soluble polymers as catalysts 12,13

and supports including PEG
Micellar solutions as catalysis and reaction media 14-19
PEG and its derivatives as PTC and solvents for 20,21
organic synthesis

chemical reactions; (4) PEG as an alternative PTC; and (5) the
application of ABRE in the development of green pulping
processes, catalytic chemistry, and enzymatic catalysis.

2. Aqueous PEG solution properties

Polyethylene glycol, PEG: HO—(CH,CH,0),—H, is available in
a variety of molecular weights from 200 to tens of thousands.
At room temperature, the water soluble and hygroscopic
polymer is a colorless viscous liquid at molecular weight <600
and a waxy, white solid at molecular weights >800.% The
numerical designation of PEGs generally indicates the number
average molecular weight (e.g., PEG-2000), although typically
they are not monodisperse polymers. Liquid PEG is miscible
with water in all proportions, and solid PEG is highly soluble
in water, for example, PEG-2000 has a solubility of about 60%
in water at 20 °C. Lower molecular weight liquid PEGs can be
used as solvents in their own right with or without addition of
water. These we define loosely here as low molecular weight
PEG.

PEG has a number of benign characteristics that underlie,
for example, its application in bioseparations.”® PEG is on
the FDA’s GRAS list, (compounds Generally Recognized
as Safe) and has been approved by the FDA for internal
consumption."o’61 PEG is weakly, if at all, immunogenic, a
factor which has enabled the development of PEG-protein
conjugates as drugs.®**> Aqueous solutions of PEG are
biocompatible and are utilized in tissue culture media and
for organ preservation.”

Unlike VOCs, low molecular weight liquid PEGs are
nonvolatile. The vapor density for low molecular weight
PEG is greater than 1 relative to air according to available
MSDS data,®® and this is consistent with the industry standard
for selection of alternative solvents to VOCs.! PEG also has
low flammability, and is biodegradable.

PEG has been found to be stable to acid, base, high
temperatulre,50’56’57’67 0,, H,0, high oxidation systems,68 and
NaBH, reduction systems,®®’* although partial oxidation of
the PEG terminal -CH,OH group to -COOH may occur in
such systems as H,0,Na,W0,.>° In addition, PEG may be
recovered from aqueous solution by extraction with a suitable
solvent or by direct distillation of water or solvent.”!

2.1. Phase separation

Aqueous solutions of PEG display a miscibility gap character-
ized by lower and upper critical solution temperatures (LCST
and UCST, respectively) in which the polymer and water
segregate into polymer-rich and polymer-poor phases.*> The

physical basis of this behavior is dependent upon the
amphipathic nature of the polymer chain with its hydrophobic
methylene groups interspersed with ether groups which can
compliment the hydrogen bonded structure of water.”””®
Hydration/dehydration of these groups promotes the observed
behavior.

Similar phase incompatibility may be found in a number of
different polymers such as PEG-PPG co-polymers, poly-
vinylpyrrolidone, poly-N-isopropylacrylamide, and in the
clouding of non-ionic surfactants.>>-7” Additionally, aqueous
solutions of PEG phase separate in the presence of other,
incompatible, but still water soluble polymers. The exact
nature of phase separation here is incompletely understood,
but appears to be an UCST phenomenon perhaps based on
incompatible hydrogen bonded structures, or on an excluded
volume mechanism.>>>%78

PEG-based biphasic systems are generally formed by the
addition of PEG and other water soluble polymers such as
Dextran, above critical concentrations, however, many other
pairs of polymers show incompatibility (and not only in
aqueous solution);>> the phase separation of Ficoll and
Dextran is an important example.””’”” Alternatively,
1-butyl-3-methylimidazolium chloride may be combined
with a kosmotropic salt such as K3;PO,, above critical
concentrations in aqueous solution resulting in two distinct
aqueous phases.®® This is simply an extension of the
temperature induced phase separation of PEG as a result
of the lowering of the cloud point brought about by the
salting-out effects of the salts.’! These effects follow the
Hofmeister series.*’

Thus, aqueous PEG solutions may display phase separation
under controlled conditions. Such phase separated solutions
are known as ABS (Aqueous Biphasic Systems) or alterna-
tively, ATPS (Aqueous Two-Phase Systems), and have been
exploited in bioseparation for nearly fifty years since their
discovery by Albertsson.>

A typical phase diagram for the system, PEG-2000-
NaHSO, in 50% H,0,-H,O at room temperature is shown
in Fig. 1. Mixture compositions lying to the left of the binodal
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Fig. 1 The phase diagram for PEG-2000-NaHSO, in 50% H,O, at
room temperature used for catalytic oxidation of cyclic olefins.>®>’
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curve are monophasic, whereas mixture compositions to the
right of the binodal curve are biphasic. Tie lines (e.g., A-B in
Fig. 1) connect mixture compositions to points on the binodal
curve (the nodes A and B) representing the compositions of
the two phases in equilibrium. All mixture compositions
lying on the same tie line give identical compositions of the
equilibrium phase. Only the relative volume of the phase
changes, and this may be used as a means to manipulate
recovery of products. The length of the tie line is called Tie
Line Length (TLL).” Increasing PEG or salt concentration
results in longer TLL and increasing phase divergence. The
phase divergence has been shown to be proportional to the
chemical potential difference between the phases. Thus, solute
preference for one phase over another increases with increasing
phase divergence.*

Differences in phase preference between species can be
adjusted by controlling the ABS system composition. The fact
that PEG, and other polymers, form biphasic systems, having
tunable phase properties is an important advantage that
allows the development of versatile reactive extraction systems;
a property of PEG solutions which has yet to be fully
exploited.>®>’

2.2. Solution polarity

The poor solubility of organic reactants and their inter-
mediates in water is the main limitation to the widespread
application of water as a reaction solvent. Enhancement of the
solubility of organic solutes in aqueous solutions, including
the use of supercritical water, surfactants, co-solvents, and
complexants,”%>** is an important aspect of the application of
aqueous solutions as alternative solvents. For example, super-
critical water is characterized by a reduced dielectric constant
and a weaker hydrogen bonded network, which greatly
increases the solubility of organic compounds.”®* Eckert
et al. have pointed out that this unusual combination of
physical properties can provide environmentally benign
separation and reaction processes.®

Similarly, surfactants with polar and non-polar regions
orient themselves into micelles with a hydrophobic solvent-like
interior and a polar water-exposed surface. Organic solutes
become localized in the interior or within the surface of the
micelle, and this is believed to be responsible for the success of
organic and enzyme catalyzed reactions in micellar media.'# ¢
A significant application of micellar catalysis lies in the field of
homogeneous catalysis. In such systems, aqueous micellar
solutions serve, not only as the reaction medium, but also
to improve reaction selectivity and to facilitate catalyst
recycling.”!”"! In metal-mediated carbonyl additions, the
allylmetal intermediate complexes are formed as a result of the
action of a wide variety of intermolecular forces, and as a
result can effectively “‘activate” the metal center of some
organometallic reagents and enhance allylation and other
organometallic reactions in water.'!"8

The water soluble polymer PEG can be considered a co-
solvent in water which leads to an apparent decrease of the
aqueous solution polarity.””®* The consequent increase in
solubility of organic molecules has led to the application of
PEG as a solvent and a PTC in organic synthesis.??!

PEG, in aqueous solution, acting as a co-solvent, signifi-
cantly changes many of the properties of water.®* Solutions of
PEG in water may be viewed as monophasic, consisting of two
homogeneously mixed components, or as biphasic, having
large hydrated polymer molecules separated by regions of free
water.”” Zaslavsky has made the argument that the latter
viewpoint invites comparison of the resultant solution proper-
ties to the effects ascribed to vicinal water, i.e. water adjacent
to solid interfaces, which has significantly different properties
from pure water.”” In comparison to bulk water, vicinal water
shows a decrease in density and dielectric relaxation, and an
increase in viscosity and ionic conductance.”’

Perhaps of even more significance to a discussion of PEG
solutions as reaction media, is the effect of PEG on the
polarity of aqueous solutions. Solution polarity is frequently
measured by reference to the solvatochromatic properties of
certain polarity sensitive dyes, in particular to Reichardt’s
betaine, from which is derived the Ey scale of polarity.?
Zaslavsky found that the E1(30) values of PEG-6000-Dextran-
500 were very close to, but somewhat less than those of pure
water and the values decreased with increasing polymer
concentration. ¢

We have found in the PEG-2000-K;PO, system, that values
of Er(30) are considerably lower than water at the critical
point, and decrease in the PEG-rich phase with increasing
phase divergence.*® However, for the lower salt-rich phase, the
apparent polarity as measured by FEt(30) increases with
increasing TLL and distance from the critical point until it is
virtually indistinguishable from that of water. Thus, there is an
increasing difference in the polarity of the two phases as
measured by this technique.

The polarity difference in PEG-Dextran and PEG-K;PO,
ABS with TLL is shown in Fig. 2. PEG-Dextran shows a small
difference in polarity between the phases, whilst the greatest
difference is found for PEG-K3;PO,4 ABS and this difference
increases with TLL. In broad terms, the polarity of the PEG-
rich phase could be described as being similar to a short chain
alcohol when measured on the Er(30) scale.*
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Fig. 2 Solvent polarity scale for PEG-6000—Dextran-500%¢ and PEG-
2000-K5P0,* ABS systems: (O) Dextran-rich bottom phase in PEG—
Dextran ABS, (@) PEG-rich top phase in PEG-Dextran ABS, ([J)
K3POy-rich bottom phase in PEG-K;PO, ABS, (H) PEG-rich top
phase in PEG-K;PO, ABS.
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The relative affinity of the solvent medium for a non-polar
CH, group, AGcy,, has also been used to measure the solvent
properties of different organic solvents, and various aqueous
polymer solutions.*® This scale is not related to the polarity of
the medium, but to the free energy of cavity formation or the
cohesive energy density. The polarity of the separated top and
bottom phases of a PEG-2000-K;PO; ABS have been
thoroughly investigated.*® The relationship between —AGcH,
and the degree of phase separation of the co-existing phases of
the ABS, expressed in terms of the difference in concentration
of the total number of ethylene oxide monomers (AEO) or the
TLL between the phases, was investigated in various PEG-salt
ABS differing in salt type (K3PO4, K,CO;, (NH4),SOy,
NaOH, Li,SO4, MnSQ,, ZnSO4) and PEG molecular weight.48
No matter the salt type, the concentration, or the molecular
weight of PEG, —AGcy, was the same at the same degree of
phase divergence (expressed as AEO, APEG, or TLL). That is
the free energy of transfer of a methylene group in all PEG—
salt systems investigated was the same at the same degree of
phase divergence. The difference in concentration of the
polymers between the phases at a given temperature has been
shown to be a measure of the chemical potential difference
between the phases.*’

Fig. 3 shows both the Er(30) and —AGcH, relative solvent
hydrophobicity scales as applied to PEG-based ABS and some
organic solvents and surfactant solutions.*® Er(30) is given for
the organic phase (PEG in the case of ABS), and —AGcy,
represents the free energy of transfer from the aqueous to the
organic phase. The E1(30) values of both PEG-6000-Dextran-
500 and PEG-2000-K;PO, aqueous polymer solutions are
closer to that of pure water than most of the organic solvents
shown in Fig. 3. However, it is possible to construct ABS, such
as the PEG-K;PO, system mentioned previously, having
phase compositions such that —AGcy, may range from zero to
about 0.85 kcal mol !. Not only does this mean that the
hydrophobicity of the system is controllable, but in some cases
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Fig. 3 Relative solvent polarity £ (B) and —AGcy, (O7) for selected
PEG-based ABS solutions and for some organic solvents.

the free energy of transfer may approach and exceed that of
many organic solvents. It may thus be possible to achieve
considerable solubility of some organic solutes in such systems,
and this may allow certain organic reactions to be carried out
in these relatively hydrophobic aqueous solutions.

The molar transition energy, Et, however, taken from the
wavelength of absorption of the long wavelength absorbance
band of Reichardt’s betaine dye,®” includes not only the effect
of molecular dipole and induced dipole interactions, but also
the ability of the solvent to interact with the betaine by
hydrogen bond donation.?” Also, the free energy of transfer of
a methylene group is only a measure of the energy associated
with cavity formation, ignoring the contribution of molecular
interactions between solute and solvent to the overall free
energy of transfer for all solutes beyond simple alkyl chains.

Huddleston et al. have characterized the phases of selected
polymer—polymer and polymer-salt systems in terms of their
polarity using the Kamlett and Taft n* parameter (relative
polarity/polarizability),*® and extended these studies to include
o (hydrogen bond acidity) and f (hydrogen bond basicity)*
contributions to solute selectivity in these systems using a suite
of solvatochromatic indicators. The parameters 7* and f§ were
found to show little difference between the two phases in PEG-
2000-(NH4),SO4 or KsPO, ABS, but a big difference was
found for the « value.*” At 37% w/w TLL, the o value between
the PEG-2000-rich top phase and K5POy, salt-rich phase could
be as low as 0.3. The hydrogen bond donation ability was
greatly depleted in the PEG-rich top phase. The solvatochro-
matic study of 7*, 5, and o lends support to later conclusions,
derived from the application of linear free energy relationships
(LSER),* that polarity and solvent basicity play little part in
solute distribution in ABS.

Other studies using solvatochromatic probes and the
solvation model of Kamlett and Taft, have found that low
molecular weight PEG, such as pure PEG-300, has a polarity
value (* = 0.94) greater than methanol (0.63), a hydrogen
bond acceptor ability (f = 0.60) similar to methanol (0.62),
and a hydrogen bond donor ability (¢ = 0.45) less than
methanol (0.93).%% In the Hansen three component description
of solubility behavior, the solubility parameters for tetra-
ethylene glycol have been determined in terms of a dispersion
component (34> = 16.6), polarity component (5p2 = 5.7)and a
hydrogen bonding component (3,2 = 16.8) and these
parameters were found to be similar to those of n-propanol.®’

Linear solvent free-energy relationships (LSERs or LFERs)
based on chemical equilibria and Gibbs energy relationships,
have been applied to the investigation of the solvent properties
of ABS.*** The general solvation equation of Abraham is
usually given as in eqn. 1:

log SP = c+rRy + st + a4+ bﬁzH + vV (1)

where ¢ is a constant, R, is the solute excess molar refraction,
m,'1 is the solute dipolarity/polarizability obtained from
partition measurements, and o, and S, are the effective
solute hydrogen bond acidity and basicity, respectively. Vi is
the McGowan volume of the solute. The coefficients ¢, r, s, a,
b, and v obtained by linear regression of the partitioning data
of a suitable solute set, may be used to characterize the
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properties of the solvent. For a PEG-2000-(NH4),SO4 ABS
these were found to be —0.05, 0.65, —0.21, 0.21, —1.31, and
1.71, respectively.*®

LSERs are useful in the determination of the solute—solvent
interactions that govern solute partitioning in ABS, and it is
also possible to compare ABS to, for instance, aqueous
micellar systems and traditional organic-aqueous biphasic
systems.”® Such comparisons may greatly aid the selection of
suitable solvent systems in a search for replacements for VOC
systems. The solvent properties which were found to be of
prime importance in driving solute partitioning in ABS, were
solvent hydrogen bond acidity (donation ability) and the free
energy of cavity formation.

2.3. PEG—metal ion complexes

PTCs are usually used to transport an aqueous reagent into an
organic phase in an activated state, so that the reaction can
proceed as a consequence of bringing the aqueous reagent and
organic reagent together.®” PEG has the ability to serve as a
PTC since the polyethylene oxide chains can form complexes
with metal cations, similar to crown ethers.? To maintain
electroneutrality, such PEG-metal cation complexes must
bring an equivalent anion into the organic phase, thus making
the anion available for reaction with the organic reactants.
Many factors affect phase catalytic activity, such as PEG
molecular weight, chain end effects, and the nature of the
associated cations and anions.

Fig. 4 shows that the stability constants, log K, for PEG
complexes with Na™ in ethanol (using a Na* electrode with
Ag*/AgCl as the reference electrode) depend on both the PEG
molecular weight and the end-group substituents.”’™* The
degree of complexation of solid alkali metal salts by PEG-400
is strongly dependent on both the salt anion and cation as
shown in Fig. 5.°*° For the Na* and K* salt-PEG complexes,
commonly used in phase-transfer reactions, there is a greater
dependency on the nature of the anion than the cation. The
anions OH™, F~, HSO, , and HCO;  were found (by
conductimetric and refractive index measurements) to be ion
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Fig. 4 The stability constants of PEG-Na* complexes with various
PEG molecular weights and functional group substituents.”' > PEG
terminal groups were symmetrically substituted (see legend) and the
molecular weight was set as that of the unsubstituted PEG.
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Fig. 5 The metal ion (K" and Na”) transfer ratio (mol%) from solid
alkali metal salts of different anions to PEG-400.%%

paired with the PEG cation complex, and assumed to be
relatively naked anions, while C1-, Br~, I, SCN~, NO3 ,
NO,", and HF,  were assumed to be disassociated anions
with significant solvation shells.”®

The binding constants of Na* with PEG, with PEG
monomethyl ethers (PEG-MME), with PEG dimethyl ethers
(PEG-DME), and with crown ethers have been measured in
anhydrous MeOH solutions.”® The binding constants (K) of
one PEG chain containing 3-312 EO units with the sodium
cation show a linear relationship with the number of binding
sites available.”® It has also been proposed that for some
alkoxylation reactions, several catalytic centers exist in a single
PEG molecule.”” Dramatically reduced costs of PEG com-
pared to crown ethers are a considerable incentive for
investigating the properties of these “crown-like” PTCs.

PEG-cation complex structures have been analyzed by a
variety of methods (Table 2) such as single crystal X-ray
structure analyses, mass spectrometry, NMR, IR and Raman
spectroscopy, powder X-ray diffraction, and electrochemistry.
X-Ray analyses have shown that low molecular weight PEG
(expressed as (EO),) can usually form single crystal complexes
with metal cations in acetonitrile, methanol, and their
mixtures. For example, Sr>* will typically organize 3-6 EO
units into a pseudocyclic crown ether-like equatorial array.
Thus (EO); or (EO), chains complex Sr*" in a 2 : 1 fashion,
whereas longer chains (EO)s—(EQO);, are able to helically wrap
the Sr** jon.** Because Sr** can be completely wrapped by
(EO) units, the complex is given a hydrophobic exterior,
effectively dehydrating the metal cation, and allowing

Table 2 Structural analyses of PEG-metal cation complexes

Analysis method Metal ions
X-Ray crystal structure Hg,39 Bi,* Pb,*! Ln,* U* s*
Mass spectrometry Li, Na, 100 cg!0!

NMR Na, Ca, K, Sr,'02103 j104

IR and Raman spectroscopy ,105:106 N[5 107
X-Ray powder diffraction Li, 08109 Ng 10 g 1T Rp!12
Electrochemistry Li'"3
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Sr(EO),>" complexes to be transferred to an organic phase.
This is the basis for the synergistic extraction of Sr** from
aqueous solution using a mixture of cobalt dicarbollide and
PEG.”

Compared with crown ether complexation, the same PEG
can coordinate different sizes of metal cations such as Sr**
(1.12 A)y* and Li* (0.76 A),"'* thus, PEG presents a more
flexible structure for metal cation complexation. Extraction by
PEG polymer complexation also represents a considerable cost
saving over crown ether complexation.

Pb>* and (EO)s can form Pb(EO)s chelate rings, and the six
oxygen donors arrange themselves in a nearly hexagonal
equatorial plane, so that the anion can approach the two axial
sites.*! Lanthanides have important applications in organic
synthesis in protic solvents, and the crystal structures of
dozens of LnX3 (X = ClI", SCN ™, NO3 ) complexes formed
with a range of small PEGs ((EO); to (EO);) have been
investigated by Rogers et al*® These results showed that
different EO chain lengths result in differences in the coordina-
tion sphere and can, in some cases, require additional inner-
sphere ligands, such as an anion, water, or solvent molecules.
These results have been the subject of extensive review.*?

The complexation of metal ions with PEG has also been
investigated by 'H NMR spectroscopy. There is a strong ion—
dipole binding affinity with metals, and the preferred
coordination numbers for Na* and Ca’>* of 6 EO, and for
Sr?* of 7 EO, have emerged using the ion radius concept.!?%!%3
Mass spectrometry has shown that the lowest energy structure
Na*(EO), results from the Na* ion being ““solvated” by seven
nearest neighbor atoms, and thus, the cation is completely
encased by the (EO)o.”

IR and Raman spectroscopic studies of a PEG-Na*
complex in the context of the development of polymer
electrolytes, (EO),NaCF3SO;, have shown that free ions, ion
pairs, and aggregates exist due to the interaction of Na* with
(EO), and CF;SO;  at different concentrations.'”” The
electrochemical characterization of the Li*/Li redox electrode
reaction in solid polymer electrolytes (SPEs) of PEG-10000—
LiClO4 shows higher conductivity than polyethylene oxide
(PEO) electrolytes due to the increase in the number of carriers
and the facilitation of the formation of the conduction
pathways.!'®> A powder X-ray diffraction study shows that
Li*—EO; forms isolated and helical EO chains with Li* inside
the helix,'® which is similar in conclusion to the results of
X-ray crystallographic studies. In the case of Li*-EOg
complexation, double helical EO chains were shown to
surround the Li* cations, so that the anions were left outside
the helical structure unpaired with Li* ions.'” The conclusions
were supported spectroscopically by FT-IR and Raman
studies that showed that Li* is completely surrounded by
the two EOg chains forming a cylindrical structure without
significant anion coordination in the EO4:LiAsFg complex.'%®

PEGs certainly have the ability to form complexes with
metal cations. This property may be of some importance in
the application of PEGs as alternative PTCs and in ABRE
processes. Crown ether metal ion complexation depends on the
fixed size of the cavity in the center of the crown. However,
fixed molecular weight PEGs show more flexible selectivity in
the binding of different size metal cations due to changes in

helical conformation. During the phase-transfer process, PEG
may transfer metal cations from the aqueous phase to the
organic phase by complexation and partition. The correspond-
ing anion is also forced to transfer to maintain electro-
neutrality, thus the inorganic or organic solvated anion may be
activated in the organic phase for participation in the chemical
reaction.

3. Liquid PEG as reaction solvent

PEG and its aqueous solutions represent interesting solvent
systems for solvent replacement, and may stand comparison to
other currently favored systems such as ionic liquids, super-
critical carbon dioxide, and micellar systems. Recently, Sheftel
has reviewed the general toxicological action of PEG such as
acute toxicity, the mean lethal doses of all molecular weights of
PEG, short and long-term, reproductive toxicity, and the
mutagenicity in vitro or vivo.''> Additionally, relevant laws or
regulations governing use in the European Union and from the
US FDA were also included. One important difference
between using PEG and other ‘neoteric solvents’ is that all
of the toxicological properties, the short and long-term
hazards, and the biodegradability, efc., are established and
known. For many of the other alternative solvent systems,
lengthy investigations will be required to establish the
necessary background safety and toxicological information.

PEG is a hydrophilic polymer, easily soluble in water and
many organic solvents including: toluene, dichloromethane,
alcohol, and acetone, but it is not soluble in aliphatic
hydrocarbons such as hexane, cyclohexane, or diethyl ether.>®
The non-polar and hydrophobic hexane, slightly polar
2-octanone, and mildly polar heptanol, all showed some
solubility in 70% PEG-300(aq), giving solutions of 0.01, 0.1,
and 0.8 M, respectively.®® Solubilities of 1.7 M and 0.5 M were
found for 2,3-dimethyl-1,3-butadiene in PEG-300 and its 90%
PEG aqueous solution, and 4.5 M and 1.2 M for 1-bromo-
butane in these two media, respectively.®® This solubility
enhancement has been applied to aqueous synthesis in both
Diels-Alder and Syl reactions.38!116:117

Of particular interest, is the high solubility of some salts in
PEG-400, such as 1.8 M CH;COOK, 2.1 M KI, 1.1 M KNOs,
0.25 M KCN, and 0.16 M K,Cr,0O,. This has enabled the use
of this medium in some homogeneous oxidation and substitu-
tion reactions resulting in high yields.''® The solubility of these
salts in PEG is comparable with their solubility in dimethyl-
sulfoxide (DMSO). PEG-1500 used in a phenoxide allylation
reaction was claimed to effectively enhance the solubility of the
reactant allyl chloride in PEG aqueous solution.'"’

