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ABSTRACT

The use of ionic liquids in chemical research has gained considerable interest and activity in
recent years. Due to their unique and varied physicochemical properties, in comparison to
molecular solvents, the potential applications for ionic liquids are enormous. The use of
microwave irradiation, as a powerful dielectric heating technique, in synthetic organic
chemistry has been known since 1986. Since then, it has gained significant recognition for its
research and application in both academia and industry. The use of either ionic liquids or
microwave irradiation in synthetic organic chemistry has been known to afford improved,
alternative or complimentary selectivities, in comparison to traditional processes. In this
study, the use of ionic liquids as solvents, co-solvents and catalytic media was explored in
Friedel-Crafts, deuterolabelling and O-demethylation reactions.

Alternative methods for the production of a variety of aromatic ketones using the Friedel-
Crafts acylation methodology were investigated using ionic liquid—catalyst or ionic liquid—
acidic additive systems. The disclosed methods, i.e. metal bistriflamides and chloroindate
ionic liquids systems, possessed good catalytic activity in the synthesis of typical
benzophenones. These catalytic systems were also recyclable. Microwave irradiation was
found to be useful in the synthesis of various polyhydroxydeoxybenzoins and arylpropanones
as synthetic precursors to naturally occurring or potentially bioactive compounds. Under
optimized condition, the reaction occurred in only four minutes using systems such as
[bmim][NTf,]J/HNTf, and [bmim][BF,]/BF3-OEt,.

Naturally occurring polyphenols, such as isoflavones, can possess various types of biological
or pharmacological activity. In particular, some are noted for their beneficial effects on human
health. Isotopically labelled analogues of polyphenols are valuable as analytical standards in
the quantification of these compounds from biological matrices. A new strategy for
deuterolabelling of polyphenols was developed using ionic liquids as co-solvents and 35%
DCI/D,0, as a cheap deuterium source, under microwave irradiation. Under these conditions,
perdeuterated compounds were achieved in short reaction times, in high isotopic purity and in
excellent yields.

An O-demethylation reaction was developed, using an ionic liquid reaction medium with
BBr; for the deprotection of a variety methyl protected polyphenolic compounds, such as
isoflavons and lignans. This deprotection procedure was found to be very practical as the
reaction occurred under mild reaction conditions and in short reaction times. The isolation and
purification steps were particularly straightforward and high yielding, in comparison to
traditional methods.
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GENERAL ABBREVIATIONS

Bn benzyl

Bz benzoyl

n-Bu n-butyl

DCM dichloromethane

DMA dimethylacetamide
DMF N,N-dimethylformamide

DMSO dimethylsulfoxide

DPPP 1,3-bis(diphenylphosphino) propane
Et ethyl

EtOAC ethyl acetate

HA Brgnsted acid

HMPTA hexamethylphosphorotriamide

HPLC high performance liquid chromatography
IL ionic liquid

IR infrared radiation

ISM industrial scientific and medical frequencies
Me methyl

MeOH methanol

MSA methane sulfonic acid
MW microwave

NMP N-methylpyrrolidone

Ph phenyl

PTSA para-toluene sulfonic acid
THF tetrahydrofuran

THP tetrahydropyran

TPPTS triphenylphosphine trisulfonate, sodium salt
TSIL task-specific ionic liquid

us ultrasound



IONIC LIQUID ABBREVIATIONS

CATIONS:

[bmim] 1-butyl-3-methylimidazolium
[bpy] butylpyridinium

[emim] 1-ethyl-3-methylimidazolium
[omim] 1-octyl-3-methylimidazolium
[pmim] 1-pentyl-3-methylimidazolium

[IPrmim] 1-isopropyl-3-methylimidazolium

ANIONS:

[Al,Cl/] heptachloroaluminate
[BF4] tetrafluoroborate

Br bromide

[CF3SO3]  trifluoromethylsulfonate

Cl chloride
[CIO4] perchlorate
[FeCly4] tetrachloroferrate

[HSO,] hydrogen sulfate

I iodide

[InCly4] tetrachloroindate

[NOs] nitrate

[NTf,] bis(trifluoromethanesulfonyl)imide

[meebs] p-(2-(2-methoxyethoxy)ethoxy) benzenesulfonate
[OMe] methylsulfonate, mesylate