Low molecular weight liquid PEGs can be regarded as
protic solvents with aprotic sites of binding constituted by the
EO units. A few inorganic salts and many organic substrates
are soluble in low molecular weight liquid PEG, and thus,
they have been proposed as solvents for organic reac-
tions.”! 8116117 PEGs have been termed “host” solvents’'
due to their ability to form complexes with metal cations as
illustrated in Figs. 4 and 5.

Three main types of reactions have been investigated:
substitution, oxidation, and reduction. However, application
of liquid PEG is not limited to these reactions, polymerization
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of methyl methacrylate and styrene has been reported in PEG-
400, and a higher rate of polymerization of methyl methacry-
late was found than that in toluene, but the rate was slower for
styrene in PEG-400 than that in xylene. Moreover, the easy
removal of the copper catalyst following the reaction is
comparable with the performance of other solvent alternatives
such as 1-butyl-3-methylimidazolium hexafluorophosphate
and fluorinated biphasic systems.'?® Other types of liquid
PEG have been used in substitution and reduction reactions
such as high molecular weight PEGs including molecular
weights of 900, 1000, 2000, and 3400 in conjunction with
sc-CO, above the melting point of the PEG.'>''?* The
similar small molecular weight liquid polypropylene glycols
(PPG) 425 and 1000 have also found application in solvent
substitution,8%116.117.124.125

3.1 Substitution reactions

Table 3 provides examples of substitution reactions performed
using liquid PEG as the solvent. Potassium thioacetate in

Table 3 Substitution reactions in PEG solvent media

PEG-400 has been used as a nucleophilic reagent to substitute
alkyl halides, tosylates, or mesylates, and the product yields
were about 92-98%.'%” The hydrolysis rate constant for the
synthesis of 2-chloro-2-methylpropane in PEG-300-H,O has
been compared to those found for acetic acid, methanol,
ethanol, and acetone as co-solvent with H,O, and rate
constants were found to increase by 1-3 orders of magnitude
at high mass% PEG(aq) over those found for the above
organic co-solvents. The Diels—Alder reaction rates of 2,3-
dimethyl-1,3-butadiene with nitrosobenzene in PEG-300
showed a 3.3 fold increase compared to the same reactions
in dichloromethane, and a 2.5 fold increase over that found in
ethanol. 2,3-Dimethyl-1,3-butadiene in reaction with acrolein
showed a 14 fold increase in rate constant in 70 mass% PEG-
300(aq) over that in methanol.*®!'® PPG-425 showed a similar
enhancement of reaction rate, but this was lower than that of
PEG-300.%%'"°

The reaction of sodium p-toluenesulfonate monohydrate
with various alkyl halides in PEG-400 or its diethyl ether have
been investigated, and it has been shown that sulfones can be

Substrate (RX) Substitution (Y) PEG Product Ref.
R-CH,Br CH;COO , I, CgHsO, PEG-400 R-CH,Y 126
CN™
R = C¢Hs, C3Hy, CoHyo, C7H;5 118
R|-CHX-R, CH;COS™ PEG-400 R|-CHY-R, 127
Ry = C;Hys, CoHyo, Cy1Has,
CioHa1, C6Hs
R2 = H, CH3
X = CH2C6H4SOZ, CHzSOz,
Cl, Br, I
(CH;);CCl H,0O PEG-300 (CH;);COH 88
(CH;),C=CHCl PPG-425 (CH;),C(OH)CHs, 117
(CH;),CHCH,OH
CH,CH(CH3)CH(CH;)CH, CH,=CH-CHO PEG-300 OCH-C4H;-(CHs), 88
C6H5-N:O PPG-425 C6H5-NOC4H4-(CH3)2
R'X RSO,™ PEG-400 R-SO,-R’ + S;0,R’ 128
R’ = C4HsCH,CI, BrCH,Br PEG-400-C,Hs
R”-Br
R” = C,Hs, n-C4Ho, n-CgHy5,
CH,=CHCH,
R-(SO3-R»), F PEG-400 R-(F), 129
R; = n-CgH,7, n-C¢H;3-CH,
(CH3);CCH,, CeHs(CH>),
R2 = CH3, 4-CH3C6H4,
2-CyoHyo, 2,4,6-(CH;3)3CsHss
ArNH, Cl",Br ,I",CN" PEG-200-CH,Cl, ArY 130
Ar = C6H5, p-PhCOC6H4,
1-CyoHy, p-CIC¢Ha,
p-CH30C6H4, 0-CH3OC6H4,
m-CH;0CgHy, p-CcHsC=CCqH,4
R-C¢H4Br C¢Hs-B(OH), PEG-400 R-C¢H4-CeHss 131
(C¢Hs),CNCH,CO,PEG R,X PEG-3400 (C¢Hs),CNCHR,CO,PEG 121
R-C¢Hy4-Br CH,=CHX PEG-2000 R-C¢Hy4-CH=CHX 122

R = Cl, OCH}, CH202 X = C6H5, C02C2H5,

n-CH3(CH2)3O

(Pd(CH30ACc), catalyst)
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obtained in good to excellent yields, while the alkylation of
sodium p-toluenesulfinate and N, N'-dimethylformamide in
methanol gives only moderate yields.'*® The reaction of KF
with the mesylates and tosylates of alcohols has been found
to provide good yields of fluoro derivatives in PEG-400
compared to methanol and apolar crown ethers.!” The
diazotization and Sandmeyer reactions of arylamines in
PEG-CH,Cl, were found to be effective for the preparation
of halogenoarenes and cyanoarenes even in 10 mM dilute
substrate. This is still comparable with these reactions in
various organic solvents (e.g., xylene, DMSO, 18-crown-6,
chloroform, and tetrahydrofuran (THF)), giving high yields
only in high concentrations of substrate (=73 mM))."** The
ordinary aqueous Sandmeyer reactions reported in Organic
Synthesis gave only very poor yields.'*

A Schiff base protected glycine modified by end functiona-
lized PEG-3400 reacted readily with various electrophiles
without the need for other organic solvents under microwave
activation. PEG served as both polymer support and solvent in
this reaction. The reaction was comparable with that in
acetonitrile.'?! The microwave-assisted Suzuki cross-coupling
of arylboronic acids with aryl halides using PdCl, as catalyst
and KF as base in PEG-400 was found to offer ease of
operation and the ability to recycle the catalyst. The
recyclability of the PdCl, and PEG-400 solvent by ether
extraction makes the reaction more economic and thus,
increases its viability for commercial exploitation.'?!

Molten liquid PEG-2000 at 80 °C was used as reaction
solvent for Heck coupling reactions and gave a fast reaction
rate and high yield.'*® The reaction rate, yield, and regio-
and stereoselectivities in this solvent system are com-
parable with the conventional organic solvents dimethyl
formamide (DMF), DMSO, CH;CN, and the ionic liquid,
1-butyl-3-methylimidazolium tetrafluoroborate. The recycl-
ability of both PEG-2000 and Pd(OAc), can be achieved
by simple ether extraction of the product, and the
higher yield can be sustained even after four subsequent
experiments.

Raston and co-workers have shown that PPG-425, HO—
(CH(CH3)CH,),—H, can be a solvent for aldehyde synthesis
from 4-hydroxybenzaldehyde, K,COs3, and the corresponding
bromo- or dibromoalkane at 60 °C.'** PPG-1000 was also

Table 4 Oxidation reactions in PEG solvent media

successfully used in indium metal mediated synthesis of
homoallylic amines.'* Yields and reaction times were better
than and comparable with aqueous reactions and those
employing traditional organic solvents. In addition, the
product was easily isolated.

PPG is a viscous liquid with a negligible vapor pressure,
stable under these reaction conditions, and is easily recovered.
However, in contrast to PEG used as a solvent, most
commercially available PPG, such as Dow PPGs from
molecular weight 250 to 4000, are viscous liquids. Low
molecular weight PPG-250 and 425 are in fact water soluble,
but PPG shows an inverse temperature—solubility relationship,
along with a rapid decrease in water solubility as the molecular
weight increases. PPG-2000 has only 0.012% w/w solubility in
water at 25 °C, and this may invite exploitation as a relatively
more hydrophobic phase in comparison to PEG. These
physical properties may limit the wide use of PPGs as reaction
media.

3.2. Oxidation reactions

Oxidation reactions conducted in PEG-200 and PEG-400 are
given in Table 4. Among the few oxidants examined, K,Cr,O-,
which is relatively soluble in PEG-400, can oxidize benzyl
bromide with good yields.”' This is similar to the reaction
of Na,Cr,O; in hexamethylphosphoramide (HMPA) and
crown ecther using the same substrate. Aerobic oxidations
catalyzed by a polyoxometalate, HsPV,Mo0,¢049, in PEG-200
or 400 solvents showed wider application to alcohols,
cyclic dienes, sulfides, and in the Wacker reaction.®® Only
5% weight loss during benzyl alcohol oxidation after
three recycles was observed in a solvent recycling process due
to PEG degradation, resulting from a 1.7% weight loss for
each cycle. No oxidation of the terminal hydroxyl of PEG
occurred.

The dihydroxylation of olefins has been conducted using
PEG-400 as solvent and OsOy as catalyst,'>? and high yields of
diols were achieved in a short time (2-3 h). The PEG-400 and
0s0, were easily reused by simple extraction of product diols
using ether, and more than 90% yield was sustained even after
5 recycles. Additionally, the reaction was suitable for asym-
metric dihydroxylation (Sharpless reaction) with high yield
and good enantioselectivity.

Substrate Oxidant PEG Product Ref.

C6H5CHzBr K2Cr207 PEG-400 C5H5CHO 71

R-CH,OH Aerobic oxidation (catalyzed by HsPV,Mo0,0040) PEG-200 R-CHO 68
R = R’-C¢Hy PEG-400

C,H,,_4 (cyclic dienes) Same as above PEG-200 C,Hs,—¢ 68

R-S-R (sulfide) Same as above PEG-200 R-SO,-R (sulfoxides and sulfones) 68

CH;CH=CH, Aerobic oxidation (catalyzed by HsPV,Mo0,004 PEG-200 CH;COCH; 68

and palladium)

R;CH=CHR, N-Methylmorpholine (NMO) (catalyzed by OsO,4) PEG-400 R{CH(OH)CH(OH)R, 132

Rl CnH2n+1: C6H5

R, = H, C,Hy,.1, CsHs
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Table 5 Reduction reactions in PEG solvent media

Substrate Reductant PEG Product Ref.
CH;COC4¢H ;3 NaBH,4 PEG-400 CH;CHOHC¢H ;3 71
R;-COO-R, NaBH,4 PEG-400 R-CH,OH 134
R, = alkyl, aryl
Rz = CH3, C2H5
R|-CHX-R, NaBH,4 PEG-400 R;-CH-R, 135
R; = alkyl, aryl
X =Cl Br, 1
R2 = H, CH3, C4H9
R-COClI NaBH,4 PEG-400 R-COH 135
R = CysHsy, CoHyo, CsHs, p-BrCeHy
C¢Hs-CH=CH, H, PEG-900 C¢Hs-CH,CHj; 123

3.3. Reduction reactions

Table 5 lists some important reduction reactions which have
been demonstrated utilizing PEG as solvent. In PEG-400,
carbonyl compounds could be reduced by NaBH,; more
efficiently than by slow reaction in THF.”! It was also found
that the reduction of alkyl and aryl esters to the corresponding
alcohols by NaBH, in PEG-400 was enhanced, where these
compounds had been considered inert toward reduction in
other organic solvents.'** The halide reduction by NaBH, in
PEG-400 is comparable to that in a variety of polar protic
solvents such as DMSO, sulfone, HMPA, and DMF, and the
acyl chloride reduction can effectively occur in PEG-400 as a
substitute for the inert solvent dioxane.'*> Lindlar’s catalyst,
Pd-CaCO; poisoned with PbO, is found to partially reduce
triple bonds in alkynes to cis-olefins in PEG-400,'** and PEG
and the catalyst can be used 3—5 times without loss of activity
or yield.

The waxy solid PEG-900 at 155 bar pressure in sc-CO, at
40 °C, showed liquid solvent characteristics, and was success-
fully used as the solvent for hydrogenation of styrene.'?* The
RhCI(PPhs)s-catalyzed hydrogenation of styrene to ethyl

Table 6 PEGs as free PTCs in Williamson ether syntheses in bases

benzene in PEG-900 at 155 bar, 55 °C in sc-CO, was con-
ducted as a homogeneous catalysis reaction. Ethyl benzene was
extracted into sc-CO,, and the catalyst-containing PEG phase
was reused without loss.'*

4. PEG as phase-transfer catalyst (PTC)

PEGs and their many derivatives have been extensively
investigated as PTCs, and are used in many commercial
processes to replace expensive, and environmentally-harmful
PT(Cs. 202124136137 Of the commonly used PTCs, linear PEGs
are much cheaper than analogous macrocyclic crown ethers
and cryptands.'*® PEGs are also more stable at high
temperatures, up to 150-200 °C, and show higher stability to
acidic and basic conditions than quaternary onium salts.®’

4.1. Free phase-transfer catalysts

4.1.1. Williamson ether synthesis. The novel Williamson
reaction has been successfully conducted in a liquid-solid or
liquid-liquid biphasic system using PEG as PTC with or
without organic solvent as shown in Table 6. Williamson ether

R, of substrate (R;OH) Substrate (R,X) PEG and solvent Product Ref.
C,H>,11 C,H,,.1 X PEG-350-2000 R;-O-R, 139-141
n =10, 12 n=4,38 PEG-(C,Hs),
X =Br, Cl 1 No solvent
CeHs, 4-C1-C¢Hy, 3,5-(CH3),-C4Hs, C,H,, .1 X PEG-400, 1500, 6000 R;-O-R, 119
4-OH-CgHy, C¢Hs-CsHy C,H,, X No solvent 142-145
C6H5CH3X
n=1234,38
X =Cl Br, 1
OC4H4-CH,“ or XRX PEG-400, 600, 800-C¢Hg (OC4H4CH,0),R 146
or CH2C12
Ar = CH;CgHy, CI-C¢Hy, X = Br, Cl or 147
NOz-C(,H4, HOzCCHz-C(,H4, R = (CHz)m C2H50C2H5 Ar-ORO-Ar
OHC-C6H4, C6H5-C6H4 n = 1, 4, 5
PEG-300, PPG-425, 1000 RBr PEG-300 PEG-OR 148
R = C,H,,1 PPG-425, 1000 or
n=2406 KOH/no solvent RO-PEG-OR

“ Furfuryl alcohol.
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synthesis is an important nucleophilic substitution reaction
(Sn2) and involves the synthesis of an ether using an alkyl
halide and an alkoxide in an alcoholic solvent. The yield of
decan-1-ol during etherification using PEG-2000 as PTC is
84%, which is equal to that found by using 18-crown-6, and
higher than the 72% yield found using Kryptofix222 (cryp-
tand).'*® The crown ether and cryptand are very expensive,
may constitute toxins or irritants, and are sensitive to
humidity.'*® On the other hand, in PEG-300 or PEG-1000,
the etherification is also sensitive to H>O content. A 15% ratio
of H,O/KOH is the optimum H,O content, and a 30% ratio of
H,O/KOH results in a great decrease in yield. Excess H,O is
presumed to limit the formation of the intermediate alcoho-
late, and thereby decrease the yield of ether.!*® Both 5% PEG
and etherified PEG as PTC are able to enhance the alkyl
alcohol etherification reaction with high yield.'*° Catalytic
activity is attributed to the presence of sufficient oxygen atoms

Table 7 PEGs as free PTCs in substitution reactions

in the EO units. The hydroxyl group weight percent of 5%
PEG-2000 is about 0.085% in this reaction, and the consump-
tion of electrophilic halogenated reactant is very small.'®

4.1.2. Substitution reactions. One of the most common areas
for the application of PEGs as PTCs is in nucleophilic
substitution reactions. As listed in Table 7, typical anionic
nucleophilic reagents are hydroxides, halides, sulfides, cya-
nides, cyanamides, carboxylates, sulfonates, and others. The
diaryl 1,4-phenylenedioxydiacetic acid and diaryl 1,4-phenyl-
enedioxydiacetate synthesis using PEG-400 as PTC showed
good to excellent yields under mild conditions, with short
reaction times and simple operation.'* N-Acylation reactions,
normally considered difficult, could be conducted using PEG-
400 as PTC with high yield."**> Although 3-6 fold more PEG
was needed to achieve the same yield as obtained using 18-
crown-6 during p-dibromobenzene synthesis, the much lower

PEG/solvent and

Substrate Nucleophilic reagents base

Product Ref.

CI-CH,CO,H OH-C¢H4-OH

p-CIOCCH,-O-C¢Hy4-O-CH,COC1 R-CgHy-OH

PEG-600/CH;CgHs

PEG-400/CH,Cl,

HO,CCH,-O-C¢H,4-O-CH,CO,H 149

R-C¢H4-OCCH,-O-C¢Hy-O-CH,CO-CgHy-R - 149

m-(CICOCH,0),-CsHy4 ArOH PEG-400/NaOH (ArO,CCH,0),-CgHy 150
Ar = X-CgHs 151
X = Cl, NOz, C6H59 CH3
CeHy-N>HC-R ArOCH,COCl1 PEG-400/ CgHys-N,HC (COCH,0Ar)R 152
R = H, CGHSOCHz, Ar = C6H5, 4-C1C6H4, CH3CN, KzCO}
2,4-Cl,CcH;OCH,, 4-CH;CgHy
2,4,5-Cl3C¢H,OCH,
p-Y-CsHy-No"BF,~ CCl3Br PEG-1000/ p-Y-CgHy-Br 153
Y = Br, N02 CH}I CH3COOK, CHCI‘; p-Y-C6H4-I
p-Y-C6H4-N2+BF47 PEG-1000/ p-Y-C6H4-C6H5 153
Y = Br, NO, CH;COOK/C4Hg
CeHy-CH,NHR R,X PEG-OCH,/ CeHys-C,HoNR R, 154
R] = H, C6H5 R2 = CH}, C6H5, C12H25 NaOH/C6H5CH3
X =Br, 1
C¢HsCH,CI KSCN PEG w/o sc-CO, CsHsCH,SCN 142,155
p-CH3-C6H4-S02Cl MF PEG-115-40000/ p-CH3-C6H4-SOZF 156
M = Li, Na, K, Rb, Cs CH;COCH;3
p-X-CeHy-Y MOR PEG-150-20000000/  p-Y-C¢H4-OR 97
X = Br, Cl M = alkali metal KOH
Y = Br, Cl, H R = alkyl, aryl
2-0C4H4-CO,H CeHs-SO,Cl1 PEG-400 2-C4H40-CO,-80,-C¢Hss 157
R-CO-ClI NH,SCN PEG-400/CH,Cl, RCOSCN 158
R = Ar-C4H4O, 2-C1C5H4 159
POCl; ArONa PEG/CHCl; (ArO);PO 160
Ar = RC¢Hy, 2,4-C1,C¢H;
R = CH3, C4Hg, Cl, CGHS
C3H17C1 NaCN PEG/C[()HZZ C8H17CN 96
CH,Br, R-CsH4-CO-K PEG-600/CH;CN R-C¢H4-CO,-CH,-CO»-CHy-R 161
C¢Hs-CH,Br CH,CO,K PEG/CH;CN C¢Hs-CH,OCH; 162
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cost of PEG is an important compensating factor.'>?
Ultrasound has been found to be effective in enhancing
N-alkylation of a variety of amines by alkyl halides using
PEG-350 methyl ether.'>*

PEG as PTC has been employed in a sc-CO, solvent to
convert benzyl chloride with potassium cyanide to form
phenylacetonitrile, although the yield is lower than a similar
reaction employing tetraheptylammonium cyanide.
Nevertheless, this is a promising beginning for the develop-
ment of a low cost, green reaction process.'> The effect of
PEG molecular weight on catalytic effectiveness in the reaction
of mono- and di-halobenzenes with alkoxide ions to form
monoalkoxybenzenes has been examined.”” The yield of
product was found to increase with primary, secondary, and
tertiary alkoxide ions, and high molecular weight PEG
was more effective than low molecular weight PEG. The
synthesis of N-phenyl-N’-2-chlorobenzoyl-thiourea from
2-chlorobenzoyl chloride and ammonium thiocyanate using
PEG-400 as PTC is more effective than with most quaternary
ammonium salts and crown ethers.'>

4.1.3. Oxidation and reduction reactions. PEG as PTC has
been used successfully in many conventional redox reactions.
A variety of autoxidation and reduction reactions examined in
this solvent are listed in Table 8. The cobalt-catalyzed
carbonylation of benzyl halide using PEG-400 proved to be
cheaper than using quaternary ammonium salts or crown
ethers, and more stable than the use of quaternary ammonium
salts, which suffer from irreversible degradation under the
same conditions.'®> An acceptable yield can be achieved even
without organic solvent for the oxidation of benzyl chloride
under the above conditions.'®> A combination of ultrasound
with PEG as PTC can effectively change base-catalyzed
autoxidation of alkylnitrobenzenes from a dimeric product
to a carboxylic acid.'® PEG-400 and inexpensive CoCl, in
KCN-BF;-Et,0-FeCl, have proved to be useful for the

Table 8 Oxidation and reduction reactions using PEG as PTC

production of carboxylic acids of iodoarenes and iodoalkanes
under mild conditions, compared to the use of a catalyst
involving a platinum complex.'®

PEG with NaBH, and PEG-NaBH, complexes have been
used in the reduction reactions of ketones and alde-
hydes.®”7%1% Free PEG can catalyze ketone reduction by
NaBH,,'®® while the PEG-NaBH, derivative can selectively
reduce aldehydes in the presence of ketones without con-
current reduction of the ketone group.®® Base-catalyzed
autoxidation of picoline showed that PEG-6000 in benzene
was more effective than the use of crown ethers or quaternary
ammonium salts,'®® and the reaction can replace previously
used expensive aprotic polar solvents such as DMF, Me,SO,
and HMPA. The conversion of vinyl dibromides to 1-bro-
moalkyne in PEG-400 has been shown to be superior to the
same reaction using benzyltriethylammonium.'®” The conver-
sion of aldehydes to homologous acids by a simple two-step
procedure using PEG is also considered more practical than
the widely used conversion of p-anisaldehyde to p-methoxy-
phenylacetic acid.'®” The conversion of alkylene to lactone by
manganese carbonyl under PEG-400 has been shown to
perform almost as well as the more expensive reaction
employing benzyltriethylammonium chloride.'®®

PEG as PTC has also been investigated in the form of
a liquid-gas phase reaction in the isomerization of allyl-
benzene by diffusion and adsorption.!”® The results
showed remarkably higher activity for dehydrohalogenation
of 2-bromoethyl benzene than the use of benzyltriethylammo-
nium and 18-crown-6.'"!

4.2. PEG-supported PTC

In addition to its own phase-transfer activity, PEG has also
been employed as a polymer support for other PTCs. PEG has
been modified with some typical PTCs such as crown ethers,
ammonium salts, cryptands, and polypodands to enhance

Substrate Oxidant or reductant/catalyst PEG/solvent and base Product Ref.

CeHs-CH,OH KOCI PEG-6000/CH;COOC,H; CHs-CHO 142

R-C(,H4-CH2X Alr/COZ(CO)g PEG-400/2-CH3-C4H90H R-C(,H4-CO 163
X =Cl, Br

p-NOz-C5H4-CH3 02 PEG-400/C(,H5-CH3/KOH p-NOz-C6H4-C02H 164

RI Air/CoCl, PEG-400/KCN/KOH RCO,H 165
R = CH3-C6H4CH3(CH2),,,

C¢Hs-CH,-CeHss 0O, PEG-6000 C¢Hs-CO-C¢Hs 166

RCH=CBr, Air/Pd(diphos), PEG-400/NaOH RCH,COOH 167
R = CH3C¢Hy, CgHy, CH3,
CH3OC6H4, CH3CH:CH

C6H5-CECH MH(CO)3BI' PEG-400/NaOH C6H5-C5H602 168

R,COR, NaBH, PEG-400/C4Hj R,CH(OH)R, 169
Rl = Cf,HS, C(,H5CH2 69
R2 = CH3, C6H5

RCOY PEG-Li(Na, K)BH, PEG-350 RC(OH)Y 70
Y = H, R’, OR", RCH,Br RCH;
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phase-transfer in two-phase reactions. 16-Crown-5, 19-crown-
6, and 18-crown-6 ethers have been attached to PEG-3400
and PEG-6800 and demonstrated effective transfer of metal
picrates into CH,Cl, from H,O, which were able to catalyze
the reaction of CH3;COOK with benzyl bromide.'®> The
quantitative recovery of these crown-PEG polymers from
CH,Cl, and acetonitrile can be achieved by ether precipitation.

The covalent attachment of quaternary ammonium salts to
PEG-600 resulted in higher reaction rates for dehydrobromi-
nation of 2-bromoethylbenzene at 85 °C than those of PEG
and quaternary salts alone.'”” In the dehydrohalogenation of
4-bromo-1-chloroethylbenzene to 4-bromostyrene, the cataly-
tic activity of PEG-600-ammonium salt depended on both the
PEG end hydroxyl substitution and ammonium salt struc-
ture.'”? The PEG-5000-quaternary ammonium salt complex
was also easily recovered by precipitation using hexane, diethyl
ether, and zert-butyl methyl ether, in which PEG is not soluble,
and by filtration, without activity loss.!>173174

PEG monoalkyl ether ((EO),, n = 3, 4, 5) has been attached
to hexachlorophosphazene to form cyclophosphazenic poly-
podands, and these compounds were found to have higher
phase-transfer catalytic activity for nucleophilic substitution
and alkylation reactions,'”>!'7® especially when commercial
Brij 30 (polyoxyethylene-4-lauryl ether) was used as the
reactant. The reaction may be competitive with most
commonly used PTCs because of the high catalytic activity
and low price."”® The use of PEG of molecular weights from
2000 to 20000 as soluble polymer supports for catalysts and
reagents has been reviewed by Janda and co-workers.!?

5. Aqueous biphasic reactive extraction (ABRE)

The term aqueous biphasic reactive extraction (ABRE) has
been used to describe the use of ABS as biphasic reaction
media in which controlled partitioning of reactants, catalysts,
and products, by choice of phase systems and manipulation of
TLL, can be used to enable higher reaction yields, greater
product selectivity, and simultaneous separation of reactants,
products, and catalysts.>®

ABS have been used for separations primarily relating to
biological solutes and particles for almost half a cen-
tury 313979177178 Recent extension of this technology has
been directed toward application as green separation media®
including, separation of organic hydrocarbon species®>3*4
and metal ions.>*® However, both PEG and ABS have been
largely ignored as “green reaction media’ until recent papers
indicated their application as new solvents for delignification
of cellulose,*® > cyclic olefin oxidation,’*>” polyoxometalate
catalyzed aerobic oxidation,®® Sy1, Diels—Alder, and enzy-
matic reactions,®® "7 and olefin catalytic oxidation to
diols."*?

ABRE has three main characteristics: (1) phase separation
benefiting separation of reactants and products, and providing
a reaction driving force; (2) the PEG-rich top phase in PEG—
salt ABS has organic solvent-like properties as a medium for
reaction; (3) ABS components, PEG and metal salts, may be
included in the form of PTCs>**” and metal-catalysts.® Two
types of ABRE have been noted. One takes the form of a
three-phase reaction,’®>"!7? 18! and the other a two-phase

reaction.’®>% The three-phase reaction results from adding
organic reactants with or without corresponding supporting
organic solvent into an ABS, thus, the system forms three
phases initially as shown in Scheme 1. The three phases are
usually composed of the light organic phase, and the typical
PEG-salt ABS made of the PEG-rich top phase and salt-rich
bottom phase. The two-phase reaction results from the
chemical or enzyme catalyzed reaction supported only by the
normal ABS biphases as demonstrated in Scheme 2.

5.1. Three-phase reactions

In order to enhance reaction rate and yield, PEG-salt ABS
were formed to increase the organic reactant solubility and
PEG concentration in the PEG-rich top phase, which has been
described as an ABRE process applied to catalytic oxida-
tion,>*>7 substitution, and isomerization reactions.!”” '8! The
currently rather limited number of investigations of ABRE
processes listed in Table 9, suggest that the role of ABS may be
very important for increasing the reaction yield, however, the
underlying mechanism is still largely unexplored. For the
reactions shown in Scheme 1, ABS formation results in a PEG-
rich top phase, which facilitates an increase in the solubility of
some organic reactants.’®>!' Secondly, phase separation is
useful for reactant and product separation, and thirdly,
alteration of the reactant, product or catalyst distribution
may be used to manipulate the reaction rate. In three-phase
reactions, many solvophilic and solvophobic reactants may
display some solubility in and partition, at least to some
extent, to the PEG-rich top phase and the reaction may occur
in this phase.>®7-1%0

In the synthesis of n-butyl phenyl ether by three-phase
catalysis,'®! addition of NaOH resulted in a higher reaction
rate than the addition of other kinds of salts such as NaCl,

Ro f Po Organic
I reactant
i
PEG-rich @_Ra
|
v PEG/Salt ABS
Salt-rich Pa

Scheme 1 Three-phase ABRE: Ro = organic reactant; Ra = aqueous
reactant; Po = organic product; Pa = aqueous product; S = PTC.

Top Phase

—m /o

PEG/Salt or
PEG/Polymer ABS <

Bottom Phase

Scheme 2 Typical enzyme hydrolysis reaction in ABS: S = substrate;
E = enzyme; P = product.
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Table 9 Three-phase ABRE

: ABS and organic solvent

ABS and PEG Organic phase Product Ref.

C4H90Na + PEG + NaOH C5H5-CH2C1 CGHS-CH2-0C4H9 179
(PEG-600, 3000) (in C¢Hg or CyyHag) 181-183

(Hex)sNBr + PEG + KOH 2-CyH,,Br CsHig 184
(PEG-ZOO) (m C12H26)

KOH + PEG CH;0-C¢H4-CH,-CH=CH, CH;0-C¢H,-CH=CH-CH, 180
(PEG-400-6000) (in C¢Hs-CHz)

H,0; + PEG + NaHSO4 CeHio HOOC-(CH,);-COOH 56
(PEG-600-20000) CsHg HOOC-(CH,);-COOH 57

KBr and NaBr. PEG and OH ™ easily form ABS due to the
more negative Gibbs free energy of hydration (AGyyq) of the
hydroxide anion than that of CI™ and Br ™. In the three-phase
reaction, the mechanism shown in Scheme 1 is supposed to be
that of organic reactant diffusion into the PEG-rich top
aqueous phase®®>” (or PEG as PTC carrying aqueous reactant
into the organic phase'®"), with subsequent reaction resulting
in product precipitation (or dissolution) in the bottom phase,
or alternatively, organic product partition into the organic
phase.'”® For the above reaction, in an ABS made up of PEG-
3000, tetrahexylammonium bromide/KOH and dodecane as
organic phase, the production rate of the three-phase system
was seven times higher than a corresponding aqueous—organic
two-phase system, however when toluene was added as the
organic phase, no ABS was formed, because PEG-3000 is
soluble in toluene. The yield in toluene was about 10% lower
than that in dodecane under the same experimental conditions.
The ether production rate and its selectivity are dependent on
the initial concentration of n-butanol.'®!

Synergistic effects of PEG and (Hex)4,NBr in the form of a
third phase for dehydrohalogenation of 2-bromooctane,
and butylphenyl ether have been studied.'® The amount of
quaternary ammonium salt can be reduced to one-nineteenth
of the original amount and easily recycled without any loss in
catalytic activity in the 2nd and 3rd recycle.'®*

The mechanism of base-catalyzed three-phase reactions with
PEG has been studied using the isomerization of allylanisole
as a model reaction.'® The kinetically controlled reaction is
successful only under three-phase conditions due to the phase
separation of NaOH-PEG aqueous solutions. A potential
advantage lies in the fact that PEG is more stable under the
experimental conditions, under which quaternary ammonium
salts undergo Hoffmann elimination and deactivation.

Recently, we have developed a new green catalytic oxidation
of cyclic olefins (e.g., cyclohexene, cyclopentene, and 1,2,3,6-
tetrahydrophthalic anhydride (THPA)) to dicarboxylic acid
(e.g., adipic acid, glutaric acid, and 1,2,3,4-butanetetra-
carboxylic acid (BTCA)) in a PEG-2000-NaHSO, 50% H,0O,
ABS and in the absence of organic solvent and specific PTC.
Phase separation in PEG-NaHSO, was found to be essential
to enhance reaction yield.>®>” The ABS selection, and effect on
adipic acid yield were carefully investigated, and in this ABRE
process, the results showed that phase compositions, TLL,
and PEG molecular weight can all affect the reaction
yield. This model reaction demonstrated the potential “green”

characteristics of the use of organic solvent-free, inexpensive,
low toxicity PEG and NaHSO,4 ABS components, combined
with an ecologically benign and clean oxidant (50% H,0,).

5.2. Biphasic reactions

5.2.1. Chemical reactions. ABS have been used as alternative
delignification processes for hardwood and softwood paper
pulping analogous to organosolv pulping. The reactions of
delignification in alkaline medium during organosolv pulping
are the o-ether cleavage of the free phenolic hydroxyl to
quinone methide, and f-ether cleavage of associated phenolic
hydroxyl groups combined with condensation reactions.'®’
ABS have been proposed as similar in process concept to
organosolv pulping,®’ but without the involvement of an
organic solvent. ABRE has some obvious advantages com-
pared with the organosolv process: (1) it utilizes a wholly
aqueous medium; (2) some of the phase forming components,
e.g., Li,SOy, can serve as highly effective metal-catalysts for
the delignification reaction;>? (3) reaction enhancement can be
achieved by cellulose and lignin partitioning to opposite
phases;™*>* (4) solubility of lignin in the polymer solutions is
improved; and (5) the activation energy for the reaction is
reduced by improving reagent access through swelling of the
fibers.”® The ABRE pulping process has been shown to
compare favorably with the best organosolv practice.>®

Hydrogel microspheres of methylacrylate bound Dextran
polymer can be obtained from the polymerization of methyl-
acrylate bound Dextran in PEG-10000-methacrylated Dextran
(Dextran-40000 or 220000) ABS without using organic
solvent.'® A 90% yield can be obtained within short times
at relatively low concentrations of radical initiators potassium
peroxydisulfate (KPS) and tetramethylethylenediamine
(TEMED). Comparison of microspheres from ABS with a
macroscopic hydrogel product with a system confined to one
aqueous phase, showed a higher reaction rate. With the
macroscopic hydrogel process in one phase, the KPS con-
centration decreased gradually with time, whereas for the
microspheres in ABS, the KPS concentration remained
constant due to the partition equilibrium between KPS in
the PEG-rich top phase and the Dextran-rich bottom phase.

5.2.2. Enzyme reactions. Aqueous two-phase systems have
been widely studied for protein purification and immobiliza-
tion, and also to remove product during biotranformations
catalyzed by free cells or enzymes.?*?*!87 Several important
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enzyme catalyzed biomass hydrolyses and biosyntheses,
including processes applicable to cellulose, antibiotics, starch,
cyclodextrin, and fermentation processes, have been examined.
These ABRE systems for enzymatic hydrolysis can lead to
enhanced reaction rates, as well as cost and energy savings, all
achieved without the involvement of any organic solvent in the
process.

The enzyme hydrolysis and biomass bioconversions in ABS
listed in Table 10, represent important applications of ABRE
in bioengineering.***® Compared with one-phase reactions,
several important characteristics are illustrated in Scheme 2.
(1) The ABS must selectively distribute enzyme and substrate
to one phase (the bottom phase was assumed in Scheme 2),
while the desired product should be partitioned to the other
phase (the top phase was assumed in Scheme 2). This can be
achieved through differences in molecular weight or molecular
structure. The un-hydrolyzed biomass, such as cellulose or
starch, is macromolecular, while products, such as glucose or
cellobiose, are much smaller. Transformation of substrate to
product by an enzyme confined in the bottom phase can
effectively enhance reaction by distribution of product to the
top phase. Even if the low molecular weight product is evenly
partitioned between the phases, the reaction can still be
conducted by continuous removal of product from one phase.
(2) Product inhibition can effectively be avoided by separation
of enzyme and product into two different phases. (3) In some
cases, product hydrolysis can be effectively prevented due to
partition in the high concentration PEG phase.'”

In the bioconversion of cellulose to ethanol, the enzymes for
hydrolysis, and enzyme recycling constitute the major portion

Table 10 Enzyme hydrolysis in ABS

of the process costs.'®® Biphasic systems can be used in
cellulose pretreatment, hydrolysis, and fermentation. Both
the cellulose substrate and cellulolytic enzyme may be
partitioned to the bottom phase, while the hydrolysis product,
glucose and some soluble reducing sugars, will be partitioned
to the top phase.'®19> Use of ultra filtration technology'®?
and an attrition bioreactor'®* in combination with ABRE,
have been found to enhance the reaction rate and improve
the yield.!>1%4

Various crude starches have been hydrolyzed by the
synergistic action of a-amylase and glucoamylase in PEG—
Dextran and PEG-starch ABS.'®® The main advantage in the
use of starch is that the starch serves as one of the phase
forming polymers, which markedly decreases the cost of the
reaction.'® The enzyme hydrolysis of corn starch in ABS using
a-amylase immobilized on ultra fine silica particles by covalent
cross linking with glutaraldehyde has been studied,'®® and the
enzyme showed high activities. The immobilized enzyme was
partitioned to the PEG-rich top phase in PEG-Dextran ABS,
and the products were recovered from the bottom phase.
Bovine Hb and papain immobilized on ultrafine silica particles
by covalent crosslinking with glutaraldehyde have been studied
in PEG-6000-Dextran-60000.'"°> The immobilized papain was
totally partitioned to the top PEG-rich phase, and the soluble
peptide product was found in the bottom phase.

Conversion of native waxy maize starch to glucose by
a-amylase and glucoamylase has also been conducted in a
PEG-20000—crude Dextran ABS in combination with mem-
brane ultra filtration.'”® A continuous stream of glucose could
be produced, and PEG, Dextran, and the starch-degrading

Substrate Enzyme PEG and ABS Product Ref.
Cellulose (C¢H(O5),, Endo-fB-glucanase PEG-40000, 200000 Glucose (CsH20¢) 189-194
Exo-B-glucanase Dextran (MW = 1, 4, 11, 50,
200 x 10%
B-Glucosidase
Starch or native starch o-Amylase; PEG-6000, 20000 Maltose, glucose 195-198
Glucoamylase Dextran (MW = 5-7 x 10%
Amyloglucosidase PEO-PPO-2500
MgSO,, (NH4),S0,4
p-Nitrophenyl a-mannoside a-Mannosidase PEG-8000 Oligosaccharides 199
p-Nitrophenyl B-galactoside Dextran-500000
Bovine hemoglobin Papain PEG-6000 Soluble peptides 195
Dextran (MW = 5-7 x 10%)
Ultra fine silica particles
(Snowtex 30)
N-Acetyl-L-methionine Acylase PEG-600 Acetic acid and L-methionine 200,201
K5POy4
Penicillin G Penicillin acylase PEG-6000, 20000 6-Aminopenicillanic acid (6-APA)  202-204
Potassium salt K5PO,
Benzylpenicillin (BP)
7-amino-deacetoxicephalosporanic Penicillin G acylase =~ PEG-400 Cephalexin 205,202
acid (7-ADCA) MgSO,
Phenylglycine methyl ester (PGME)
C,1H3005 (Hydrocortisone) Bacterium PEG Prednisolone 187
Reppal-PES
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enzymes could be recycled. It was possible to cut the
starch bioconversion time almost in half by employing a
PEO-PPO-2500-MgSO4 ABS compared to a single phase
process.'””1%% (PEO-PPO-2500 is a random copolymer of
ethylene oxide and propylene oxide with an average molecular
weight of 2500.)

PEG-8000-Dextran-500000 ABS have also been applied to
the synthesis of oligosaccharides by reverse action of Jack bean
o-mannosidase.’”> The reaction and whole yields were similar
in two-phase systems and one-phase aqueous buffer systems,
but the yield of product per unit of enzyme increased ten
fold when using the ABS. This is likely to become a rapidly
developing area of the application of ABRE systems since
the availability of carbohydrate enzymes in high purity and
modest cost has increased with the advent of the wide
application of genetic manipulation (GM) techniques.?*®

Cephalexin has been synthesized in ABS by using penicillin
G acylase (PGA) as a catalyst and 7-amino-deacetoxicepha-
losporanic acid (7-ADCA) and phenylglycine methyl ester
(PGME) as substrates. A 60% yield of cephalexin was achieved
in ABS compared to 21% in an entirely aqueous single phase
reaction.?”? The deacylation of penicillin G has been studied
using penicillin acylase in a PEG-K3PO4 ABS. In this system,
the cells partitioned to the bottom phase and the products to
the top phase.’®” Cephalexin synthesis from 7-ADCA and
PGME catalyzed by PGA, which is covalently immobilized
inside a glyoxyl-agarose porous support, can be conducted in
PEG-600—(NHy4),SO4 ABS. The yield of 90% in the biphasic
reaction was higher than that of 55% found in the monophasic
reaction.'””

Chirally selective enzymatic acylase hydrolysis of N-acetyl-
L-methionine into acetic acid and L-methionine was carried
out in PEG-K3PO4 ABS in liquid-liquid centrifugal partition
chromatography (CPC), and the products and reactants were
obtained separately in the same process.>*%"!

Enzyme-biocatalysts are often considered to be inherently
green, clean, and nontoxic as opposed to traditional catalysts,
which are often toxic metal compounds. Enzymatic syntheses
are capable of providing high stereo- and regio-selectivities
without using chemical protection-deprotection.’”” ABS may
have an important contribution to make in this area. ABS
allow manipulation of product and reactant distributions
allowing the possibility of separation and yield enhancements.
ABS also provide a benign non-denaturing environment for
enzymes in contrast to classical solvent media.

6. Conclusions

In recent years PEG aqueous solutions have been widely used
in many different kinds of reaction systems. Their low-toxicity,
low volatility, and biodegradability represent important
environmentally benign characteristics, which are particularly
attractive when combined with their relatively low cost as a
bulk commodity chemical. In addition, aqueous PEG solu-
tions may often substitute for expensive and often toxic PTCs.
The developed state of knowledge with regard to the
toxicological properties of PEG is of considerable current
advantage compared to the paucity of knowledge for many
other potential alternative solvent systems.

The wide range of reactions conducted in pure liquid PEG
demonstrates its resilience to degradation and the low
occurrence of unwanted side reactions. The role of PEG as a
cheap substitute PTC supports the idea that it can assist in
promoting the molecular proximity of reactants and catalysts.
ABRE combines many of the above advantages along with a
measure of process integration and intensification in which
chemical synthetic steps are combined with extractive steps.
Aqueous solutions of polymers, and in particular PEG, can
profoundly affect water structure, reducing cohesivity and
some aspects of hydrogen bonding and thereby increasing the
solubility of relatively less polar species.

The critical phase formation phenomena associated with
PEG aqueous solutions are uniquely important in ABRE,
since this brings together phases having different properties
and which may be described as having different degrees of
hydrophobicity. These phases are uniquely tunable and thus,
taken together, ABRE systems can cover a large range of
relative difference in chemical potential difference between
the phases. In order to achieve this, ABRE systems need to
be thought of as a continuum of self-similar systems ranging
from Dextran—Ficoll and similar systems, through to PEG-
Dextran, and ultimately, PEG-salt ABS. In all of these
systems, the polymer molar concentration difference between
the phases is proportional to the chemical potential difference
engendered across the interface. Metal salts and metal-
catalysts may be expected to benefit from solubility in the
lower salt-rich phase and yet continued solubility in the more
hydrophobic phase may provide for intimate contact with less
polar species.

Phase separation can also provide a driving force for
chemical reaction through the law of mass action by
separation of reactants and products at the moment of
formation. Phase separation in ABRE processes may also
significantly aid in catalyst and product recovery by providing
means of distribution to different phases. In turn, this can aid
in the efficient use of reactants and the recycling of catalysts.

Solute distribution is controllable to a much greater extent
than with conventional extraction systems. With careful
design, this can result in enhanced reaction rates and improved
yields in specific reactions. It is also possible to achieve the
result that expensive and inefficient recycling and recovery
steps can be minimized.

On the other hand, ABRE processes represent complex
systems with a large number of variable reaction para-
meters, requiring optimization and analysis, such as tem-
perature, pH, the addition of particular reactants, or the
formation of products or soluble intermediates. All these
factors will need to be carefully considered in the design of
ABRE processes.

In the course of our recent studies on ABRE processes, we
have identified two-types of ABRE process. The first is a three-
phase system which includes insoluble liquid organic reactants.
The second type is a biphasic process in which the reactants are
completely soluble. In the former case, as for example in the
oxidation of cyclic olefins in a PEG-NaHSO,-H,0,-H,0
ABS, the solubility of the cyclic olefins in the PEG-rich phase is
of prime importance. Successful design of the ABS, including
selection of PEG molecular size and salt type, depends on an
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understanding of ABS phase behavior and phase polarity.
Such reactions may be applicable in many organic synthetic
processes.

Pure biphasic processes may be widely applicable where
most components are more soluble. However, even here the
existence of a third phase may be noted in some cases, for
example a phase of residual solid wood pulp in alternative
delignification processes for hardwood and softwood paper
pulping in PEG-salt ABS. Such ABRE pulping processes were
shown to compare favorably with Kraft type processes and
with current organosolv practice. Another example may be
given in the form of enzyme hydrolysis reactions, for example
the degradation of cellulose in PEG/polymer ABS has shown
these ABRE systems can lead to enhanced reaction rates, and
cost and energy savings.

It may be anticipated, given the greater availability, higher
purity, and reduced cost of enzymes resulting from the impact
of rDNA technology, combined with the exquisite specificity
of these enzymes and our increasing ability to engineer their
properties, that the use of enzymatic synthesis in synthetic
chemistry will greatly expand in the years to come. In this
context, ABRE processes provide a compatibility with
macromolecular stability unmatched by any other extractive
solvent systems. Thus, the application of ABRE in the
development of controlled enzymatic synthesis, for example
of complex carbohydrates, is very promising.

It is to be hoped that this review will further stimulate
interest in the extension of ABS applications to yet more novel
catalytic processes and reactive extractions. The application of
ABRE in synthetic organic chemistry represents both an
opportunity and a challenge, and the wide availability of PEG
at low cost may give such processes a promising future in green
chemistry and green engineering.

Abbreviations

ABRE Aqueous biphasic reactive extraction
ABS Aqueous biphasic systems

7-ADCA 7-Amino-deacetoxicephalosporanic acid
ATPS Aqueous two-phase systems
BTCA 1,2,3.4-Butanetetracarboxylic acid

CPC Centrifugal partition chromatography
DMF Dimethyl formamide

DMSO Dimethyl sulfoxide

GM Genetic manipulation

GRAS Generally recognized as safe
HMPA Hexamethylphosphoramide

IL Tonic liquid

KPS Potassium peroxydisulfate

LCST Lower critical solution temperature
PEG Polyethylene glycol

PGA Penicillin G acylase

PGME Phenylglycine methyl ester

PPG Polypropylene glycol

PTC Phase-transfer catalyst

sc-CO, Supercritical carbon dioxide
TEMED Tetramethylethylenediamine

THF Tetrahydrofuran

THPA 1,2,3,6-Tetrahydrophthalic anhydride
TLL Tie line length

UCST Upper critical solution temperature
vVOC Volatile organic compound
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Ionic liquids (ILs) are low melting organic salts that are being vigorously investigated as possible
replacements for volatile organic solvents. While they cannot contribute to air pollution due to
their negligible vapor pressure, they do have significant solubility in water. As a result, this is the

most likely medium through which ILs will enter the environment. Therefore, it is important to

understand how ILs will influence aquatic ecosystems. A simple thermodynamic measurement

that has been extremely useful in estimating effects of chemical pollutants on aquatic

environments is the octanol-water partition coefficient (Kow). It is an extremely important
quantity because it describes the hydrophobicity or hydrophilicity of a compound and has been

correlated with bioaccumulation and toxicity in fish, as well as sorption to soils and sediments.

Here we present measurements of the Kow of twelve imidazolium-based ILs at room temperature,

using the slow-stirring method. For the butylmethylimidazolium cation, Kow values range from
0.003 to 11.1, depending on the choice of anion. In addition, we find that the Kow values increase
with increasing alkyl chain length on the cation and that replacing the acidic hydrogen on the
carbon between the two nitrogens in the imidazolium ring with a methyl group has negligible
effect on the Kow. However, all of the Kow values measured, even for the most “hydrophobic™

imidazolium-based ILs, are less than 15 so these ILs will not accumulate or concentrate in the

environment.