[OTH] 4-methylbenzenesulfonate, tosylate

[PFs] hexafluorophosphate
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1. INTRODUCTION

The principles of Green Chemistry have been introduced to eliminate or reduce the use or
generation of hazardous materials in chemical processes. One of the key areas of green
chemistry is the replacement of hazardous solvents with environmentally benign ones or the
elimination of solvents altogether.»?* Although a solvent-free alternative process is the best
solution, a solvent is often vital to a successful chemical reaction. Finding an ideal “green”
solvent for an organic reaction is not easy. However, some alternatives for traditional
solvents, for example fluorous solvents and supercritical fluids, have already been
identified.*

Lately, ionic liquids (ILs) have gained much attention as “designer solvents” for a diversity of
chemical applications (Figure 1). The reason for this interest is the enormous selection of
weakly bonding anion and cation combinations, which make up this special class of low
melting salts. It has been calculated that there are some 10 possible single ILs, and the
number of ILs increases still further when binary and tertiary ILs are included.®

ELECTROCHEMISTRY
- Electrolyte in batteries
- Metal plating
- Solar panels BIOLOGICAL USES
{uel cells - Drug delivery
PHYSICAL CHEMISTRY ( \ - Embalming
- Refractive index APPLICATIONS -Biocides
- Thermodynamics
OF
ENGINEERING  ANALYTICS
- Coating IONIC LIQUIDS - Matrices for mass spectometry
. - Gas chromatography columns
- Lubricants .
- Dispersing agent?/—\ J - Stationary phases for HPLC
. \
- Plasticisers
SOLVENTS AND CATALYSTS
- Synthesis
- Catalysis

- Microwave chemistry
- Multiphasic reactions and extractions

g J

Figure 1. Present and potential applications of ionic liquids. Figure is modified from ref. 6.

Many synthetic processes require heating in order to proceed in moderate reaction times. Still,
reaction times of several hours or even days to drive a reaction to completion are not
uncommon. In laboratory scale, organic reactions are traditionally accelerated with the aid of
an external heat source, such as an oil bath or a hot plate. These heating methods rely on the
thermal conductivity of different materials as the energy drifts from the heating source to the
reaction mixture. As a result, the temperature of the reaction vessel is often higher than that of
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the reaction mixture, making the method both slow and inefficient. Heat created by
microwave (MW) irradiation produces efficient internal heating by direct coupling of
microwave energy with polar or ionic molecules that are present in the reaction mixture and,
not surprisingly, MW irradiation has proven to be an excellent alternative to traditional
heating methods.’

This study was undertaken to develop new and more environmentally benign methods for the
synthesis of selected aromatics and biologically active polyphenolic compounds. Ionic liquids
were used as primary reaction solvents or co-solvents, and microwave irradiation was applied
where appropriate as an alternative heating source to reduce reaction times. In addition, a
selection of new ionic liquids was prepared from sulfonate esters in a halogen-free route.

The literature review that follows focuses on the applications of ionic liquids in organic
synthesis under microwave irradiation. As of less importance to this work, the preparation of
ionic liquids under MW conditions is excluded. Recent advances in Friedel-Crafts reactions
are included. Figure 2 gives an idea of the vast literature dealing with ionic liquids and
microwave synthesis showing the number of publications on ionic liquids and microwave
synthesis separately and together between 1990 and 2007. As can be seen, despite the
enormous amount of research that has been done on ionic liquids (red) and microwave
synthesis (green), studies where these two methods have been combined (blue) are relatively

few.