Introduction

Low melting organic salts or ionic liquids (ILs) have been
vigorously investigated in the past decade.'™ Much work has
focused on their ability to serve as solvents for reactions and
their potential as phase-transfer catalysts. In addition, they are
known for their good heat transfer properties and high
conductivities. Their stability, large liquidus range and good
solvation properties for both polar and nonpolar compounds®
make them interesting as solvents for chemical reactions and
separations. Their physical properties are tunable by wise
selection of cation, anion and substituents. The more common
ILs are based on imidazolium, pyridinium or quaternary
ammonium salts. Some recent reviews providing an overview
of the potential of these salts for synthesis, catalysis, and
separations are available.!™

Since ionic liquids are nonvolatile, they cannot contribute to
atmospheric pollution. However, they all show some solubility
in water and their effect on aquatic organisms is just starting
to be investigated.” ' A key parameter in the assessment
of environmental risk and in the prediction of the fate of
chemicals in the environment is the octanol-water partition
coefficient (Kow). It is an extremely important quantity
because it describes the hydrophobicity or hydrophilicity of a
compound. Kow is the basis of correlations to calculate
bioaccumulation''™'* and toxicity in fish,'® as well as sorption
to soils and sediments.!”"'®

By definition, when equilibrium is reached, the activity
of a compound, «; in the water-rich phase and the

*ifb@nd.edu

octanol-rich phase must be the same (4 = af). Since
a; = Vi X then:
x° yW
f=l M
XV

where x; is the mole fraction and y; is the activity coefficient in
the water-rich (*) and octanol-rich (°) phases, respectively. At
constant pressure and temperature, for sufficiently dilute
solutions of the test compound, mole fractions and concentra-
tions are proportional. Moreover, if the test compound is
sufficiently dilute in both phases that it can be considered at
“infinite dilution,” then the activity coefficients should not
change with small variations in the concentrations. In this case,
namely extremely dilute concentrations (C;) of the test
compound in both phases, the partition coefficient should be
a constant, independent of composition. This is also called the
Nernst distribution law:

C°
Kow= FEN

(@)
One must note that octanol and water are not completely
immiscible. At 25 °C, the solubility of water in octanol is quite
large, approximately 0.275 mole fraction,'® but the solubility
of octanol in water is just 7.5 x 10> mole fraction.”® These
solubilities depend on the temperature of the solution and can
affect the partitioning of the solute between the two solvents.
Moreover, octanol and water form an emulsion that can be a
significant source of error in the measurement of Kow.
Using the definition of mole fraction and the hypothesis that
the solute is infinitely dilute, it is possible to express the
partition coefficient in terms of activity coefficients. In the
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water-rich phase, the number of moles of solute and octanol
are negligible compared to the density of water (55.5 mol L")
so CY" = 55.5x}", where C}' is the concentration of the solute in
the water-rich phase and x}" is the mole fraction of the solute
in the water-rich phase. Likewise, in the octanol-rich phase,
the number of moles of the solute is negligible. However, the
amount of water in the octanol-rich phase is large and the
molar density of the solution is approximated as the sum of
the density of pure octanol (2.3 mol L") and the molar
solubility of water (6.07 mol L™') in the octanol, meaning that
C; = 8.37x7, where CY is the concentration of the solute in the
octanol-rich phase and x{ is the mole fraction of the solute in
the octanol-rich phase.

Using the definition of the octanol-water partition coeffi-
cient, Kow,
CY 8.37x7

YTV T 55.5x 3

K,

and using eqn. (1), the relationship between the octanol-water
partition coefficient for very dilute solutions and the infinite
dilution (signified by =) activity coefficients is:
C° V{x,,w
Kow=—= =0.1508 “;
ow Cv “/,‘l’o

1

4)

Kow is defined for the same species of the solute in the two
liquid phases. This can be difficult to determine for species
such as acids or salts, where the degree of dissociation may be
greater in the aqueous phase than in the octanol-rich phase. As
shown in Fig. 1, we anticipate that ILs ([M,,X,_]) will have a
greater tendency to dissociate in the water-rich phase. The true
octanol-water partition coefficient is the ratio of the concen-
tration of the undissociated species in the two phases:

[M X }octanol
v+ Av—

Koy = -
ow [M,)+ )(U,]der

©)

However, due to the difficulty of this measurement, the
octanol-water partition coefficient commonly reported is the
concentration of both undissociated and dissociated (if any)
salt in the octanol phase divided by the total concentration
(both dissociated and undissociated) in the water phase. This is
the case for the values reported here since we use UV-vis
spectroscopy, which detects the imidazolium ring on the cation
(whether dissociated or undissociated), for determination of
concentrations in both phases. Therefore, the Kow values
reported here are:

_ [Ml)+1‘/’)7]0clanol+ [MZ+]octanol

o [M)+ X,_ ]water + [MZ+ ]Water (6)
M v+ XU,
Octanol | T
Water l |

M, X, o M* +v X%

Fig. 1 Partitioning of an organic salt between octanol and water.

Many direct and indirect methods are available to experi-
mentally measure Kow,>' and the more current ones are
detailed below in the Experimental section. There are
numerous publications of experimentally determined Kow
values. We draw attention to one compilation of values for
organic compounds by Leo et al,** who used the “shake-
flask’ method and developed a fragment or group distribution
method to evaluate the Kow values.

We are aware of two previous efforts to measure or compute
octanol-water partition coefficients for some ionic liquids.*>**
Domanska ef al.?®> measured binary liquid-liquid equilibrium
(LLE) for several alkylmethylimidazolium chlorides
([C,mim][C]], for n = 4, 8, 10 and 12) with both water and
octanol. They used the solubility data of [C,mim][Cl] in each
solvent to estimate Kow values (Kow = solubility of IL in
pure octanol/solubility of IL in pure water). However, the
concentration of the IL was rather high in each phase and the
authors could not take into account the mutual saturation of
the solvents (i.e., they measured the solubility in each of the
pure solvents). Chou et al.** measured the Kow of [emim][PF]
and [bmim][PF¢] by using a shake-flask method but did not
centrifuge their samples to eliminate the emulsion created by
the shaking process. Although the ILs were present at low
concentrations, the value of Kow for [bmim][PF¢] and the
trend they observed with increasing alkyl chain length are
inconsistent with those obtained in this study.

For the present study, we used the slow-stirring method to
measure the octanol-water partition coefficients of dilute
samples of several imidazolium-based ionic liquids. We
examine the effect of anion on Kqw for a series of 1-butyl-3-
methylimidazolium ([bmim]) salts and the effect of cation on
Kow for a series of bis(trifluoromethylsulfonyl)imide ([Tf,N)]
salts.

Experimental
Kow measurement methods

Methods available for measuring octanol-water partition
coefficients include the shake-flask method, estimation by
high performance liquid chromatography (HPLC), the
generator column method, and the slow-stirring method. In
the shake-flask method, octanol and water are mutually
saturated, then shaken with the test chemical in a container,
such as a centrifuge tube, for about five minutes. The octanol
and water phases are separated by centrifugation, and the
concentrations of the test chemical are measured in each
phase.25 This method can result in erroneous Kow values even
after centrifugation since microdroplets of octanol may remain
in the water phase. The presence of the octanol in the water
phase causes inaccurately high measurements of hydrophobic
chemicals in the water phase.”® Kow estimation by HPLC is
performed by comparing the retention time of a test chemical
with the retention times of several reference chemicals. The
column packing is hydrophobic (e.g., hydrocarbons chemically
bonded to silica) while the mobile phase is hydrophilic (e.g., an
aqueous solution) so water-soluble chemicals are eluted first
and oil-soluble chemicals last. A correlation established
between the reference chemicals’ retention times and pre-
viously measured Kows is used to calculate the Kow values.?’
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Estimation by liquid chromatography is only recommended
for test chemicals with Kow values greater than one.?%2” In the
generator column method, water presaturated with octanol is
slowly passed through a column, which is packed with a solid
support that has been coated with octanol containing a small
amount of the test chemical. The aqueous solution leaving the
column is assumed to be in equilibrium with the octanol phase
on the packing so analysis of the aqueous phase concentration
yields the Kow.?® Care must be taken to ensure that
measurements taken using the generator column method do
not include errors caused by interaction between the test
chemical and the column packing. In the slow-stirring
method,? a small amount of the test chemical is mixed with
either octanol saturated with water or water saturated with
octanol. Then, the presaturated octanol and water, one of
which contains the test chemical, are stirred slowly in a flask to
minimize the stagnant diffusion layer between the phases while
preventing emulsification. Once the concentrations in each
phase have stabilized, the test chemical concentrations are
measured in each phase to determine the Kow.

Experimental method

In this study, the slow-stirring method® was used because it is
a direct method for measuring Kows with accurate results over
a wide range of values without the need for complex
equipment.*® The apparatus consisted of a 40 mL, 27.75 mm
diameter, 98 mm tall, clear, glass vial containing a 1 cm Teflon
coated magnetic stir bar. The glass vial’s lid was an open-top
screw cap sealed with a septum made of 90 mil silicone
covering 10 mil Teflon. 12 gauge Teflon tubing with a Kel-F”
hub by Hamilton Company protruded through the septum
into the vial so that the hub sat above the septum and the
tubing’s end hung approximately 85 mm below the septum. A
white rubber septum was fitted inside the tubing’s hub to seal
the tubing. A diagram of the experimental apparatus is shown
in Fig. 2.

Approximately 15 mL of distilled, deionized water that had
been presaturated with 1-octanol was added to a vial contain-
ing a magnetic stir bar. The vial’s lid was set loosely on the vial
so that one end of the Teflon tubing was located below the
water’s surface. Approximately 15 mL of octanol-IL “stock™
solution, consisting of 1-octanol, which was presaturated with
water and contained a known amount of IL, was carefully
added to the vial so that the solution did not emulsify. Once

Octanol/IL sampling
Water/IL sampling

44— Octanol-rich
phase

Water-rich
~ |4— phase

CT=

Fig. 2 Apparatus used for the slow-stirring method.

the octanol “stock’ solution was added, the lids were tightened
on the vials to prevent octanol evaporation.

The vials were stirred slowly to prevent emulsification and
were maintained at room temperature (24 + 2 °C). Samples
were taken from the octanol-rich phase by penetrating the
silicone septum with a syringe. Samples were withdrawn from
the water-rich phase using a syringe with a four-inch stainless
steel needle inserted through the tubing directly into the
aqueous phase to prevent octanol contamination. Samples of
each phase were taken from all vials during at least three
sampling events occurring over a 10 to 43 day period. Sampling
ceased when the concentrations in both phases stabilized.
Concentrations of IL in each phase were measured using UV-vis
spectroscopy (Cary 1, Varian), which has a sensitivity of +0.01
absorbance units. Samples taken from the vials were diluted if
necessary so that the measured absorbance was less than 1. Pure
deionized water or octanol saturated with water was used in the
reference cell. When samples from the octanol-rich phase were
diluted with pure octanol, the reference cell contained octanol
saturated with water diluted at the same ratio.

To best represent the concentrations of IL that may be
found in ecological systems if IL was released to the environ-
ment, the Kows were measured at very dilute concentrations.
The starting concentration of IL in the octanol phase was less
than 2 x 1072 mol L', just enough to ensure that the IL
could be measured accurately in both phases. The final con-
centrations of IL in the octanol phase were between 6.43 X
10 ®mol L™ ' and 1.47 x 10 *mol L™ ! and in the water phase
were between 1.47 x 10* and 1.18 x 107> mol L™".

Twelve imidazolium-based ILs were studied, namely
1-butyl-3-methylimidazolium tetrafluoroborate  ([bmim]-
[BF,]), 1-butyl-3-methylimidazolium nitrate ([bmim][NOs]),
1-butyl-3-methylimidazolium hexafluorophosphate ([bmim]-
[PF¢]), 1-butyl-3-methylimidazolium chloride ([bmim][Cl)),
1-butyl-3-methylimidazolium bromide ([bmim][Br]), 1-ethyl-
3-methylimidazolium bis(trifluoromethylsulfonyl)imide
([emim][(CF3S0,),N] or [emim][Tf,N]), 2,3-dimethyl-1-
ethylimidazolium bis(trifluoromethylsulfonyl)imide
(femmim][Tf,N]), 2,3-dimethyl-1-propylimidazolium bis(tri-
fluoromethylsulfonyl)imide  ([pmmim][Tf,N]),  1-butyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide
([bmim][Tf,N]), 1-hexyl-3-methylimidazolium bis(trifluoro-
methylsulfonyl)imide ([hmim][Tf,N]), 2,3-dimethyl-1-hexylimi-
dazolium bis(trifluoromethylsulfonyl)imide ([hmmim][Tf,N]),
and 3-methyl-1-octylimidazolium bis(trifluoromethylsulfonyl)-
imide (Jomim][Tf,N]).

For [bmim][BF,], [bmim][NOs], [bmim][PF¢], and
[bmim][Br], five vials made from the same “stock” solution
of a particular concentration of IL dissolved in water-
saturated octanol were made to verify experimental precision.
In addition, we measured Kow values for several of the ILs
using a second stock solution and in all cases the values were
within the standard deviation of the different samples from the
first stock solution. For [bmim][Cl] we prepared five stock
solutions of varying dilute concentrations with one vial tested
per stock solution and the values obtained were consistent
within  +10.3%. Thus, for these five ILs ([bmim][BF,],
[bmim][NO;], [bmim][PFg], [bmim][Br] and [bmim][CI]), where
concentrations in the water phase were less than 0.014 mol L
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we found that the Kow values were essentially independent
of concentration (as they should be in the dilute limit).
Thus, the uncertainty is adequately represented by the
standard deviation of either replicates from the same stock
solution or replicates from separate stock solutions.
Unfortunately, for the Tf,N ILs we found that the Kows
were slightly concentration dependent, even at total con-
centrations less than 10~ mol L' Thus, for ILs with the
TfN anion, Kows of five stock solutions at various dilute
concentrations were measured to determine the variability
more accurately. Specifically, [bmim][Tf,N], [hmim][Tf,N],
[hmmim][Tf,N], and [omim][TfoN] Kows were measured
using five stock solutions with one vial per stock solution.
For a different sample of [bmim][Tf,N], as well as
[emim][TfrN],  [emmim][Tf,N]  and  [pmmim][Tf2N]  (all
samples obtained from Covalent Associates, as described
below) we initially measured the Kow values with five
replicates from the same stock solution. Later we repeated
measurements  for [bmim][Tf>N], [emmim][Tf,N] and
[pmmim][Tf,N] with multiple samples from one or more
different stock solutions in order to better understand the
concentration dependence of the Kow values and the
resulting uncertainties in the values we report below.

Materials

The list of chemicals used in the synthesis of ionic liquids in
this study, including CAS number, source and grade, and
purification method (if any) is as follows: 1-methylimidazole
(616-47-7, Aldrich 99%, redistilled over KOH), 1,2-dimethyl-
imidazole (1739-84-0, Aldrich 98%, redistilled over KOH),
1-bromobutane (109-65-9, Aldrich 99%, washed with concen-
trated sulfuric acid and distilled over P,Os), 1-chlorobutane
(109-69-3, Aldrich 99.5%, redistilled), 1-bromohexane (111-25-
1, Aldrich 98%, washed with concentrated sulfuric acid and
distilled over P,Os), 1-bromooctane (111-83-1, Aldrich 99.5%,
washed with concentrated sulfuric acid and distilled over
P,0s5), ammonium tetrafluoroborate (13826-83-0, Aldrich
97+%, used without purification), silver nitrate (7761-88-8,
Aldrich  99+%, wused without purification), and lithium
bis(trifluoromethylsulfonyl)imide (90076-65-6, 3M 98%, used
without purification, or Aldrich 97%, used without purifica-
tion). Solvents used to measure Kows were distilled, deionized
water from a Millipore purification unit and Sigma-Aldrich,
99+%, HPLC grade 1-octanol.

[bmim][PFg]. 1-Butyl-3-methylimidazolium hexafluorophos-
phate ([bmim][PF¢]) was purchased from Sachem, Inc. and was
purified by washing with water to remove any residual acid
and by mixing with activated carbon to remove colored com-
pounds. The [bmim][PF] from Sachem is reported to contain
less than 3 ppm chloride. Measurements by our laboratory con-
firmed that the sample contained less than 10 ppm chloride.

[emim][Tf,N], [emmim]|[Tf,N], and [pmmim][Tf,N]. 1-Ethyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide
([emim][Tf,N]), 2,3-dimethyl-1-ethylimidazolium bis(trifluoro-
methylsulfonyl)imide ([emmim][Tf,N]) and 2,3-dimethyl-1-
propylimidazolium bis(trifluoromethylsulfonyl)imide

([pmmim][Tf,N]) were obtained from Covalent Associates,
Inc. and were all electrochemical grade (>99% purity). These
samples were used as received. The [emim][Tf,N] and
[emmim][Tf,N] contained approximately 50 ppm chloride.
The [pmmim][Tf,N] contained approximately 38 ppm chloride.

[bmim][Tf,N]. 1-Butyl-3-methylimidazolium bis(trifluoro-
methylsulfonyl)imide ([bmim][Tf,N]) was either obtained from
Covalent Associates, Inc. or synthesized in our laboratory. The
sample from Covalent Associates was electrochemical grade
(>99% purity) and was used as received. The sample
synthesized in our laboratory was made using previously
published methods.?! 1-Butyl-3-methylimidazolium bromide
([bmim][Br], see synthesis below) was reacted with lithium
bis(trifluoromethylsulfonyl)imide (LiTf,N) from Aldrich in
water. It formed two layers. The IL layer was washed with
water to remove any excess LiTHN or [bmim][Br]. The
bromide content of this sample was less than 10 ppm.

Seven other of the ionic liquids were synthesized in our
laboratory, as well, using previously published methods.?!-3

[bmim][Cl], [bmim][Br], [hmim][Br], and [omim][Br].
1-Methylimidazole was reacted with an excess of an alkyl
halide (1-chlorobutane, 1-bromobutane, 1-bromohexane, or
I-bromooctane) in a round-bottom flask under a nitrogen
atmosphere to produce the I-alkyl-3-methylimidazolium
halide ([bmim][Cl], [bmim][Br], [hmim][Br], or [omim][Br]).

[hmmim][Br]. 2,3-Dimethyl-1-hexylimidazolium bromide
was synthesized in the same manner as [hmim][Br] with the
exception that 1,2-dimethylimidazole was used instead of
1-methylimidazole.

[bmim][BF,]. The 1-butyl-3-methylimidazolium bromide was
reacted with an excess of ammonium tetrafluoroborate in a
dichloromethane solution, and the ionic liquid [bmim][BF,]
was formed. The product ammonium halide and any residual
ammonium tetrafluoroborate were removed from the ionic
liquid by washing with water. It was cleaned with activated
carbon to remove any colored compounds and dried under
vacuum for 48 h to remove organic solvents (e.g. dichloro-
methane) and water. The bromide and ammonium contents of
this IL were less than 8 ppm and 18 ppm, respectively.

[bmim][NOg3]. The 1-butyl-3-methylimidazolium bromide
([bmim][Br]) was reacted with an excess of silver nitrate
(AgNOs) in water. Silver bromide (AgBr) precipitates out of
the solution so the solution ([bmim][NO;] + AgNO3) was
filtered to remove AgBr and dried under vacuum to remove
water. It was then titrated with a dilute solution of [bmim][Br]
in dichloromethane (DCM) until no formation of AgBr was
observed. The solution was filtered and dried under vacuum to
remove all the solvents. The [bmim][NO;] contained less than
500 ppm bromide and less than 19 ppm silver.

[hmim][ Tf,N]. 1-Hexyl-3-methylimidazolium  bromide
([hmim][Br]) was reacted with lithium bis(trifluoromethylsul-
fonyl)imide (LiTf,N) from 3M in water. It formed two layers.
The IL layer was washed with water to remove any excess of
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LiTfoN or [hmim][Br]. The [hmim][Tf,N] contained less than
20 ppm bromide.

[hmmim][Tf,N]. 2,3-Dimethyl-1-hexylimidazolium bis(tri-
fluoromethylsulfonyl) imide was synthesized in the same
manner as [hmim][Tf,N] with the exception that [hmmim][Br]
was used instead of [hmim][Br]. The bromide content was less
than 18 ppm.

[omim][Tf,N]. 3-Methyl-1-octylimidazolium bis(trifluoro-
methylsulfonyl)imide was synthesized in the same manner as
[hmim][Tf,N] with the exception that [omim][Br] was used
instead of [hmim][Br]. The bromide content was less than
14 ppm.

All synthesized ionic liquids were analyzed by proton NMR
spectroscopy to ascertain the lack of any major impurities.
Halide (ClI™ and Br™) and ammonium ion content were
measured using an Oakton Ion 510 Series pH/mV/Ion/°C
meter with Cole-Parmer Ion Specific Probes (27502-13 for C1,
27502-05 for Br~, and 27502-03 for NH,"). Silver content was
measured using inductively coupled plasma-optical emission
spectroscopy (ICP-OES).

The water contents of all these ILs were not of consequence
since they were all mixed with water during the experiment and
their concentration was determined by UV-vis spectroscopy
(Cary 1, Varian).

Results
Extinction coefficients

Extinction coefficients, ¢, of the ILs in octanol and water were
necessary for determining the concentrations of IL in each
phase, and the resulting Kow values. Thus, extinction
coefficients for each of the ILs were measured, and are shown
in Table 1. Also shown in Table 1 is the extinction coefficient
of benzaldehyde, which is a compound that we chose to verify
our experimental technique for measuring Kow values. The
reported extinction coefficients are the average values obtained
using at least three “‘stock’ solutions containing IL—octanol,
IL-octanol saturated with water, or IL-water. Since the
solubility of octanol in water is below the detection limit of

our apparatus, the ILs’ extinction coefficients in pure water
were used to determine IL concentrations in the water phase.
For the octanol-rich phase, the calibration was made with
either pure octanol, or octanol saturated with water. The latter
was necessary when the extinction coefficient in pure octanol
and pure water were very different, so that the presence of the
water dissolved in the octanol-rich phase significantly changed
the value of ¢. This was the case for [bmim][PF¢], [bmim][NOs],
[bmim][Br], [hmmim][Tf,N], and [omim][Tf,N]. The reported
uncertainties in the extinction coefficients are the standard
deviations for all of the “stock™ solutions (at least three) used
for a particular IL-solvent system.

All of the extinction coefficients were measured at the
wavelength of maximum absorption (4n.y) except [bmim][Br]
in water. The wavelength of maximum absorption for this
system was below the cut-off wavelength of the cuvettes used
so the measurements for this system were done at a fixed
wavelength of 210 nm.

Kow values

The values of the Kows measured are shown in Table 2. As
indicated in the Experimental section, concentrations were
measured in the two phases until the Kow values no longer
changed with time. The uncertainties reported are either

Table 2 Octanol-water partition coefficients (Kows) measured

Concentration range in

Table 1 Extinction coefficients of benzaldehyde and imidazolium-based ionic liquids in water and octanol

Compound Kow water phase/mol L!
Benzaldehyde— 30.2

literature value®
Benzaldehyde 36.5, 29.6
[bmim][BF] 0.0030 + 0.0002
[bmim][NO5] 0.0038 + 0.0001
[bmim][PF| 0.0220 + 0.0008
[bmim][CI] 0.0040 + 0.0003
[bmim|[Br]| 0.0033 + 0.0005
[emim][T£,N] 0.09-0.11 28 x 10728 x 1073
[emmim|[T£,N] 0.07-0.12 32 x 107429 x 1073
[pmmim][Tf,N] 0.12-0.24 14 x 10328 x 103
[bmim][Tf,N] 0.11-0.62 1.5 x 107422 x 1073
[hmim][Tf,N] 1.42-1.66 32 x 107438 x 107
[hmmim][Tf,N] 1.35-1.79 3.6 x 107449 x 1074
[omim][Tf,N] 6.3-11.1 9.9 x 1075-2.1 x 1074

Jmax 1IN octanol ¢ in octanol

Amax 1N ¢ in water/L Amax 1IN ¢ in octanol/L saturated with saturated with
Compound water/nm mol ! ecm™! octanol/nm mol ™' ecm™ water/nm water/L mol ! ecm ™!
Benzaldehyde 250 13710 + 510 245 12980 + 280
[bmim][BF4] 211 4270 + 140 212 4510 + 140
[bmim][NO;] 204 13140 + 420 209 11420 + 370 208 12100 + 390
[bmim][PFg] 212 4510 + 100 212 2890 + 100 212 4300 +100
[bmim][Cl] 211 4880 + 210 213 4510 + 220
[bmim][Br] 210¢ 6850 + 320 209 5440 + 100 207 5150 +100
[emim][Tf,N] 211 4380 + 28 213 4354 + 83
[emmim][Tf,N] 211 5788 + 63 213 5941 + 156
[pmmim|[Tf,N] 211 5780 + 177 213 5768 + 152
[bmim|[Tf,N] 211 4407 + 20 212 4582 £ 114
[hmim][Tf,N] 211 4434 + 102 213 4509 + 96
[hmmim][T£,N] 211 5480 + 109 213 5683 + 20
[omim][Tf,N] 211 4279 + 79 212 4575 + 104 212 4373 + 23

“ Not wavelength of maximum absorbance, see text.
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standard deviations of multiple vials prepared from the same
stock solution or multiple vials prepared from different stock
solutions, as detailed in the Experimental section. These uncer-
tainties are greater than the uncertainty determined by pro-
pagation of error in the various measurements including what
we would expect from the variation in room temperature over
the course of the experiments. The Kow values for the [Tf,N]
ILs are given as ranges since even in the dilute region, the Kow
values for these compounds varied with concentration.

Discussion

As shown in Table 2, two different researchers in our group
(both results are shown) were able to satisfactorily reproduce
the literature value of benzaldehyde. Thus, we conclude that
our apparatus and experimental technique are adequate for
Kow measurements.

Our results indicate that the imidazolium-based ILs
measured here are extremely hydrophilic. In particular, the
Kows of all of the imidazolium-based ILs with any anion other
than the bis(trifluoromethylsulfonyl)imide anion ([Tf,N]) are
much lower than many commonly used industrial solvents, as
seen in the comparisons shown in Table 3, where we include
one of the most hydrophilic and one of the most hydrophobic
ionic liquids. ILs containing [Tf>N] have slightly larger Kow
values, similar to polar solvents such as methanol and acetone,
but they are still much lower than nonpolar solvents, such as
benzene or hexane.

Measurements of [Tf,N] ILs with varying alkyl chain
lengths on the cation (compare [emim][Tf,N], [bmim][Tf,N],
[hmim][Tf,N] and [omim][Tf,N]) show that Kow increases as
alkyl chain length on the cation increases, as shown in Fig. 3.
Increasing affinity for more hydrophobic compounds with
increasing cation alkyl chain length is consistent with previous
studies,>®** where it was found that the solubility of
imidazolium-based ionic liquids in alcohols increased as alkyl
chain length on the cation increased. This was attributed to
greater van der Waals interactions between the IL alkyl chain
and longer chain alcohols. Thus, Kow increases with increas-
ing number of carbons on the cation alkyl chain, as one would
expect.

In addition, replacing the hydrogen atom attached to the
carbon between the nitrogens in the imidazolium ring with a
methyl group had very little effect on the Kow. This can be
seen by comparing the measured Kow of [emim][Tf,N]
with [emmim][Tf,N] or by comparing [hmim][Tf,N] with
[hmmim][Tf,N]. As shown by Crosthwaite er a/,** adding a

Table 3 Comparison of Kow values of ILs with those of common
organic compounds

Compound Kow
[bmim][Cll 0.004
Methanol* 0.17
Acetone? 0.575
Caffeine®® 0.85
[omim][Tf,N] 6.3-11.1
Benzene 135
Cyclohexane®! 2 754
N-hexane*! 10 000

12.00
11.00 /:—\ TEHN
10.00 N \

9.00 N N

8.00 - < \ BN CHs, !
7.00
6.00
5.00
4.00
3.00
2.00
1.00
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KOW

(]
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Number of carbons in alkyl chain

»

Fig. 3 Relationship between the Kow and the number of carbons
in the alkyl chain on the cation of n-alkylmethylimidazolium
bis(trifluoromethylsulfonyl)imides.

methyl group to the imidazolium ring eliminates a hydrogen
bonding site, thus reducing water solubility. Therefore, we
might expect the Kow of the alkyldimethylimidazolium salts to
be a bit higher than the equivalent alkylmethylimidazolium
salts. However, the data show that the values are virtually
indistinguishable.

By examining the Kow values of all the salts with the [bmim]
cation, one can determine the effect of the anion. [bmim][Br],
[bmim][BF,], [bmim][NOj3] and [bmim][Cl] are all completely
miscible with water at room temperature. Conversely,
[bmim][PF¢] and [bmim][Tf,N] are only partially miscible with
water at room temperature, with [bmim][Tf,N] showing the
lowest mutual solubility.>* The Kow values follow this trend of
anion hydrophilicity. The Kow of [bmim][Tf,N] is more than
an order of magnitude higher than that of [bmim][PFg], which
is itself almost five times greater than the Kow values of
[bmim][Br], [bmim][Cl], [bmim][BF,] and [bmim][NO;]. It
should be pointed out that our initial measurements of
[bmim][C]] did not follow this trend. Careful analysis of that
initial sample (later discarded) indicated that there was some
small amount (perhaps about 1 mole percent) of residual
methylimidazole in the sample. Methylimidazole and the
imidazolium cation absorb UV radiation at approximately
the same place in the UV spectrum. Since the Kow value for
methylimidazole is relatively high, around 3.31,?? even a small
amount of methylimidazole impurity can skew the Kow results
substantially. As a result, we were quite cognizant of the
importance of eliminating impurities in the samples used for
these measurements.

As mentioned several times above, we found that the Kows
of the [Tf;N] ILs were dependent upon concentration, even in
the relatively dilute region investigated here. This is shown
clearly in Fig. 4, where we plot the Kow values we obtained for
[bmim][Tf,N] at various concentrations in the water-rich
phase. At higher concentrations, the apparent Kow increases,
essentially in a linear fashion. Plotted on this graph are values
we obtained with both the sample from Covalent Associates
and the sample made in our laboratory. We were initially
concerned that an impurity (we observed the formation of
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some solids in the Covalent [bmim][Tf;N] sample in some
unrelated experiments) in the Covalent sample was causing
anomalous results and, thus, synthesized our own sample.
However, careful investigation showed that the results from
the two samples were entirely consistent, as shown in Fig. 4.
The main problem is that, even at these dilute concentrations
(107*-107% mol L™ " in the water-rich phase) we are not at
infinite dilution. We are limited in our ability to perform the
experiments at even lower concentrations by the detection
limits of the UV-vis spectrometer. Thus, we report all the Kow
values for the ILs as rough ranges, with the knowledge that the
actual, infinite dilution, Kow values are probably somewhat
smaller than those reported here. If data is available over a
wide enough range of composition (i.e. like [bmim][Tf,N]), one
could extrapolate the Kow values as a function of concentra-
tion to infinite dilution to get infinite dilution Kow values.
Since this is not the case for most of the compounds studied
here, we did not pursue this avenue. Note that we observed
absolutely no concentration dependences in the Kow values of
the ILs with any of the other anions.

Kow values measured by our laboratory differ significantly
from results presented by Chou e al.** and Domanska et al.*
Chou et al reported Kow values for [bmim][PF¢] and
[emim][PF4] of 0.005 and 0.012, respectively, at their lowest
concentrations. The value for [bmim][PF4] is significantly
lower than our value of 0.022. Although Chou et al used
somewhat higher concentrations than used in this study (3 x
1072 mol L' compared with our maximum aqueous
concentration of 7.7 x 1073 mol L™!), we do not think this
explains the discrepancy since we found the Kow values of
[bmim][PF¢] to be essentially independent of concentration in
the range we investigated. There are several other possible
reasons for the discrepancy. First, Chou et al. used the shake-
flask method without centrifugation. Since octanol and water
form an emulsion, it is entirely possible that their phases were
not properly separated. The fact that they report a larger Kow
value at their lowest concentrations for a more hydrophilic
compound ([emim][PFg]), which is entirely unexpected, gives
further support to the possibility of experimental difficulties
with their technique. A second possibility is that the differences
are due to different rates of [bmim][PF¢] degradation in water.

0.7
064-| ® CovalentAssociates [
v Notre Dame Sample
0.5
04
z vY
4
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0.0 . . . .
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Concentration of [bmim][TfoN] in water-rich phase (mol/L)

Fig. 4 Variation of [bmim][Tf,N] Kow with concentration.

Hardacre and coworkers® have shown that PFs and BF,
anions can hydrolyze at rates that are significant even at
room temperature. Thus, our results for [bmim][PF¢] and
[bmim][BF4] may have additional uncertainty due to the
influence of hydrolysis products. Domanska ez al.? estimated
Kow values for [C,mim][C]] ILs at 298.15 K by dividing the
solubility of the IL in octanol by the solubility of the IL in
water. Domanska et al concluded that Kows generally
increase as the alkyl chain length on the imidazolium cation
increases, which is consistent with our findings. Similar to our
observations, Domanska et al. found that [bmim][Cl] is more
soluble in water than octanol, but their Kow value (0.48) is
several orders of magnitude higher than the one reported here
(0.004). The difference is likely due to the fact that Domanska
et al. were simply reporting the ratio of solubility of the IL in
pure octanol and pure water, rather than an actual infinite
dilution partitioning of the IL between the aqueous phase and
the octanol-rich phase. The slow stirring method we followed
to actually measure the Kow is generally considered a better
representation of ecological conditions, where the oil and the
water are equilibrated with each other and the IL is present in
very dilute amounts.

Using the octanol-water partition coefficient data obtained
here, it is possible to use various correlations that are available
to estimate bioaccumulation and/or bioconcentration of ILs.
Bioconcentration is the process by which the concentration of
a chemical increases in an aquatic organism due to its contact
with water. Generally, the absorption of the chemical occurs
through the skin and the respiratory organs of the organism.
In addition, the organism may ingest the chemical via the food
chain, in a process called biomagnification. Bioaccumulation is
the sum of these two effects. Both the bioaccumulation factor
(BAF) and the bioconcentration factor (BCF) depend on the
partitioning of the chemical between the biota and the water:

G
BAF or BCF= C—b )

w

where Cy, is the concentration of the chemical in the biota and
C,, is the concentration of the chemical in the water. Since
octanol is a reasonable model of the lipids in fish and other
organisms, many correlations have been developed to estimate
BCF from Kow.'***® Using some of these correlations, we
have computed the BCF for one of the more hydrophobic ILs
we investigated, [hmim][Tf,N], using the “high-end”” values we
obtained. The estimated values of the BCF of [hmim][Tf,N]
are shown in Table 4. Compounds with BCF values greater
than 1000 have high bioaccumulation potential. BCF values

Table 4 Bioconcentration factor of [hmim][Tf,N], based on the
experimentally measured Kow and several correlations available in
the literature

log BCF  BCF for
for [hmim] [hmim]
Correlation used Reference [Tf,N] [TH,N]
log BCF = 0.85 log Kow—0.70 36 —0.51 0.31
log BCF = 1.00 log Kow—1.32 13 —1.1 0.08
log BCF = 091 log Kow—1.975 38 —0.6 0.25
log(6.8 x 1077 Kow + 1)—0.786
For log Kow < 1, log BCF = 0.5 37 0.5 3.16
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between 1000 and 250 indicate moderate potential, and BCF
values less than 250 indicate low potential.>* We found that the
BCF of [hmim][Tf,N] is between 0.08 and 3.16, much less than
250. Therefore, the ILs investigated in this study will not
bioaccumulate to any extent in aquatic organisms.

Conclusions

The octanol-water partition coefficients of dialkylimidazolium
ionic liquids range between 0.003 and 11.1 at room tem-
perature. The values are lowest for the ILs that are totally
miscible with water, namely 1-butyl-3-methylimidazolium
tetrafluoroborate ([bmim][BF,]), 1-butyl-3-methylimidazolium
nitrate ([bmim][NOs]), 1-butyl-3-methylimidazolium chloride
([bmim][CI]), and 1-butyl-3-methylimidazolium bromide
([bmim][Br]). The ILs with the bis(trifluoromethylsulfonyl)-
imide anion, which are commonly described as “hydropho-
bic,” have higher Kow values. Moreover, we found that the
Kow values of the ILs with the bis(trifluoromethylsulfonyl)-
imide anion depended on concentration, even at the dilute
concentrations studied. Thus, their values are given as ranges.
Nonetheless, it is easy to see that the Kow values increase with
increasing alkyl chain length on the cation but replacing the
acidic hydrogen on the C2 carbon in the imidazolium ring with
a methyl group has essentially no effect on the Kow. The Kow
is an extremely important quantity because it describes the
hydrophobicity or hydrophilicity of a compound and has been
correlated with bioaccumulation and toxicity in fish, as well as
sorption to soils and sediments. Since all of the Kow values are
very small, we can conclude that these ILs will not accumulate
or concentrate in the environment.
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Using a standard mercury vapour lamp or sunlight, the synthetically difficult task of introducing
functionality into unactivated cycloalkanes through C-C bond formation is accomplished in the
presence of a soluble or supported photomediator and an alkyne bearing an electron-withdrawing
group. The reaction involves the regiospecific addition of a photochemically generated cycloalkyl
radical to the B-carbon of the alkyne. The use of solar radiation and a potentially recyclable

polymer-bound photomediator for this fundamentally important synthetic process is particularly

attractive from the clean/green chemistry perspective.

Introduction

Carbon—carbon bond formation is a fundamental synthetic
process that generally involves a carbon atom which is
activated by the presence of an adjacent functional group.
The absence of functional groups on saturated hydrocarbons
such as cycloalkanes, and ethers such as THF and dioxolanes,
renders these compounds challenging with respect to their
chemical transformation."> The other problems encountered
in activating these systems include achieving regioselectivity
and preventing over-reaction of the initially functionalised
alkane or ether. These functionalisations have been previously
carried out using the reaction of electrophilic benzotriazole
reagents with 1,3-dioxolane,” the Gif oxidation procedure
devised by Barton* and reactions which involve either the
direct or indirect generation of alkyl and ether radicals. The
indirect generation of cycloalkyl radicals, and ultimately
the functionalisation of cycloalkanes, has been achieved in
numerous ways through the use of metal catalysts® as well
as appropriate radical precursors. These methods include
the reaction of alkyl halides with tributyltin hydride® or
tris(trimethyl)silane,” the oxyalkylation of cyclohexane and
cyclooctane,® the ethylation and vinylation of cyclohexane
using polyoxotungstates as catalytic photoinitiators,” the
photolysis of alkylcobalt compounds,'® and the chain-transfer
reaction of acetylenic triflones using AIBN.!' The function-
alisation of unactivated systems by the direct generation of
alkyl radicals has been achieved through the use of peroxides
and a variety of other radical initiators. In this context the
photochemical generation of radicals is particularly attractive
as it avoids the use of metal catalysts and toxic reagents. In the
case of cycloalkanes the peroxide initiated reactions include
alkylation using di-zert-butyl peroxide,'? chlorination using a
tert-butoxy radical,' and oxidation using fert-butyl hydro-
peroxide.'* Most of these processes have been extended to
include cyclic ethers, examples being the alkylation® of 1,3-
dioxolane, and the alkenylation, allylation and vinylation of
THF by reaction with acetylenic triflones.'*!” The production

*niall.geraghty@nuigalway.ie

of SO, and the need to synthesise the reagents required, renders
the reactions involving triflones, and those involving chloro-
ethylsulfonyl oxime ethers'® which have been used to obtain
acylated derivatives of cycloalkanes and ethers, problematic.
The photochemical generation of radicals such as cyclopen-
tyl, cyclohexyl and adamantyl has been achieved by both
mercury’®?® and ketone photomediation. Functionalisations
carried out in this way include acylation of cycloalkanes and
sulfination of cycloalkanes to afford sulfinic acid derivatives,?'
alkylation of ketene dithioacetal S, S-dioxides,?* acetylation of
adamantane,”® the synthesis of B-cycloalkylnitriles from
o,B-unsaturated nitriles,>* and the photochemical decomposi-
tion of ethyl azidoformate in cyclohexane producing
cyclohexylurethane.”> Indeed the chain transfer reaction of
acetylenic triflones with ethers and cycloalkanes has also been
shown to proceed efficiently using irradiation in place of
AIBN.'' It is the solar chemistry version of the photochemical
production of alkyl radicals from alkanes using ketones, which
is of relevance to the work described in this paper. This
method of hydrogen abstraction occurs as a result of the
absorption of a photon by a carbonyl group, usually a ketone,
which subsequently exhibits alkoxy radical character in its n,m*
triplet state. The excited ketone, for example benzophenone, is
then able to abstract a hydrogen atom from a cycloalkane
producing a cycloalkyl radical which can undergo a number
of reactions including recombination, disproportionation or
further hydrogen abstraction. We have shown previously that
the cycloalkyl radical generated in this way can undergo
Michael-type addition to an electron-deficient alkyne®
(Scheme 1), behavior which is consistent with its nucleophilic
character.?” This paper focuses on the possibility of carrying
out such a functionalisation under solar conditions and reports

G

n

2

’ hy / /

’ photomediator

R ),

R'=H,R*=CO,CH;; R' =R? = CO,CH;;n = 1,2

Scheme 1
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results which allow the solar photochemistry approach to be
compared to the use of a conventional photochemical reactor.
Reports of the photoreactions of alkynes with cycloalkanes
first appeared in 1969 when Buchi and Feairheller,”® and
independently Grovenstein e al.,?® described the irradiation of
cyclohexane solutions of ethyl propiolate and dimethyl
acetylenedicarboxylate (DMAD). These direct photoreactions
gave products resulting from the insertion of ethyl propiolate
and DMAD into the C-H bond of cyclohexane in yields of
5% and 10%, and reaction times of 24 h and 14 days,
respectively. The cyclohexyl group was shown to add selec-
tively to the B-carbon of ethyl propiolate. In 1993 Metzger and
Blumenstein® investigated the formation of Z and E alkenes in
a thermally initiated radical chain reaction of alkynes with
cycloalkanes and again found that the cyclohexyl group added
regiospecifically to the unsubstituted end of the alkyne triple
bond. As we have shown, the use of a photomediator has a
dramatic effect on the C—C bond forming reaction between
alkynes and cycloalkanes in terms of reaction times and yields.
Initial studies found benzophenone to be one of the most
efficient photomediators. In hexane it has an absorption band
at 346 nm (log ¢ = 2.1), with a shoulder at 361 nm (log ¢ =
2.0),>! and thus can be excited electronically using sunlight.
The ease with which cycloalkyl radicals can be produced in this
way and the fact that they subsequently undergo C—C bond
forming reactions with alkynes under these conditions,
coupled with the possibility of carrying out the reaction using
solar irradiation, makes the process synthetically important
and environmentally attractive. The programme of work
carried out at the Plataforma Solar de Almeria (PSA) which
is described here, provides experimental data, which allow the
use of a standard photochemical reactor and solar radiation to
be compared. The possibility of using a supported, and thus
potentially recyclable, photomediator was also considered.

Results and discussion

Experiments involving cyclopentane and cyclohexane, and
both methyl propiolate (MP) and DMAD were carried out
under solar irradiation and using a Rayonet photochemical
reactor (350 nm). These reactions involved benzophenone as a
soluble photomediator (Table 1) or the supported photo-
mediators 5 and 6 (Table 2).

(o

NH

R—Slii—R
O O 0 Cl’

0 O

5 6

The reactions of cyclopentane and cyclohexane with MP in
the presence of benzophenone, resulted in the formation of
mixtures of the (Z)- and (E)-propenoates, 1la and 1b (Fig. 1
and Fig. 2), and 2a and 2b, respectively, with the (E)-isomer
predominating (Scheme 1). No evidence of secondary photo-
chemical isomerisation was observed, and thus it can be
concluded that the Z : E ratio reflects the stereoselectivity of
the addition of the cycloalkyl radical to the alkyne. The only
other low molecular weight products observed were the
corresponding cycloalkanones and cycloalkanols, which are
formed in trace amounts (GC-MS). The benzophenone
mediated solar and Rayonet reactions of MP are initially very
rapid but slow considerably towards the end. A further trend
in these reactions is that the reactivity of cyclopentane is
greater than that of cyclohexane.**?

H;CO,C u H CO,CH,
R R
n 0
la,R=H;n=1 1b,R=H;n=1
2a,R=H;n=2 2b,R=H;n=2

3a,R=CO,CH;3;:n=1
4‘41, R= C02CH3, n=2

3b,R=CO,CHy:n=1
4b,R=CO,CH;;n=2

The reactions of cyclopentane and cyclohexane with the
disubstituted alkyne, DMAD, resulted in the formation of the
(Z)- and (E)-3-cycloalkyl-2-pentenedioates, 3a and 3b (Fig. 3

Table 1 A comparison of reactions carried out using benzophenone and a photochemical reactor or solar radiation

Rayonet reactor (350 nm)

Solar irradiation

Reaction” Time/h® Z : E Ratio® Yield (%)° Time/h® Z : E Ratio® Yield (%)°
g@,cmcm 25 1:1.7 95 3.7 1: 77
gﬁ(ljiléfcozcm 4.5 1:15 59 6.5 1: 48
ﬁzl({:&cchcfcozcm 2.5 12:1 74 4.0 28 78
el 375 13:1 64 45 10.5: 1 55

H;CO,C-C=C-CO,CH3;

@ Reaction conditions: benzophenone (0.43 mmol, 0.011 M), cycloalkane (40 ml), alkyne (3 mmol), dodecane as internal standard. ® Time for

complete consumption of the alkyne. < GC.
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Table 2 A comparison of reactions carried out using supported photomediators in a photochemical reactor or using solar irradiation

Rayonet reactor (350 nm)

Solar irradiation

Reaction Time/h Z : E Ratio” Yield (conversion) (%)” Time/h” Z : E Ratio” Yield (conversion) (%)”
CsHyg 75 1:17 57(100)¢ 55 1:16 20(71)¢
HC=C-CO,CH; 18 1:15 62(100)7 12 1:1.7 29(61)¢

C6H12 . c . c

HC=C_CO,CH, 40 1:14 31(72) 13.5 1:16 3(24)

CsHio 55 25:1 42(100)° 52 25:1 34(83)¢
H3C02C*CEC*C02CH3 T T

CoH1y 15 22:1 49(100)° 6.5 1.5:1 7(4)°

H3C02C*CEC*C02CH3

“ Total reaction time. ® GC. ¢ Reaction conditions: 5 (2 g), cycloalkane (40 ml), alkyne (3 mmol), dodecane as internal standard. ¢ Reaction
conditions: as before, 6 (2 g). © Reaction conditions: as before, 5 (2 x 1 g).
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Fig. 1 Rayonet reaction of MP, cyclopentane and benzophenone.
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Fig. 2 Solar reaction of MP, cyclopentane and benzophenone.

and Fig. 4), and 4a and 4b, respectively. However, in contrast
to the MP reactions, both the solar and Rayonet reactions are
relatively stereoselective as a result of a secondary cis/trans
photoisomerisation process. DMAD was found to be slightly

100 R PR

% Composition

L)

80
Time [min]

il O Alkyne =—=@==—9% 3a === 3b

Fig. 3 Rayonet reaction of DMAD, cyclopentane and benzophenone.
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Fig. 4 Solar reaction of DMAD, cyclopentane and benzophenone.

less reactive than MP, and the greater reactivity of the
cyclopentane ring system was again apparent.

Further analysis of the data obtained (Table 1), indicates
that although the solar reactions using a soluble photo-
mediator require longer reaction times than those carried out
in the photochemical reactor, they give comparable GC yields

This journal is © The Royal Society of Chemistry 2005
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in most cases, and indeed in one case, the reaction of
cyclopentane and DMAD, the yield obtained is slightly higher.
Surprisingly, the Z : E ratio of the products obtained from
cyclohexane and DMAD is lower when solar radiation is used,
despite the longer reaction time. The reaction of cyclopentane
and MP under solar irradiation conditions (Fig. 2) is initially
faster than the corresponding reaction in a Rayonet reactor
(Fig. 1) whereas the opposite occurs in the reaction of DMAD
and cyclopentane.