Number of
publications

IL&MW BIL EMW
1600
1400
1200
1000

800

600

400

200

l

Figure 2. Number of publications on ionic liquids, microwave synthesis, and ionic liquids used in
conjunction with microwave synthesis by year, 1990-2007. This figure was prepared with use of the
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SciFinder Scholar Explore Literature search on 10 April 2008. The IL search was done by using the research
topic phrase “ionic liquids”, limited by Publication year (1990-2007), Document type (journal, patent, review)
and Language (English). The 7359 references obtained were analyzed by publication year. The same limitations
were used the MW search, which was done by using the phrase “microwave synthesis”. The 12102 references
obtained were analyzed by the publication year. The IL&MW search was done by refining the obtained IL
references by research topic “microwave”. Again, the results were analyzed by year.

1.1 lonic Liquids

lonic liquids have been attracting the attention of the scientific community since the early
1990s. A number of comprehensive reviews concerning the physicochemical properties of ILs
and their applications in synthesis and catalysis have been published,
8.9.10.11,12,13,14,15,16,17,18,19.20.21.22.23.24 ' tha most recent in 2008.% Only a brief summary of
ionic liquids is presented here.

lonic liquids are defined as salts that are in a liquid form at or below 100 °C. This temperature
limit is merely a convenient marker, as it separates ILs from high-temperature molten salts.?®
The main reason for low melting points of ILs compared with those of simple inorganic salts
(m.p. of NaCl is 800 °C) is the size difference between the ions and a molecular structure
characterized by high degree of asymmetry. The lack of symmetry inflicts the ion — ion
packing by decreasing the Coulombic attraction between the ions.?

The structure and nomenclature of the most common cations and anions in ILs are shown in
Table 1. Typically, the cations are imidazolium, ammonium, pyridinium, pyrrolidinium,
phosphonium and sulfonium derivatives. The anions may be of inorganic or organic origin.
Common inorganic anions are halide, tetrachloroaluminate (also tetrachloroferrate and
tetrachloroindate), tetrafluoroborate, hexafluorophosphate and
bis(trifluoromethylsulfonyl)imide, and common organic anions are derivatives of sulfate or
sulfonate esters, trifluoroacetate, lactate, acetate or dicyanamide.®®?” Substituents (the R-
group) on the cation are usually alkyl chains, but can contain any of a variety of functional
groups, such as fluoroalkyl, alkenyl, methoxy or hydroxyl. Functionalized ILs are often
designed for a particular use, e.g. for specific reactions, extractions or separations, and are
then referred to as “task specific ionic liquids” (TSILs).?® Table 1 shows the cations and
anions organized according to their relative acidity and basicity. So far, the acidity and
basicity of ions has received little attention in IL research; further study can be expected,
because the IL family is expanding rapidly, particularly Lewis basic ILs.?
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Table 1. Structures and nomenclature of the most common cations and anions in ILs, and their

acid/base properties. **’
CATION ANION
Rl\N oy Brgnsted amphoteric
\ \ _ 2 — —_
LEN-R H,PO,  HSO,
N,N-dialky!- dihydrogen hydrogen >
imidazolium phosphate sulfate Q
Protonated cations, e.g. Lewis (E}
N ACl;  FeCl, InCl,~
S/ tetrachloroaluminate,
methylimidazolium -ferrate and -indate
R #H, L
2 R
RU [ RI-NZR? BFe
NTN 3 53 e
@N_R R hexafluoro- F;C—S—N—S—CF,
_ tetraalkyl- phosphate 5 O
N,N,N-trialkyl- ammonium bis(trifluoromethyl-
imidazolium sulfonyl)imide
R? S Z
RL N R BF, 79 =
v/ tetrafluoro-
. N-alkylmethyl-
1,2-dialkyl- pyrro%diniur)rg borate E
pyrazolium tosylate
Y (o)
NI ’G_’)\S @ e S)
N N H3C—S04 R—SO;
N-alkyl- R mesylate sulfonate
thiazolium N-alkyl-
pyridinium
Rl Rl
) Ry I_R? _
s9 P © Cl chloride
RS R2 ®R3 NO3 —
trialkyl- tetraalkyl- nitrate Br bromide
sulfonium phosphonium
b
In — = 0
R e )J\o@
iabi dicyanamide H3C
1-alkyl-4-aza-1-azoniabicyclo- Yy at
[2.2.2]octane acetate E
[C,dabco] @
OH @)
Qs
]
lactate