The use of the supported photomediators 5 and 6 leads to
significantly increased reaction times, and in general the
supported photomediators perform poorly in comparison to
the soluble benzophenone, particularly under solar irradiation
(Table 2). A uniform suspension of the supported mediator
was achieved using a magnetic stirrer and the settling times of
the solid when stirring was stopped suggested that mechanical
breakdown of the support was not a problem. The formation
of the alkenes using MP in the Rayonet reactor and using solar
radiation leads, as before, to the predominant formation of the
(E)-isomers, 1b and 2b. The (Z)-isomers, 3a and 4a are again
the major products formed when DMAD is used. However in
the latter case, despite the long reaction times, the Z : E ratio
is much smaller than that observed for the corresponding
reactions involving soluble benzophenone. The time course
data for the solar reactions of cyclopentane with MP (Fig. 5)
and DMAD (Fig. 6) show that the supported photomediator 5
becomes rapidly deactivated. On addition of a further portion
of the resin bound mediator the reaction recommences, but
soon ceases again. The concept that the photomediator is
becoming inactive is supported by the fact that the photo-
sensitized isomerisation of the primary photoinsertion pro-
ducts, normally observed with DMAD, does not occur, despite
the long reaction times, as evidenced by the Z : E ratios
(Table 2).

One possible reason for this deactivation is the formation
of a polymeric coating on the surface of the particles of
supported photomediator. Alternatively, deactivation may
occur as a result of photochemical reactions involving the
polystyrene resin. A significant loss of reactivity is also
observed in solar reactions involving cyclohexane and the
Merrifield resin bound benzophenone 5 (Fig. 7), which with

100 -
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=% I Sy
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QO 404
X
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Fig. 5 Solar reaction of MP and cyclopentane in the presence of 5.
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Fig. 6 Solar reaction of DMAD and cyclopentane in the presence of 5.

MP resulted in 24% conversion, and a yield of only 3%, after
13.5 h.

The aminopropylsilica bound benzophenone 6 is a more
effective photomediator for these reactions. The solar irradia-
tion of a cyclopentane solution of MP containing 6 (Fig. 8)
gives a yield of 29% (61% conversion of the alkyne) after 12 h
and 62% (100% conversion) after 18 h irradiation in a Rayonet
reactor. The supported benzophenone 6 appears to be more
robust as although the reactions are slow they do not stop
altogether. A 3 to 7 fold increase in the amount of
cycloalkanols and cycloalkanones occurs when supported
photomediators are used under solar conditions or in the
Rayonet reactor. These products are formed by reaction of
cycloalkyl radicals with molecular oxygen and their formation
would be expected if other reactions of the cycloalkyl radical,
such as those with the alkyne, were inefficient. This suggests
that accessibility of the alkyne to the cycloalkyl radical, rather
than problems in generating the radical, may be responsible for
the poor performance of the supported photomediators. In the
wider context of the overall mechanism, the GC monitoring
(using dodecane as internal standard) of the reactions
involving benzophenone clearly shows that its concentration
does not change during the course of the reaction. It would

100 =8
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Fig. 7 Solar reaction of MP, cyclohexane and 5.
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thus appear that the reaction is based on an inefficient chain
process, involving the alkyne and cycloalkyl radicals, which is
terminated relatively quickly by hydrogen transfer from a
benzhydroxyl radical.

Conclusions

The fundamentally important process of functionalising
saturated cycloalkanes through C-C bond formation has been
achieved through the use of a photomediator and solar
radiation. This method has the additional environmental
advantage that it does not involve the use of metals such as
tin,® or the production of by-products such as SO,,'"!'® which
are features of other methods. The reaction is regiospecific
with cycloalkane insertion occurring at the unsubstituted end
of the alkyne. Although the reaction of monosubstituted
alkynes is only moderately stereoselective, the involvement of
a photomediator controlled secondary photoisomerisation
leads to high Z : E ratios with disubstituted alkynes such as
DMAD. In keeping with the results obtained with other
systems, cyclopentane was found to be more reactive than
cyclohexane. The use of solar radiation with benzophenone, a
soluble photomediator, gave results that were broadly
comparable to those obtained with a conventional photo-
chemical reactor. A Merrifield resin supported form of
benzophenone, 5, was less efficient under both standard UV
and solar irradiation, the reduction being most marked in the
latter case in which the photomediator appeared to become
rapidly deactivated. More promising results were obtained
with the supported photomediator 6, a 3-aminopropyl
functionalised silica gel. Overall the C—H activation process
described in this paper, involving solar radiation and a
potentially recyclable photomediator, is very attractive in the
context of clean/green chemistry.

Experimental

The cycloalkanes and alkynes were distilled before use. The
photochemical reactions were carried out in cylindrical Pyrex
tubes. A Rayonet Photochemical Reactor, RPR-100, encom-
passing sixteen 350 nm mercury lamps was used. IR spectra

were measured on a Perkin Elmer Spectrum 1 FT-IR. 'H
NMR and "*C NMR were measured on a Jeol INM-LA400
spectrometer at probe temperatures using CDClz as solvent
and TMS as the internal standard. All GC analyses at NUI,
Galway, were carried out on an RTX-5 (Restek) column, while
at PSA a HP-5 (Agilent) column was used. GC-MS analyses
were carried out on a Micromass GCT spectrometer together
with an Agilent 6890 capillary gas chromatograph equipped
with a HP-5 column.

General procedure for photochemical reactions using
benzophenone as photomediator

A solution of benzophenone (0.08 g, 0.43 mmol) and dodecane
(0.37 g, 2 mmol) in cycloalkane (40 ml) was degassed with N,
for 20 min in a cylindrical Pyrex tube. The alkyne (3 mmol)
was added and the stirred solution was irradiated using 350 nm
lamps until all the alkyne had been consumed (GC). The crude
product mixture contained the cis and trans alkene products,
and also trace amounts of the corresponding cycloalkanols
and cycloalkanones (GC-MS). Subsequent to the removal of
excess solvent the mixture was adsorbed onto silica (50 g) and
eluted with bp 40-60 °C petroleum ether—ether (95 : 5). All
products were obtained as clear, sweet smelling oils. The solar
reactions carried out at PSA involved placing the cylindrical
Pyrex tubes on a flat sheet of aluminium foil which was angled
towards the sun. Exposure to solar radiation continued until
all of the alkyne had been consumed (GC). A series of
experiments involving different cycloalkanes and alkynes were
carried out in a Rayonet reactor and under solar irradiation
using the same general reaction conditions (Table 1).

General procedure for photochemical reactions using a supported
photomediator

The cycloalkane (40 ml) and supported photomediator were
degassed for 20 min using N,. Dodecane (0.37 g, 2 mmol) and
the alkyne (3 mmol) were added and the mixture was stirred
vigorously and irradiated using 350 nm lamps. GC analysis of
the crude product mixture indicated the presence of the
expected products. The supported photomediator was washed
with dichloromethane (100 ml), ether (100 ml), ethanol (100 ml)
and methanol (100 ml). Removal of the solvent gave the
products together with trace amounts of the cycloalkanols and
cycloalkanones. The support was then dried and weighed
resulting in 99% recovery.

The corresponding solar reactions at PSA were carried out
as indicated above. In some cases further quantities of the
supported photomediator were added and its effect monitored.
A series of experiments involving different cycloalkanes and
alkynes were carried out in a Rayonet reactor and under
solar irradiation using the same general reaction conditions
(Table 2).

Synthesis of supported photomediators

5. The synthesis of the benzoylated polystyrene-divinyl-
benzene resin was accomplished using 2% cross-linked
chloromethylated styrene/divinylbenzene (200400 mesh, 2.0—
2.5 mmol CI” g™ !) and the method of Blossey and Neckers.>*
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The resulting resin was obtained as a yellow solid and
contained approximately 0.4 mmol photomediator per gram
of support (gravimetric analysis). It was oven dried under
vacuum (40 °C), stored in a desiccator, and ground prior to use.

6. The synthesis of silica bound benzophenone was
accomplished using 3-aminopropyl-functionalised silica gel
(1 mequiv. NH, g~', 9% functionalised) and the method of
Ayadim and Soumillion.>> The resulting supported photo-
mediator was obtained as a light-yellow powder and contained
approximately 0.59 mmol photomediator per gram of support
(gravimetric analysis). It was dried under vacuum (40 °C) and
stored in a desiccator prior to use.

Analytical data

1a, Methyl (Z)-3-cyclopentyl-2-propenoate.”® IR (cm ™ !): 1721
(C=0), 1644 (C=C), 1176 and 1151 (C-0), 819 (CH=CH). 'H
NMR: 6 1.26 (ms, 2H), 1.61-1.69 (ms, 4H), 1.90 (ms, 2H), 3.67
(m, 1H, CH-CH=CH), 3.70 (s, 3H, OCH3), 5.67 (d, 1H, CH-
CH=CH, J. 11.2 Hz), 6.12 (t, 1H, CH-CH=CH,
Jyie = Jus = 11.2 Hz). 3C NMR: § 166.9, 155.6, 117.4, 50.8,
39.0, 33.3,25.5. m/z (%) 154 (18), 122 (20), 111 (11), 95 (18), 94
(100), 87 (30), 79 (48), 67 (51).

1b, Methyl (E)-3-cyclopentyl-2-propenoate.?®>¢ IR (cm ™ ):
1721 (C=0), 1654 (C=C), 1171 and 1148 (C-O), 983
(CH=CH). '"H NMR: 6 1.36 (ms, 2H), 1.60-1.69 (ms, 4H),
1.82 (ms, 2H), 2.58 (m, 1H, CH-CH=CH), 3.70 (s, 3H, OCH3),
5.81 (d, 1H, CH-CH=CH, J;.,,s, = 15.6 Hz), 6.96 (dd, 1H,
CH-CH=CH, J,;, = 7.8 Hz and J .,y = 15.6 Hz). >*C NMR: §
167.2, 153.6, 118.7, 51.1, 42.6, 32.2, 25.0. m/z (%) 154 (100),
122 (31), 111 (27), 95 (28), 94 (75), 87 (27), 79 (29), 67 (14).

2a, Methyl (Z)-3-cyclohexyl-2-propenoate.® IR (cm ™ '): 1725
(C=0), 1652 (C=C), 1181 and 1175 (C-0), 820 (CH=CH). 'H
NMR: 6 0.99-1.30 (ms, 5H), 1.54-1.72 (ms, SH), 3.24 (m, 1H,
CH-CH=CH), 3.63 (s, 3H, OCHs;), 5.58 (d, IH, CH-CH=CH,
J.is = 11.3Hz),5.96 (t, IH, CH-CH=CH, J,;. = J.;,, = 11.3 Hz).
13C NMR: 6 166.7, 155.9, 117.1, 50.9, 37.3, 32.2, 25.8, 25.4.

2b, Methyl (E)-3-cyclohexyl-2-propenoate.®® IR (cm ™ !): 1721
(C=0), 1650 (C=C), 1195 and 1169 (C-0), 983 (CH=CH). 'H
NMR: 6 1.12-1.34 (ms, 5H), 1.65-1.77 (ms, SH), 2.13 (m, 1H,
CH-CH=CH), 3.72 (s, 3H, OCH,), 5.78 (d, 1H, CH-CH=CH,
Jirans = 15.7 Hz), 691 (dd, 1H, CH-CH=CH, J,,, = 6.9 Hz
and J,s = 15.7 Hz). 13C NMR: 6 167.4, 154.4, 118.3, 51.2,
40.3, 32.2, 25.7, 25.5.

3a, Dimethyl (Z)-2-cyclopentyl-2-butenedioate.?® IR (cm ™ '):
1722 (C=0), 1642 (C=C), 1163 (C-0). '"H NMR: ¢ 1.50-1.71
(ms, 6H), 1.71-1.87 (ms, 2H), 2.76 (m, |H, CH-CH=CH), 3.71
(s, 3H, OCH3), 3.83 (s, 3H, OCH3), 5.80 (s, 1H, C=CH). '*C
NMR: § 169.0, 165.1, 154.6, 116.4, 51.8, 51.4, 44.0, 30.5, 24.4.

4a, Dimethyl (Z)-2-cyclohexyl-2-butenedioate.”® TR (cm™'):
1723 (C=0), 1644 (C=C), 1165 (C-0). '"H NMR: § 1.14-1.31
(ms, 5H), 1.67-1.90 (ms, 5H), 2.30 (m, |H, CH-CH=CH), 3.71
(s, 3H, OCH3), 3.83 (s, 3H, OCHs), 5.77 (s, 1H, C=CH). *C
NMR: § 169.3, 165.6, 156.3, 116.1, 52.0, 51.6, 42.2, 30.8, 25.8,
25.5.
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A facile synthesis of aryl methyl ethers from phenols and dimethyl carbonate has been achieved
in the presence of 1-n-butyl-3-methylimidazolium chloride ((BMIm]CI). The reaction is carried out
at 120 °C under atmospheric pressure. Aryl methyl ethers are obtained with excellent yields

(>99%) at 100% selectivity for O-methylation. Moreover, [BMIm]CI can be easily reused without

loss of activity.

Introduction

Aryl methyl ethers, which are valuable intermediates for the
preparation of dyes, agrochemicals, fragrances and pesticides,
are conventionally synthesized by O-methylation of the
corresponding phenols with dimethyl sulfate or methyl halides.
However, these methods require not only corrosive and toxic
reagents but a stoichiometric amount of strong base to
neutralize acidic by-products, which results in large quantities
of inorganic salts that require disposal. The O-methylation of
phenols with methanol in the presence of a strong acid
catalyst' or a heterogeneous catalyst in vapor-phase at high
temperature has been extensively studied.>® In most of these
reactions, the conversions of phenols are not satisfactory and
the selectivities to aryl methyl ethers are complicated by
C-methylation. Thus, dimethyl carbonate (DMC), a green
chemical, has emerged as a safe, cheap, efficient and
environmentally acceptable alternative to methyl halides,
dimethyl sulfate and methanol.””®

Tundo and coworkers performed the reactions of phenols
with DMC under gas-liquid phase-transfer catalysis (GL-
PTC) conditions in a continuous-flow process at a temperature
of 160 to 180 °C.'*!' Although aryl methyl ethers are
produced with high selectivities, this procedure is not suitable
for high boiling point phenols. Over alkali ion-exchanged
zeolite and alumina-silica, high yields of aryl methyl ethers are
obtained in the vapor-phase reaction of phenol with DMC.'*!?
But by-products of C-methylation are always observed. Over
CrPO,, AIPO,4, CrPO4~AIPO,4 and AIPO4~Al,O3, a mixture of
O- and C-methylated products is obtained in the reaction of
phenol with DMC. The vapor-phase methylation of catechol
with DMC over alumina and modified alumina has been
studied.'*'® Calcined Mg-Al hydrotalcite has also been
reported as a catalyst in the reaction of catechol with
DMC.'"!® In an autoclave, phenols are O-methylated by
DMC in the presence of pentaalkylguanidines'® or caesium
carbonate.’’ Under atmospheric pressure, an efficient batch
synthesis of aryl methyl ethers has been developed in the

1 Electronic supplementary information (ESI) available: GC-MS data
for aryl methyl ethers. See http://www.rsc.org/suppdata/gc/b4/
b411201f/

*zhenlushen@zjut.edu.cn

presence of K,COs—crown ether,”’ K,COs;-Buy;NBr**> or
DBU.* However, there is an obvious disadvantage due to
the difficulty of catalyst-product separation and the reutiliza-
tion of homogeneous catalysts. Ouk et al reported that
O-methylation of phenols with DMC can be carried out in the
presence of Buy,NBr at 130 °C?* or K,CO; at 160 °C* in a
semi-continuous process. However, the complete conversion of
substrates cannot be achieved.

Recently, catalytic reactions using ionic liquids have
attracted considerable interest because they possess the
unique advantages of high thermal stability, negligible
vapour pressure, immiscibility with a number of organic
solvents, recyclability and interesting intrinsic physicochemical
characteristics.?® 2%

Now herein, we report an efficient and environmentally
friendly process for highly selective O-methylation of phenols
with DMC (Scheme 1). The reaction is carried out in the
presence of an ionic liquid 1-n-butyl-3-methylimidazolium
chloride ([BMIm]Cl) at 120 °C. Selectivity of 100% for
O-methylation is obtained and phenols are quantitatively
converted to the corresponding aryl methyl ethers. Thus, it is
easy to obtain high purity products without a complicated
purification process. Moreover, [BMIm]CI can be easily reused
without significant loss of activity.

Experimental

In this study, several ionic liquids including 1-n-butyl-3-
methylimidazolium chloride, 1-n-butyl-3-methylimidazolium
bromide ([BMIm]Br), 1-n-butyl-3-methylimidazolium tetra-
fluoroborate ([BMIm]BF,), 1-n-butyl-3-methylimidazolium
hexafluorophosphate ([BMIm]PF4) and 1-ethyl-3-methyl-
imidazolium bromide ([EMIm]Br) were synthesized accord-
ing to the procedures described in the literature.?® !
1-Methylimidazole was dried over potassium hydroxide and
distilled under reduced pressure. DMC was fractionally

on
= [BMIm]CI

| \J * CH;0C00CH; ——>
'R

Scheme 1

OCH,

~
| @ CIOH o,
R
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distilled and stored with molecular sieve (4A). Other reagents
were of analytic grade and used as received.

The reaction was carried out in a 100 mL three-necked
flask equipped with a thermometer, a nitrogen inlet and a
fractionating column, which was connected with a liquid
dividing head. In a typical experiment, 0.1 mol phenol,
0.18 mol DMC and 0.05 mol ionic liquid were loaded into
the reactor under a nitrogen atmosphere. Then the mixture
was heated to 120 °C under stirring. The reaction was
monitored by gas chromatography (HP-1102) equipped with
a 30 m capillary column (OV-101). Once the reaction was
completed, phenol conversion and aryl methyl ether yield
were measured in the reaction mixture by GC using
chlorobenzene as internal standard. After residual DMC
was distilled from the reaction mixture, the products were
obtained by distillation under reduced pressure and identified
by GC-MS (HP 6890/5973).

Results and discussion

When the mixture of DMC and [BMIm]Cl were heated to
120 °C in the absence of phenolic substrate, no products were
detected. This indicated that DMC could not react with
[BMIm]CI. Similarly, DMC could not react with the other
ionic liquids. In order to investigate the catalytic activities of
different kinds of ionic liquids, the reaction of phenol with
DMC was selected as a model reaction. The reaction was
carried out at 120 °C for 1.5 h, and the results are given in
Table 1.

Without a catalyst, O-methylation of phenol with DMC
afforded no product, while in the presence of an ionic liquid
anisole could be obtained with a quantifiable yield. It was
noteworthy that no C-methylated by-products were observed
and the selectivity to anisole was always 100% in spite of
varying ionic liquids (entries 1-5). However, ionic liquids with
different anions showed quite different catalytic activities
(entries 1-4). [BMIm]CI was the most efficient catalyst and
gave the highest yield of anisole (99.8%). [BMIm]Br had a
lower catalytic activity and anisole was obtained in a 62.5%
yield. Unexpectedly, the yields of anisole were only 21.6 and
12.2% when [BMIm]BF,; and [BMIm]PFs were used as
catalysts. The results suggested that the anion had a strong
impact on the catalytic activity of the ionic liquid in this
reaction. Similar yields of anisole were obtained when
[BMIm]Br and [EMIm]Br were employed in the reaction of

Table 1 Reaction of phenol with DMC in the presence of different
catalysts”

Entry Catalyst Conversion (%)  Selectivity (%)  Yield (%)

1 [BMIm]CI 99.8 100 99.8
2 [BMIm]Br 62.5 100 62.5
3 [BMIm]BF, 21.6 100 21.6
4 [BMIm]PF¢ 12.2 100 12.2
5 [EMIm]Br 60.7 100 60.7
6 BuyNCl 22.9 86.3 19.8
7 none 0 — 0

“ Reaction conditions: phenol = 0.1 mol, DMC = 0.18 mol, ionic
liquid = 0.05 mol, temperature = 120 °C, time = 1.5 h.

phenol with DMC, which indicated that chain length of the
substituted group of imidazole was not an important factor in
the catalytic activity of the ionic liquid. Compared with the
ionic liquids, BuyNCl (tetrabutylammonium chloride) showed
quite different catalytic activity. The selectivity to anisole was
only 86.3%, and the main by-product was methyl phenyl
carbonate. This suggested that the imidazolium moiety of
the ionic liquids has a significant function in catalytic
O-methylation of phenol with DMC.

On the basis of the results in Table 1, we focused our studies
on the application of [BMIm]CI to O-methylation of different
phenols with DMC. The results are summarized in Table 2. In
all cases, aryl methyl ethers were obtained with excellent yields
at 100% selectivity for O-methylation.

The different reactivities of phenols were dependent on the
substituents of the benzene ring. The 3-methylanisole yield of
99.7% and 4-methylanisole yield of 99.9% were obtained in a
short reaction time, about 1.5 h, when m-cresol and p-cresol
were used as substrates (entries 2 and 3). Longer reaction time
(2.5 h) was required for the complete conversion of 3-z-butyl-4-
hydroxyanisole, indicating that the steric hindrance was an
important factor in determining the reactivities of phenols
(entry 9). The presence of an electron-withdrawing group on
the benzene ring decreased the reactivity of the substrate.
For instance, a reaction time of 4.5 h was needed in the
O-methylation of p-nitrophenol with DMC (entry 8).

A 1,4-dimethoxybenzene yield of 99.7% was obtained after
6.0 h in the reaction of hydroquinone with DMC. This
indicated that hydroxy groups of polyphenols could also be
totally O-methylated with DMC in this procedure (entry 10).
Furthermore, this O-methylation method was suitable for
naphthols, and satisfactory results could be achieved
(entries 13 and 14). In summary, [BMIm]CI showed a high
catalytic activity for O-methylating types of hydroxy group on
benzene rings.

In view of ‘green chemistry’, reuse of the catalyst is
necessary. In the reaction of phenol and DMC, [BMIm]CI

Table 2 O-methylation of phenols with DMC in the presence of
[BMIm]CI*

Entry Substrate Time/h Selectivity (%) Yield (%)

1 Phenol 1.5 100 99.8
2 m-Cresol 1.5 100 99.7
3 p-Cresol 1.6 100 99.9
4 0-Cresol 2.0 100 99.7
5 o-Methoxyphenol 1.8 100 99.8
6 2,3-Dimethylphenol 23 100 99.5
7 p-Chlorophenol 2.0 100 99.6
8 p-Nitrophenol 4.5 100 99.4
9 3-t-Butyl-4-hydroxyanisole 2.5 100 99.6
10 Hydroquinone” 6.0 100 99.7
11 4'-Hydroxyacetophenone 3.5 100 99.5¢
12 4-Hydroxybenzophenone 4.5 100 99.4¢
13 2-Naphthol 2.8 100 99.8
14 3-Naphthol 3.0 100 99.6

“ Reaction conditions: phenol = 0.1 mol, DMC = 0.18 mol,
ionic liquid = 0.05 mol, temperature = 120 °C. ? The product
was 1,4-dimethoxybenzene, DMC = 0.35 mol. “ The yields of
4'-methoxyacetophenone  and  4-methoxybenzophenone  were
determined by HPLC.
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Table 3 Recycling of [BMIm]CI in the reaction of phenol with DMC

BMIm]CI
QOH + CH;0COOCH; % <\i>—oc1{3 + CH;0H + CO,

Cycle 1 2 3 4 5
Selectivity (%) 100 100 100 100 100
Yield (%) 99.8 99.4 99.7 99.5 99.4

could be recovered after distillation of anisole under reduced
pressure from the reaction medium. Before the reuse of
[BMIm]CI, it was purified under vacuum (ca. 5 mmHg) at
100 °C for 50 min, then checked by FT-IR and '"H NMR. The
spectra were the same as those of [BMIm]Cl before the
reaction. The reaction of phenol with DMC was repeated
in the same batch of [BMIm]CI over five runs. As shown in
Table 3, a high yield of anisole (99.4%) was maintained when
[BMIm]CI was reused five times.

Conclusion

The selective O-methylation of phenols with DMC is studied in
the presence of [BMIm]CI. Phenols can be converted into
their corresponding aryl methyl ethers in high selectivities
and yields, and no C-methylation products are obtained. The
reaction has notable advantages and remarkable environmen-
tally benign features: (1) it uses the cheap and non-toxic DMC;
(2) sterically hindered phenols can be efficiently O-methylated;
(3) aryl methyl ethers are quantitatively obtained, and waste of
substrates can be avoided; (4) [BMIm]CI can be easily recycled
and reused without decreasing catalytic activity; (5) no
hazardous wastes are produced, and the coproduct methanol
can act as a material for a non-phosgene process for preparing
DMC by oxy-carbonylation.
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Reactions of alkenes with elemental iodine activated by 30% aqueous hydrogen peroxide in the
presence of methanol or water as the external nucleophile source result in the formation of vicinal
iodo-alkoxy or iodo-hydroxy substituted alkanes. Beside the fact that only 0.5 equiv. or a slight excess
of hydrogen peroxide and 0.5 equiv. of iodine are sufficient amounts of reactants, this transformation
is conducted in the absence of acid, thus contributing significantly to the green chemistry concept.

Introduction

Todinated organic molecules have been recognised for many
years as important and versatile synthones in organic
synthesis, and their usefulness has grown following the
introduction of coupling reactions.! Investigations concerning
their synthesis are often carried out with elemental iodine as
the source of the iodonium donating agent, but due to its low
electrophilicity a certain increase of its reactivity is usually
necessary. This could be achieved by a solvent® or an acid,’
while another method employs oxidation systems such as
metallic salts*® or oxides,”' bis(tetra-n-butylammonium)
peroxydisulfate,'" hypervalent(il1) iodine compounds,'>™'® the
0,-H5PV,;Mo0,004¢ system,17 a urea-hydrogen peroxide
adduct'® and F-TEDA-BF,,'° which is also convenient in
ionic liquids intended as eco-friendly systems.?’ The interesting
academic finding that iodine could also be activated by
doubling its amount in the reaction mixture is wasteful, since
a substantial amount of iodine is lost.?!

Recently, the heterogeneous catalyst?> Envirocat EPZ-10%
and anionic surfactants were promoted for iodine activation.*
Lately, hydrogen peroxide and sodium iodide in the presence
of a strong acid were utilized for transformation of alkenes
into iodohydrins, but a considerable excess of hydrogen
peroxide was necessary,24 an Nal-H,0, system in combination
with an organotelluride catalyst was also used for iodofunc-
tionalisation.”® Nevertheless, the majority of these systems
suffer from health, safety, environmental and economic dis-
advantages. In a ‘green’ context,® iodination accompanied by
iodine atom economy,27 despite decades of effort, still remains
an open challenge. We decided to connect both domains by
developing a new method for iodofunctionalisation of organic
molecules using hydrogen peroxide and iodine. Hydrogen
peroxide is an excellent example of a environmentally benign
chemical oxidant, recently highlighted by Noyori,?® but search-
ing for an appropriate catalytic system could present
difficulties. Therefore, hydrogen peroxide activation studies
have earned broad attention.?® In continuation of our research
concerning iodination without the loss of iodine (for example)
on account of HI formation, we turned our attention to the

+ Present address: Department of Chemistry and Applied Biosciences,
Swiss Federal Institute of Technology, Eth-Hoenggerberg, CH-8093,
Zurich, Switzerland.

*jereb@inorg.chem.ethz.ch

search for an environmentally convenient oxidizer. Besides
iodine, our efforts were focused on excluding any additives,
especially toxic metallic salts and acids, since they could present
obstacles in the reactions of acid sensitive molecules. We now
report a new method for preparation of vicinal iodo substituted
alkanes from alkenes using elemental iodine activated by
hydrogen peroxide, which proved to be an excellent couple,
without the use of an acid and any additional catalyst.

Results and discussion

Initially we treated a methanolic solution of styrene with
0.5 equiv. of iodine at room temperature and after an isolation
procedure we detected not more than 20% of iodo-methoxy
substituted product in the crude reaction mixture, the rest being
a tar material. Similarly unpromising results were obtained
using various solvents (dichloromethane, tetrachloromethane,
ethyl acetate, diethy ether and acetonitrile) and test reactions
on o-methyl styrene, indene and methylenecyclopentane, while
1,1-diphenylethene did not react under these conditions. At this
point we decided to activate iodine with H,O,. In a typical
experiment 0.5 mmol of hydrogen peroxide as a 30% aqueous
solution was added to a methanolic solution of 1 mmol of 1,1-
diphenylethene 1a and 0.5 mmol of iodine and the reaction
mixture stirred at 20 °C. After 18 h complete disappearance of
the starting alkene was indicated and 2-iodo-1-methoxy-1,1-
diphenylethane 2a’ was isolated in almost quantitative yield.
Encouraged by this result, we decided to elucidate the role of
the reaction conditions on this transformation and the data
obtained are presented in Table 1. We established that hydrogen
peroxide plays an exceedingly important role in this reaction,
since the conversion of 1,1-diphenylethene depends significantly
on the amount of hydrogen peroxide. In the presence of an
external nucleophile, complete disappearance of the starting
material was achieved with only 0.5 equiv. or a slight excess of
H»0, and only 0.5 equiv. of elemental iodine (Table 1, entries 3,
9, 10, 13 and 14), while the sole products formed were the
Markovnikov type iodo-containing adducts 2 and water, the
only waste-product. The stoichiometry of this transformation
completely follows the iodine atom economy law and could be
schematically expressed by eqn. (1):

2(Ph)2C:CH2 + 12 + H202 + 2NuH — (1)
2(Ph),NuC-CH,I +2H,0
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Table 1 The effect of reaction variables on the conversion of 1,1-
diphenylethene 1a to 2¢

Ph Ph
I, / H,0,
22
solvent / ROH Ph CHzI
Ph OR
1a 2a: R=H
a': R=Me a'": R=FEt
Solvent ROH/mmol H,0,/mmol Conv. of 1 (Yield of 2)°

1 MeOH — 0.2 38
2 — 0.4 80
3 — 0.5 100 (96)
4 — 1 80
5 — 2 69
6 — 5 69
7 MeCN H,O(10) 0.5 100 (96)
8 MeOH (25) 1 85
9 MeOH (20) 0.5 100 (96)
10 MeOH (3) 0.5 100
11 MeCN — 0.66 66°
12 EtOH — 0.66 50
13 MeCN EtOH (30) 0.55 100 (96)
14 CH,Cl, MeOH (20) 0.5 100 (96)
15 MeOH (10) 0.5 98 (93)
16 MeOH (3) 0.5 54

“ Reaction conditions: 1 mmol of 1, 10 mL of solvent, 0.5 mmol of
I, 0.5 mmol of H,0, as 30% aq. solution, 7" = 20 °C, time 18 h.
b Conv. of 1 det. from 'H NMR spectra of the crude reaction
mixture, yield of 2 after flash chromatography ¢ 2a was formed.

Methanol served as the reaction medium as well as the
nucleophile source, and therefore we investigated the influence
of the amount of nucleophile on the course of the reaction. A
ten to thirty fold molar excess of water (Table 1, entry 7),
methanol (entries 9, 14, 15) or ethanol (entry 13) as the sources
of the external nucleophile added to 1 was found to be optimal
for selective transformation to the corresponding product 2.
Further diminution of the amount of methanol close to the
relative equimolar scale diminished the selectivity of the
reaction since water became a competitive nucleophile and
vicinal iodo hydrine 2a was formed, as well as vicinal iodo
methoxy ether 2a’ (entries 10 and 16), while the transformation
of 1a in neat acetonitrile led to vicinal iodo hydrine 2a (entry
11). By using dichloromethane as the solvent, excellent
conversion of 1a to 2a’ was achieved when 10 or 20 mmol of
methanol were added (entries 14 and 15).

Stimulated by these affirmative preliminary results, we
decided to examine the H,O,-I, reaction system on a broader
range of sensitive molecules like styrene and its derivatives. We
recognised that the iodine transfer reaction induced by
hydrogen peroxide is also useful in the case of styrene 1b
and o-methyl styrene lc. As shown in Scheme 1, both target
alkenes could be effectively transformed to vicinal iodo-
hydrins 2b and 2c¢ or vicinal iodo-methoxy derivatives 2b" or
2¢’, Markovnikov type regioselectivity was established.
2-Naphthyl 1d and 9-phenanthryl substituted alkenes le were
also compatible with the H,O,-I, reaction system, thus
yielding 2-iodo-1-methoxy-1-(1-naphthyl)ethane 2d in good
yield, and 2-iodo-1-methoxy-1-(9-phenanthryl)ethane 2e.
Finally, to our surprise, the reaction of 1-vinyl-2-pyrrolidinone
3 in MeOH was complete within two hours, yielding adduct 4

Ar R
LHO ! .
222 Ao

ROH/MeCN (f CH,

R{ OR

1 2

1bR;=H,Ar=Ph  2bR=H (93%), 2b' R=Me (96%)
1cR;=Me, Ar=Ph 2¢ R=H (94%), 2¢’' R=Me (96%)

1dR1=Me,Ar=

leRIMe,Ar
N__oO

~
3 &fo ar-meswy [T

Scheme 1 Regioselective iodofunctionalisation of polymerisation sensi-
tive alkenes 1 and 3. Reaction conditions: iodo-hydroxylation; 1 mmol of
1b or 1¢, 0.5 mmol of I,, 0.5 mmol of 30% of aqueous H,O,, 10 ml MeCN
and 20 mmol of H,O, reaction time 18 h at 20 °C. Iodo-methoxylation:
1 mmol of 1b, 1¢, 1d or 3, 0.5 mmol of I,, 0.5 mmol of 30% of aq. H,O,,
10 ml of MeOH, at 20 °C, reaction times as follows: 18 h in case of 1b and
1c, 24 h for 1d, 2 h for 3. In the case of 1e 0.6 mmol of 30% aq. H,O, was
used and solv. mixt. MeOH-CH,Cl, 8 : 1, reaction time 24 h at 20 °C.

2dR=Me (73%)

2e R=Me (86%)

CH;O CHyl

in high yield. The regioselectivity of iodofunctionalisation of
alkenes 1-3 observed indicates the formation of a more stable
carbocation intermediate.

It is well established that the cyclic iodonium ion is an
intermediate in iodination of organic molecules, but regio-
selectivity is greatly influenced by the substrate structure. It is
known that electrophilic functionalisation of methylenecyclo-
pentane 5a and l-octene 5b could give both types of
adducts,’*%23 but in the case of the exocyclic double bond in
5a Markovnikov-type iodofunctionalisation was observed
(Scheme 2). The reaction of the terminal double bond in 5b
led to two types of regioisomers 6b and 7b in a relative ratio of
5: 1. The prevalence of product 6b indicates the importance of
carbocation stability, but this is not the only factor in this
regard, since the origin of 7b could be ascribed to steric
circumstances. We found regioselectivity to be importantly
influenced by substrate structure. Transformation of the
more crowded 3,3-dimethyl-1-butene 5S¢ led exclusively to
I-hydroxy-2-iodo-3,3-dimethylbutane 7¢, termed an anti-
Markovnikov type of adduct. Progressively intensified steric
demands were reflected in a completely reversed mode of
regioselectivity. Product 7¢ supports the assumption that the
cyclic iodonium ion is the reaction intermediate, the bulky
t-butyl group preventing nucleophile attack on the C-2 atom
and the C-1 atom thus remaining the only possible approach.
Comparision of regioselectivity in the case of styrene 1b with
3,3-dimethyl-1-butene 5S¢ clearly demonstrates predominant
intermediate stabilisation over steric interaction in the case of
1b, whereas in the case of Sc steric hindrance is prevalent
over the hyperconjugation effect. Ultimately, we found
that transformation of 2-methyl-2-pentene 8, possessing
a more crowded nonterminal double bond, led exclusively to
2-hydroxy-3-iodo-2-methylpentane 9a or to 3-iodo-2-methoxy-
2-methylpentane 9a’. Transformation of alkene 8, despite its
possession of a more substituted double bond than S,
indicates the involvement of a more stable carbocation, thus

This journal is © The Royal Society of Chemistry 2005
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R

ROH/MeCN H,0,

R, OR Ry 1
R{ CH,I R><CH20R
6 7
5 R

5a E>:
Me 6a'(92%) -

Sb_ 1-octene H 6b 7b (5/1, 54%)

5¢ r~BuC=CH, H _ 7c (61%)
I,/H,O
/0y TN/ OR

_\5< ROH/MeCN I/ \

8 9a R=H (42%)
9a' R=Me (35%)

jas)

6a (90%) -

Scheme 2 The role of alkene structure on the regioselectivity of the addi-
tion. Reaction conditions: iodo-hydroxylation; 1 mmol of 5 or 8, 0.5 mmol
of I, 0.5 mmol of 30% of aqueous H,O,, 10 ml of MeCN, 15 mmol of
H,0, T = 20 °C, reaction time 20 h. Iodo-methoxylation; 1 mmol of 8,
0.5 mmol of 30% of aqueous H,O,, 10 ml of MeOH, 20 h at 20 °C.

indicating that appropriate steric requirements could alter the
regioselectivity type completely. We may conclude that alkene
structure has a remarkable effect on the course of reaction.

Our study was continued by checking the stereochemical
course of iodofunctionalisation using the H,O,-I, reaction
system on a set of cyclic alkenes (Scheme 3). We found that
cyclopentene 10a and cyclohexene 10b reacted in the anti
mode, yielding trans-2-iodo-1-hydroxy substituted cycloalk-
anes 1la and 11b or trans-2-methoxy-1-iodocycloalkane
derivatives 11a’ and 11b’, respectively. Carbocation stability
proved to be the dominant factor governing the iodofunction-
alisation of 1-methylcyclohexene 10¢; the mode of addition
is anti, thus yielding trans-2-iodo-1-methoxy-1-methylcyclo-
hexane 11c. The additional substituent (Me) at the double
bond in molecule 10c contributes essentially to the regioselec-
tivity of the product formation, but has no influence on the
manner of addition. We also targeted highly reactive and
challenging alkenes 10d and 10e, since they possess an enol
ether moiety and we established that both carbohydrate-
related substrates reacted analogously, producing trans-2-
methoxy-3-iodocycloalkane derivatives 11d and 11e. The ring
size (5-mem/6-mem) and heteroatom were proved to have an
insignificant influence on the stereochemical course of the
reaction, the addition type being anti.

Finally, we tested the stereochemical course of reaction of
the H,O,/I, system on trans-B-methylstyrene 12 compared to
its cyclic, more rigid analogues, indene 14 and 1,2-dihydro-
naphthalene 16, in order to evaluate the role of alkene
geometry and ring size in the presence of an aromatic ring
(Scheme 4). Alkene 12 is an interesting model substrate, known
for its ability to form a partly bridged carbocation, thus having
a possible strong impact on the reaction stereochemistry. By

Y. R
| LL/H,0,
ROH/MeCN
(CHZ)n
10

10a Y=CH,, R,=H, n=0
10b Y=CH,, R,=H, n=1
10¢ Y=CH,, R,=Me, n=1

10d Y=0, R,=H, n=0
10e Y=0, R,=H, n=1

Ry
EY /..nOR
(CHy, 1
11

11a R=H (69%)
11a' R=Me (40%)
11b R=H (64%)
11b' R=Me (68%)
11¢ R=Me (71%)
11d R=Me (48%)
11e R=Me (61%)

Scheme 3 The role of ring size and heteroatom on the steroselectivity
of the iodofunctionalisation. Reaction conditions: iodo-hydroxylation;
1 mmol of 10, 0.5 mmol of I,, 0.6 mmol of 30% aqueous H,O,, 10 ml
of MeCN, 20 mmol of H,0, 20 h at 20 °C. Iodo-methoxylation; 1 mmol
of 10, 0.5 mmol of 1,, 0.6 mmol of 30% of aqueous H,0,, 20 h at 20 °C.

employing trans-B-methylstyrene 12, it is also possible to
distinguish between an opened and a cyclic iodonium
intermediate; the latter would result in a product of uniform
geometry. Reaction of 12 in a MeCN-H,0O mixture yielded
2-iodo-1-phenylpropan-1-ol 13, the relative ratio of threo :
erythro isomers being 45 : 1. These observations regarding the
regio- and stereochemistry of the process indicate that cyclic
iodonium reactive intermediates are preferentially involved in
the course of the reaction, where addition typically has anti
character. We found that indene 14 and 1,2-dihydronaphtha-
lene 16 were stereoselectively transformed, regardless of
whether the nucleophile was methanol or water, to trans
iodo-substituted product 15a, 15b, 17a or 17b respectively. The
results demonstrate that open versus cyclic alkene geometry
has a trivial influence on the regio- and stereoselectivity, like
ring size and the vicinity of the aromatic ring.

In Scheme 5 the electron and proton flows between alkene,
I, and H»O, are presented. In the first step, the triad I,, H,O,
and ROH (the important role of the presence of H,O, is
evident from the introductory experiments) transform the
alkene into a cyclic iodonium ion and iodide. The cyclic

Ph Ph 1
Iz/HzOz
—_—— > —
\ ROH/MeCN
CH; RO CHj
12 13 R=H (67%)
threo:erythro (45:1)
OR
«\I
(CHy )y (CHy)y
14 N=1 15a R=H (95%)
15b R=Me (92%)
16 N=2 17aR=H (85%)

17b R=Me (76%)

Scheme 4 The role of alkene geometry and ring size on regio- and
stereochemistry of the transformation. Reaction conditions: iodo-
hydroxylation; 1 mmol of 12, 14 or 16, 0.5 mmol of I,, 0.5 mmol of
30% of aq. H>O,, 10 ml of MeCN, 15 mmol of H,O, 20 h at 20 °C.
Todo-methoxylation; 1 mmol of 14 or 16, 0.5 mmol of I, 0.5 mmol of
30% of aq. H,O,, 10 ml of MeOH, 20 h at 20 °C.
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Scheme 5 Proposed reaction pathways in iodofunctionalisation of
alkenes.

intermediate is almost exclusively attacked by ROH at the less
sterically hindered C-atom yielding an anti vicinal hydroxy
or alkoxy iodo-substituted alkane, followed by a subsequent
proton loss. This liberated proton has a catalytical role in the
second iodide ion oxidation process, thus forming I*, which
could react with the I™ ion to form I,. The fate of the newly
generated 1™ could also be olefin attack, producing a second
cyclic iodonium ion. The presence of H is essential to keep the
oxidative properties of H,O», i.e. to act as an electron acceptor.
In conclusion we would like to stress that the demonstrated
applicability of 30% hydrogen peroxide as an excellent
promotor of selective iodine atom transfer into alkenes, using
elemental iodine, contributes to this useful and effective
transformation the very important attributes of a ‘green’
chemical reaction. In view of this very important fact, further
exploitation of this reaction system for the halogenation of as
wide a range of organic molecules as possible is in progress.

Experimental

Starting alkenes were purchased from Aldrich, Sigma and
Merck, while 1d and le were prepared according to a known
procedure.®' Solvents (ACS grade) were purchased from
Sigma and Merck and used as received. A commercially
available 30% aqueous solution of hydrogen peroxide was used
as received. Reaction mixtures were analyzed by TLC, and
pure products were obtained after flash chromatography over
SiO,. Melting points were determined on a Biichi 535 apparatus
and are uncorrected. Chemical shifts of both 'H NMR and '*C
NMR spectra are reported in ppm with TMS as the internal
standard. '"H NMR spectra were recorded on a Varian Inova
300 spectrometer at 300 MHz and '*C NMR on the same
instrument at 75 MHz. IR spectra were recorded on a Perkin-
Elmer 1310 spectrometer. A standard KBr pellet procedure
were used to obtain IR spectra of solids, while a film of neat
material was used to obtain IR spectra of liquid products. Mass
spectra were obtained on an Autospec Q instrument under
impact (EI) conditions at 70 eV. Elemental analyses were carried
out on a Perkin-Elmer 2400 CHN analyzer.

General procedure

To a solution of 1 mmol of alkene 1, 3, 5a, 8, 10, 14 and 16 in
MeOH (10 ml) or to a solution of 1 mmol of alkene 1a, 1b, 1c,

5, 8, 10a, 10b, 12, 14 and 16 in a mixture of MeCN (10 ml) and
water (amount indicated in Schemes 1-4), 127 mg (0.5 mmol)
of elemental iodine and 57 mg or 69 mg of a 30% water
solution of hydrogen peroxide (0.5 mmol or 0.6 mmol of pure
H,0,) were added and the reaction solution stirred at room
temperature for the time indicated (Schemes 1-4). The solvent
was removed under reduced pressure and the crude reaction
mixture was dissolved in 25 ml of CH,Cl,, washed with
aqueous sodium thiosulfate pentahydrate (10%, 10 ml) and
water (10 ml), and dried over anhydrous Na,SO,. The solvent
was evaporated, the crude reaction mixtures were analysed by
'"H NMR, MS and TLC, while pure products were obtained
after flash chromatography over SiO,.The physico-chemical
and spectroscopic characteristics of already known products
2a,'02a’,'6 2aa’,” 2b,"° 2b",'° 2¢,'6 2¢'.'¢ 6a,%% 6b,7, Th, > 11a,’
112’,'° 11b,° 11b'.'° 11¢,'° 114, 11e,” 13,** 152, 15b,*
17a,% and 17b** were in agreement with published data. New
compounds were validated as stated below:

1-Iodo-2-methoxy-2-(1-naphthyl)propane (2d)

Yield 73% of oily product, TLC CH,Cl,—petrolether (bp 40—
60 °C) (1 : 1)/SiO»; 'H NMR 6 1.91 (3H, s), 3.06 (3H, s), 3.63
(1H,d, J = 10.5Hz),4.08 (1H, d, J = 9.8 Hz), 7.37-7.55 (4H, m),
7.79-7.88 (2H, m), 8.85 (1H, m); '*C NMR: ¢ 18.9 (CH,I), 25.9
(CHs3), 51.5 (OCH3y), 79.3 (C-2), 124.7, 125.6, 126.0, 126.3, 126.5,
129.1 and 129.7 (Ar—CH), 131.5, 134.6 and 135.8 (Ar-C); IR
(neat) v 3047, 2983, 2932, 2824, 1599, 1506, 1453, 1418, 1393,
1372, 1343, 1248, 1170, 1103, 1069, 1028, 878, 802, 777, 739, 660,
623 cm™'; MS, m/z (%): 326 (M™, 23%), 185 (6), 84 (100). Anal.
calcd for C14H;510: C 51.55, H 4.64. Found: C 51.59, H 4.86%.

1-Iodo-2-methoxy-2-(9-phenanthryl)propane (2e)

Yield 86% of white crystals, mp 100.3-103.3 °C; TLC CH,Cl,—
petrolether (bp 40-60 °C) (1 : 1)/SiO,; '"H NMR 6 1.99 (3H, s),
3.11 (3H, s), 3.69 (1H, d, J = 10.5 Hz), 4.16 (1H, d, J =
10.6 Hz), 7.56-7.86 (6H, m), 8.64 (1H, d, J = 8.2 Hz), 8.74
(1H, dd, J = 9.5 Hz, J = 2.0 Hz), 8.96 (1H, dd, J = 7.7 Hz,
J = 2.0 Hz); 3C NMR: 6 18.6 (CH,I), 26.0 (CH3), 51.6
(OCHs;), 79.2 (C-2), 122.4, 123.2, 126.4, 126.8, 127.4, 128.1 and
128.9 (Ar-CH), 130.2, 130.6, 130.8, 131.2 and 134.0 (Ar-C);
IR (neat) v 3057, 2983, 2931, 2825, 1598, 1530, 1491, 1449,
1419, 1366, 1256, 1173, 1117, 1076, 891, 748 cm™'; MS, m/=z
(%): 376 (M*, 18%), 249 (9), 235 (100), 217 (33), 203 (33), 191
(32), 177 (19). Anal. caled for C;gH;10: C 57.46, H 4.55.
Found: C 57.34, H 4.71%.

1-(2-Iodo-1-methoxyethyl)pyrrolidin-2-one (4)

Yield 75% of oily product, TLC CH,Cl,—acetone (10 : 1)/SiO»;
'"H NMR § 2.02-2.15 (2H, m), 2.49 (2H, m), 3.15 (1H, dd,
J =179 Hz, J = 10.5 Hz), 3.31 (3H, s, OCH3), 3.32-3.39 (3H,
m), 5.35 (1H, dd, J = 6.0 Hz, J = 7.9 Hz, NCH); '3C NMR: §
2.6 (CH,I), 18.2 (CH,), 31.3 (CH,), 40.4 (CH,), 56.4 (OCH3),
82.1 (CH-N), 176.3 (CO); IR (neat) v 2934, 2889, 2830, 1693,
1456, 1414, 1271, 1099, 1075, 941, 619 cm ™ '; MS, m/z (%o): 270
(MH™*, 12%), 238 (98), 185 (48), 142, (42), 128, (100), 111 (22).
Anal. caled for C;H1,INO: C 31.25, H 4.50, N 5.21. Found: C
31.35, H 4.63, N 5.11%.

This journal is © The Royal Society of Chemistry 2005
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1-Iodomethyl-1-methoxycyclopentane (6a’)

Yield 92% of oily compound, TLC CH,Cl,—n-pentane (2 : 3)/
SiO,; '"H NMR 6 1.51-1.99 (8H, m), 3.16 (3H, s), 3.35 (2H, s);
13C NMR 6 13.8 (CH,-I), 24.6 (C-3.4), 36.1 (C-2,5), 49.8
(OCH3), 84.8 (C—q); IR (neat) 2959, 2871, 2822, 2361, 2340,
1080 cm™'; MS miz (%): 240 (M*, 2%), 113 (29), 99 (100), 85
(13). Anal. Calcd for C;H310: C 35.02, H 5.46. Found: C
35.29, H 5.69%.

1-Hydroxy-2-iodo-3,3-dimethylbutane (7¢)

Yield 61% of white crystals, mp 35.5-36.9 °C, TLC CH,Cl,/
SiO,; '"H NMR 6 1.13 (9H, s), 2.05 (1H, dd, J = 9.0 Hz, J =
4.6 Hz, OH), 3.68 (1H, ddd, J = 12.5Hz,J = 9.2 Hz J = 4.2 Hz),
3.79 (1H, ddd, J = 12.5 Hz, J = 9.2 Hz J = 4.2 Hz), 4.26 (1H,
dd, J = 9.0 Hz, J = 3.4 Hz, CH); '>*C NMR: 6 29.0 (3 x CHj),
34.7 (C-3), 61.7 (C-2), 65.9 (C-1); IR (neat) v 3336, 2963, 2868,
1364, 1257, 1133, 1070, 1044, 996, 943, 905 cm™'. Anal. caled
for CgH,510: C 31.60, H 5.75. Found: C 32.05, H 5.97%.

2-Hydroxy-3-iodo-2-methylpentane (9a)

Yield 42% of liquid, volatile product, TLC CH,Cl,/SiO5; 'H
NMR 6 1.10 3H, t, J = 7.1 Hz), 1.37 (3H, s), 1.42 (3H, s),
1.70-1.81 (2H, m), 2.00 (1H, brs, OH), 4.14 (1H, dd, J = 8.6 Hz,
J = 5.2 Hz); 3C NMR: § 15.9 (C-5), 26.5 (CH3), 27.1 (CHj),
29.1 (CH,), 60.8 (C-3), 72.5 (C-2); IR (neat) v 3419, 2970, 2933,
2875, 1458, 1377, 1327, 1280, 1156, 1117, 920, 898, 870, 800,
768 cm™'; MS (EL 70 eV) m/z 228 (M*,<1), 213 (4), 170 (3),
128 (6), 101 (51), 86 (11), 71 (15) 59 (100); HRMS calcd. for
CgH 510: 228.0011, found 228.0018.

3-Iodo-2-methoxy-2-methylpentane (9a’)

Yield 35% of liquid, volatile product, TLC CH,Cl,—petrolether
(bp 40-60 °C) (1 : 1)/SiO,; 'H NMR 6 1.08 (3H, t, J = 7.1 Hz),
1.35 (6H, s), 1.62-1.84 (3H, s), 3.23 (3H, s), 4.06 (1H, dd,
J =109 Hz, J = 2.7 Hz); '3C NMR: § 15.5 (C-5), 21.9 (CH3),
24.9 (CH3), 28.4 (C-4), 49.5 (C-3), 51.4 (OCHy), 64.6 (C-2); IR
(neat) v 2972, 2934, 2827, 1460, 1375, 1239, 1192, 1121, 1070,
799 cm ™ '; MS (EL 70 eV) m/z 242 (M*, 1%), 227 (1), 211 (1),
199 (<1), 169 (1), 145 (<1), 137 (<1), 128 (2), 115 (22), 73
(100); HRMS calcd. for C;H;510: 242.0168, found 242.0169.
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A comparative analysis of the reactions between maleic anhydride and furan derivatives is
presented in near and supercritical carbon dioxide and traditional organic solvents. Reaction
kinetics were monitored by UV-vis absorbance spectroscopy in conjunction with an optimization
technique which greatly simplified the experimental approach. In all of the reactions studied,
supercritical carbon dioxide proved to facilitate a rate enhancement over conventional organic
solvents. The reaction between maleic anhydride and furfuryl alcohol at 69 bar and 35 °C was
found to proceed 10 times faster in CO, compared to reactions carried out in diethyl ether. All

kinetic results were obtained from reactions undertaken in true homogeneous one phase fluid

systems. The results achieved further indicate the potential of using carbon dioxide as a medium

to carry out such chemical transformations through more environmentally acceptable processes.

Introduction

The development of chemical reactions that are atom efficient,
environmentally friendly and which proceed with enhanced
selectivity is a major goal for the synthetic chemist. A number
of diverse approaches to achieve these goals have been
developed, and include new strategies for solid phase synth-
esis,! the use of supported catalysis,? ionic liquids® and the
replacement of conventional solvents by supercritical fluid
(SCF) media.* Primarily influenced through environmental
considerations, supercritical carbon dioxide (sc-CO») has been
shown to be an effective medium for a range of chemical
transformations that have included cycloaddition reactions,’
metal mediated reductions,® metal coordination chemistries,’
hydrogenation® and alkylation.”'°

Few reactions can compete with the Diels—Alder cycloaddi-
tion with respect to the degree of structural complexity that
can be achieved in a single step. Consequently, SCFs and in
particular sc-CO,, have attracted considerable interest as
media for Diels—Alder reactions.'! These studies have exam-
ined a number of facile Diels—Alder reactions of reactive
components that give stable cycloadducts.!*!® Several groups
have reported on the effects of pressure, solvent density and
fluid viscosity on the reaction rate and product distribution of
cycloaddition reactions undertaken in sc-CO,."*1® In parti-
cular, Paulaitis and Alexander showed that varying degrees of
pressure (80-430 bar) and temperature (35-60 °C) can be
utilised to control the rate of cycloaddition between maleic
anhydride and isoprene. In their work a prominent increase in
the reaction rate near the critical point, due to dramatic
changes in activation volumes, was identified.'” A far greater
challenge, however, is presented by Diels—Alder reactions
involving furans, given that these compounds are less reactive
as the diene component in cycloaddition reactions due to the

*j.holmes@ucc.ie

aromatic nature of the furan nucleus and because the highly
strained products formed undergo facile cycloreversion.'®

The synthetic application of Diels—Alder chemistry to furan
derivatives has been extensively studied and successfully
exploited in conventional organic solvents.'” For example,
the reaction between maleic anhydride and furfuryl alcohol
gives rise to a substituted 7-oxa-norborn-2-ene structure that
can be manipulated with impressive selectivity leading to a
variety of interesting target molecules. Structurally related
materials have been successfully utilized as intermediates in the
synthesis of prostaglandins,?® antibiotics,?! agrochemicals*
and a host of biologically active compounds.>® However, ring
strain in 7-oxa-norborn-2-ene systems and the aromatic
character of the furan molecules combine to limit product
yields in traditional organic solvents.?* The thermal lability of
these products precludes heating as a viable route to accelerate
the rates of reaction as the cycloadduct readily reverts back to
the starting materials®> which undergo polymerization on
heating.?*?” While these limitations are problematic from a
synthetic point of view, the retro reaction also significantly
complicates kinetic measurements® leading to inaccurate
assessment of reaction rates.

The work reported in this paper describes the reaction
between maleic anhydride and various furan derivatives in
near and sc-CO, (Scheme 1) and demonstrates how product

R 0 o R O O R'" H
\O + _ 4 (0] FO
b o 0
H 0

R'= CH,OH
R'= CH,0COMe 1 2
R'= CH,0COPh

Scheme 1 Cycloaddition reactions of maleic anhydride with furan
derivatives to form 7-oxa-norborn-2-ene products.
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yields and rate coefficients change as a function of fluid
density. Owing to its relative simplicity, in situ UV-vis
absorption spectroscopy was utilized in conjunction with
optimization methods to determine the reaction kinetics of
the systems under study.?®

Experimental
Materials

Furfuryl alcohol (FA), furfuryl acetate (FAC), and furfuryl
benzoate (FB) (Aldrich, Ireland) were redistilled under
reduced pressure, dried over sodium sulfate and filtered before
use. FA has a tendency to undergo a limited degree of
polymerization under acidic conditions to form di-furfuryl
ethers.” Purified samples of the alcohol were analysed by UV-
vis absorption spectroscopy on a Hewlett Packard 8453 diode
array spectrophotometer to ensure that no alcoholic polymers
were present prior to experimentation.’® Maleic anhydride
(MA) (Aldrich, mp 54-56 °C, 99%) was purified using vacuum
sublimation to remove maleic acid present in the commercial
reagent. Elemental analysis was undertaken on all reactants
using a CE440 elemental analyzer. Carbon dioxide (99.9%)
was purchased from Irish Oxygen (Cork) and used as received.
Deuterated acetone (Aldrich, 99.9 atom%) was used in all 'H
NMR experiments (300 MHz Bruker Spectrophotometer) to
confirm the structures of all cycloadduct products synthesized
in our reactions. For comparative purposes, reactions were
carried out in acetonitrile (Aldrich, HPLC grade, 99%) and
anhydrous diethyl ether (Aldrich, 99.8%) both being used as
received.

In situ UV-vis absorbance measurements

All experiments were undertaken in a high pressure variable
volume stainless steel cell. The cell was fitted with two UV-
grade sapphire windows giving an optical pathlength of 2.6 cm.
The cell was also fitted with a front view window to allow
visual inspection of the reaction. Reaction temperature was
controlled using an Isopad heating tape (Type ITWSS-M),
which was thermostatted to +0.2 °C using a platinum
resistance thermometer and temperature controller. Pressure
was controlled to +1 bar using an Isco syringe pump (Lincoln,
NE, 260 ml). An external magnetic stirrer drove a PTFE
coated magnetic stirrer bar. All reactions were monitored
within the reaction vessel using a Hewlett Packard 8453 UV-
vis spectrophotometer. This approach allowed all reactions to
be monitored without altering the composition of the system in
preference to a sampling technique which can potentially alter
the system’s phase behaviour.?!

Solubility measurements

The solubilities of each reactant individually, and reaction
mixtures, at various temperatures and pressures above and
below their critical point were measured in CO,. A series of
experiments were carried out whereby a pre-determined
amount of an individual reactant was dissolved in CO, and
its absorption spectrum was recorded allowing determination
of molal extinction coefficients for each component. Fig. 1
shows the molal extinction coefficients (kg mol™! ecm™!) of

100 T T ) )
80 : “ E
E 60
3
;J 40
@ 20
0
260 280 300 320 340
Wavelength (nm)
Fig. 1 Molal extinction coefficients of maleic anhydride (- — -),

furfuryl alcohol (---) and the cycloadduct product (—) determined in
sc-CO, at 35 °C and 207 bar.

maleic anhydride, furfuryl alcohol and the cycloadduct derived
from maleic anhydride and furfuryl alcohol, (1-hydroxy-
methyl-4,10-dioxa-tricyclo[5.2.1.0*%]dec-8-ene-3,5-dione) as a
function of wavelength in sc-CO, at a temperature of 35 °C
and pressure of 207 bar. The extinction coefficients of all
compounds did not change significantly as a function of
temperature or pressure. In multi-component systems, inter-
molecular interactions between reactants can significantly alter
their solubilities in a SCF.*?> Consequently, the solubilities of
mixtures of maleic anhydride and the furan derivatives were
determined by UV-vis absorption spectroscopy to confirm that
the reactions were indeed occurring in a single phase region.

Reaction procedure

In a typical reaction, 1-10 mg of maleic anhydride and the
appropriate furan derivative were placed in the high-pressure
cell with CO,. The reaction cell was pressurized and
thermostated to maintain the desired pressure and temperature
respectively. The cell was allowed to equilibrate for 5 minutes
whilst the reaction mixture was stirred. Absorption spectra of
the reaction were taken every 90 seconds over a period of
2-3 hours to allow kinetic parameters to be determined. After
24 hours the cell was slowly depressurized and the contents
remaining were dissolved in deuterated acetone (1 ml) for 'H
NMR analysis to confirm product distribution and the degree
of conversion achieved.

Kinetic studies

A simplified method to extract kinetic data from the UV-vis
absorbance spectra recorded was developed. The total
absorbance of all species in CO, at a given wavelength (1)
can be described by a summation of Beer’s law:

Abstow(2) = lena(Dmuia + era(Dmpa + (1)
eprOD(A)MPROD)

where ¢, is the molal extinction coefficient of species x
(kg mol ! em ™) at wavelength A (nm); / is the cell path length
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(cm) and m, is the molal concentration of x (mol kg™'). An
optimization model was developed to determine the concen-
trations of reactants MA, FA and the cycloadduct (PROD)
produced at any time point during the course of the reaction.
This was achieved by minimizing the differences between the
measured (EXP) and calculated (CALC) absorbance, as shown
in eqn. (2):

) =250, 251,...600 nm
Ming = =

(Absexp(2) — Abscarc(1)’  (2)
The model solution was constrained by the mass balance
equations (3) and (4):

0 _ t _ t —
mypy ~ My~ Mppep = 0 (3)

0 _
Mpy = Mgy — Mppop = 0 “4)

Where m! is the initial concentration of reactants and m' the
molal concentration of species x at time 7 during the reaction.
The optimization model was implemented with the generalized
reduced gradient (GRG) algorithm described by Smith and
Lasdon.®

'"H NMR analysis

Diels—Alder reaction of furans with dienophiles usually results
in the formation of the thermodynamically more stable exo
product (1, Scheme 1). The kinetic endo product (2), once
formed, undergoes a facile retro reaction to reform the starting
materials and is rarely observed in synthetic procedures.
During our studies, variable amounts of the endo product were
routinely observed as a minor product in crude reaction
mixtures. Owing to the similarity of the UV-vis spectra, and
hence the extinction coefficients of the two diastereoisomeric
forms, it was not possible to differentiate between them using
UV-vis spectroscopy. The ratio of endo to exo products
produced from the cycloaddition reactions was therefore
determined by 'H NMR analysis of the crude reaction
mixtures by integration of the characteristic bridgehead proton
signals. For the exo product, no coupling is observed between
the bridgehead proton and the vicinal trans (anhydride)
proton since the dihedral angle is close to 90 degrees.*
The signal therefore appears as a doublet at 5.1 ppm. For the
endo product, however, coupling is observed between the

a) 35 T
30} ]
25} L ]
20} ]
15} . ]
Lof # ]
05}, ]

[FA] (x 107 mol kg™)

0.0 1 1 1
0.000 0.001 0.002 0.003

nFA / l]CO

2

bridgehead proton and the vicinal cis (anhydride) proton and
so the signal appears as a doublet of doublets at a chemical
shift of 5.5 ppm. The overall conversion of reactants to
products was determined by integration of characteristic
product signals against the maleic anhydride proton singlet
at 7.1 ppm.

Results and discussion
Solubility of reactants in sc-CO,

The importance of phase behaviour cannot be understated,
because the outcome reaction can in some cases be determined
by whether the reaction mixture is single or multiphase.*
Kinetic studies were undertaken on single phase homogeneous
mixtures, as determined from solubility studies, to eliminate
inaccuracies due to the presence of a multiphase system.**’
Figs. 2(a) and 2(b) show the solubility of maleic anhydride
(MA) and furfuryl alcohol (FA) in sc-CO, at 35 °C and 207 bar
as determined by UV-vis absorption spectroscopy. Both
compounds being polar have limited solubility in CO,,
however, at concentrations below 2.0 x 107> mol kg_1 each
compound is totally soluble in sc-CO,. It should be noted,
however, that the solubility of a single solute in a SCF is
not necessarily the same as in a multi-component system.3>®
Phase behaviour of the two component systems,
(maleic anhydride and the respective furan derivative) was
therefore undertaken by UV-vis spectroscopy and visual
observation. Maleic anhydride and the respective furan
derivative were found to exist as a single homogeneous phase
in sc-CO, when the additive concentration was below 2.0 x
1072 mol kg !. Therefore, all reactions reported in this
manuscript were undertaken at total reactant concentrations

less than 2 x 107 mol kg™ ..

Kinetics of maleic anhydride and furfuryl derivatives in sc-CO,

Fig. 3 shows the time dependent UV-vis absorbance changes
for a typical reaction between maleic anhydride and furfuryl
alcohol in sc-CO, at 35 °C and 207 bar. An increase in the
absorbance with time is clearly seen in the region between 250—
290 nm due to the formation of the product (PROD). At
higher wavelengths, 300-350 nm, the absorbance decreases
with time due to the disappearance of the reactants (MA

b) 5 5f ' ' '

3.0F L& .
2.5 s .
20F &’ .
1sf ]
1.0} .
0.5} - .

0.0
0.000

[MA] (x 10” mol kg™)

0.002  0.003

n,,/ ncoz

0.001 0.004

Fig. 2 Solubility of (a) furfuryl alcohol and (b) maleic anhydride in sc-CO, at 35 °C and 207 bar. Concentrations were determined from UV-vis
absorbance measurements (see text) vs. the ratio of number of moles () of each compound to the number of moles of COx(nco,).
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Fig. 3 Time dependent UV-vis absorbance changes recorded for a
reaction between maleic anhydride and furfuryl alcohol in sc-CO, at
35 °C and 207 bar over a 2 hour time period.

and FA). Although there have been numerous studies of
Diels—Alder reactions in sc-CO,, no kinetic studies of the
reactions between furans and maleic anhydride have been
performed. Dewar and Pierini, and Lee and Herndon
previously reported that the Diels—Alder reaction between
maleic anhydride and furan in acetonitrile obeys second order
kinetics,”®* and indeed our Diels-Alder cycloaddition reac-
tions in sc-CO, also exhibit second order kinetics with the
bimolecular rate coefficient given by eqn. (5):

1 [FAJo[MA],

[MA], —[FA], ™ [MA],[FA],

=kt (5)

Table 1 outlines the variation in rate coefficient (k;) with
increasing pressure for reactions carried out at 35 °C. A clear
enhancement of the rate coefficient is observed for reactions
carried out in sc-CO, compared with traditional organic
solvents such as ether and acetonitrile. It is particularly
noteworthy that the rate coefficient in near critical CO, at
69 bar is observed to be ten times greater than the same
reaction undertaken in either ether or acetonitrile at the same
temperature. This enhancement may be explained by the
proximity of the critical point (7, = 31.1 °C and P, = 73.6 bar),
where a local density augmentation effect*® can occur through
the clustering of solvent molecules around dilute solute
species!! enhancing solubility and increasing reaction rates.*!

The Arrhenius plot shown in Fig. 4 demonstrates the
temperature dependence of the rate coefficient for the reaction
between furfuryl alcohol and maleic anhydride carried out in
sc-CO, at 207 bar. An activation energy (E) of 68 kJ mol ™ is
observed under these conditions. We believe there is an
increased influence from the reverse reaction, primarily

Table 1 Variation in the rate coefficient (k;, x 107* kg mol ' s~ ")
for the reaction between maleic anhydride and furfuryl alcohol with
increasing pressure, at a constant temperature of 35 °C

CO, pressure/bar kco, Kther kAcetonitrile
69 49.6 5.9 4.1
207 45.4 6.1 7.6
483 50.1 12.5 15.4
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Fig. 4 Arrhenius plot determined for the reaction between maleic
anhydride and furfuryl alcohol in sc-CO, at a constant pressure of
207 bar.

established from the thermal instability of the cycloadducts
at temperatures of 45 °C and above. In light of this, and the
inherent instability of the cycloadduct at elevated tempera-
tures,”® we investigated the effect that the reverse reaction has
on the measured kinetics of the forward reaction (Scheme 1).
The rate coefficient (k_;) of the reverse reaction proved
insignificant at temperatures between 20-35 °C for the
cycloaddition of maleic anhydride with all of the furan
derivatives studied. However, at a temperature of 45 °C the
cycloadducts readily reverted to the starting materials. Fig. 5
shows a first order rate plot of the reverse reaction between
maleic anhydride and furfuryl alcohol at a temperature of
45 °C and 207 bar. A rate coefficient (k_;) for the reverse
reaction of 0.58 x 107* s™! was observed which constitutes a
large influence over the forward reaction at this temperature.

Product yields in CO,

A significant increase in product yield was obtained in sc-CO,
compared to reactions undertaken in diethyl ether and
acetonitrile. The average product yield was 12% for reactions
undertaken in diethyl ether after 2 hours at 35 °C. Table 2
shows that in CO, product yields up to 54% could be obtained
at temperatures below 35 °C over the same time duration. Also

0.00 fe L
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Fig. 5 First order rate plot of reverse reaction between maleic
anhydride and furfuryl alcohol at 45 °C and 207 bar.
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Table 2 Variation in the endo to exo product ratio for the reaction
between maleic anhydride and furfuryl alcohol as a function of
pressure, at a constant temperature of 35 °C

Product ratio

CO, Yield Solvent Solvent
pressure/bar (%) Exo Endo density/g cm™*  viscosity/cP
69 50 0.76 0.24 0.21 0.019
207 42 0.6 0.4 0.87 0.085
345 44 0.62 0.38 0.95 0.105
483 54 0.65 0.35 1.00 0.122

shown in Table 2 is the variation in product yield as a function
of fluid pressure. Large variations in product yield were not
observed between the pressure range of 69-483 bar. Not
surprisingly, the greatest product yield observed was obtained
at the highest pressure studied, 483 bar, where solvent density
and viscosity were also at a maximum relative to the other
pressures under study.** A significant yield of over 50% was
also observed at 69 bar and 35 °C, conditions that are close to
the critical point of CO,.

Substitution effects

Encouraged by the observed enhancement of the rate
coefficient using sc-CO,, we investigated how changing the
substituent pattern on the parent furan structure affected the
observed rate coefficients. An example of the variation in
the rate coefficients is shown in Table 3 for reactions carried
out in sc-CO, (207 bar and 35 °C) compared to those
performed in diethyl ether at 35 °C. As the size of the
substituent group increased the rate coefficient in both the
organic solvent and sc-CO, decreased, most probably due to
steric hindrance. However, in all cases the rate coefficients and
product yields determined were greater in sc-CO, than in
diethyl ether or acetonitrile. In particular, no product was
formed in the reaction between maleic anhydride and
furfuryl benzoate after 2 hours in diethyl ether, however,
low conversions were achieved in sc-CO,. Johnston and
coworkers® previously reported that bulky substituents
possess a greater affinity towards sc-CO,, through an
increased cohesive energy density between the solute and
CO.. It could be postulated that by increasing the size of the
substituent, greater cohesive energy density exists between the
benzoate substituent and sc-CO, as opposed to the substituent
and diethyl ether.

Conclusions

In situ UV-vis absorbance methods have been employed
to measure the kinetics of the Diels—Alder reactions of
maleic anhydride with a number of furan derivatives in near

Table 3 Variation in the measured rate coefficients (k;, X
107 kg mol ™! s7!) for the reaction between maleic anhydride and
various furan derivatives at 35 °C in sc-CO, (207 bar) and ether.

kcoz kElher Ratio
Furfuryl alcohol 45.4 6.143 74:1
Furfuryl acetate 8.682 4.051 2.1:1
Furfuryl benzoate 1.248 0 —

and sc-CO, over a range of temperatures (2045 °C) and
pressures (69-483 bar). Rate coefficients and product yields for
reactions in sc-CO, were compared to those obtained in
traditional organic solvents such as ether and acetonitrile.
Reactions carried out in sc-CO, proceeded up to ten times
faster than reactions undertaken in ether or acetonitrile. Sc-
CO, also facilitated the synthesis of the cycloadduct derived
from furfuryl benzoate and maleic anhydride hitherto unob-
tainable in diethyl ether. These studies further illustrate the
extraordinary potential of supercritical fluids, and in particular
sc-CO,, as synthetic media to access compounds unobtainable
using conventional synthetic methodology
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