R, R? R® R*=alkyl, aryl, alkylacid, -ketone, -ester, -ether etc., including chiral.
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The most striking feature of ionic liquids is that their physicochemical properties can be
modified by changing the cation, anion or substituents (R-groups); in other words, ILs can be
tailored to the needs of the reaction. The water miscibility of IL can be controlled by changing
the anion or the R-group of the cation. Thus, increasing the alkyl chain length in the R group
increases the hydrophobicity of the cation and, thereby, the hydrophobicity of IL. Lewis
acidity or basicity can be controlled through the selection and amount of the chosen anion.
For example, the Lewis acidity of [bmim][AICIl,;] can be adjusted by the amount of AIClI;
added. The easy of modification is an invaluable feature of ionic liquids in where they can be
used not only as reaction solvents but also as catalysts or catalytic solvents.'

The beginning of IL preparation and the birth of the entire field is usually dated to 1914, when
ethylammonium nitrate ([EtNH3][NOs], mp 13-14 °C) was prepared by neutralization of
ethylamine with concentrated nitric acid. The discovery did not attract much scientific interest
and these new materials went largely unrecognized almost the 1970s when organic
chloroaluminates (first-generation ILs, Figure 3) were investigated more closely. The first
organic reaction performed in IL reaction medium was in the mid-1980s. In the 1990s, Wilkes
and Zaworotko reported the preparation of new combinations of cations and anions forming
air- and moisture stable ionic liquids (second-generation ILs, Figure 3). Since then, a wide
range of ILs have been developed including TSILs (third-generation ILs, Figure 3), which
were introduced by Davis®® in 2004.%8

1% generation 2" generation 34 generation
1980s - Chloroaluminate ILs 1990s - Air and moisture- 2000s - Task specific ILs
stable ILs
~

AN e) N=\

N ’/’\\ N Q 1 ® N S)

1@ N AlCI, N=2\ (@ N PE

SZANN LGN B ~ \_cooH 6

Figure 3. The three generations of ionic liquids.”

The synthesis of ILs most often proceeds in two steps: formation of the cation and anion
exchange. Typical synthesis paths for the preparation of ionic liquids are shown in Figure 4,
where the preparation of imidazolium based ILs is shown as an example. The cation
formation step is described as a quaternization reaction, and it is this that gives the compound
its ionic nature. In general, the starting material, imidazolium (or amine, pyrimidine, etc.), is
alkylated with an appropriate alkylhalide (RX), and in halogen based ILs only this step is
required. The quaternization reaction can also be carried out by protonation with Brensted
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acid. The anion exchange reactions fall into two categories: a halide salt is treated with a
Lewis acid, which forms a Lewis acidic IL, or the exchange reaction is performed by anion
metathesis.”” The quaternization reaction with alkylhalides may leave traces of halide ion in
the ionic liquid. Although for many purposes this may not be a problem, halide ions can also
interfere with metal catalysts, cause corrosion problems in chemical plants, and interfere with
measurements of physical property of ionic liquids.* It is also possible to synthesise ILs via a
“halogen-free” route, where an alkyl alkylsulfonate, usually alkyl methylsulfonate
(mesylate)®' or alkyl toluenesulfonate (tosylate),” is used for the quaternization reaction.

......

| Halogen-
Qua --- cizationteas i RX
R-SO;R’ [ CActiond |
l’ ------ T \I

- i \HN N\ =] i
e .00 \ I TON-R y !
: N;:;\N—R o) i i k X ’:X=CI,B1',I
1LY, R-SO, | e e
1 “‘ }
LY ’

p—

Figure 4. Synthesis routes for the preparation of methylimidazolium based ionic liquids.”’

Most of the ionic liquids that are well established in organic synthesis are methylimidazolium
based. Notable are ILs where 1-butyl- or 1-ethyl-3-methylimidazolium ([bmim] or [emim])
cation is joined with a neutral anion such as tetrafluoroborate [BF4], hexafluorophosphate
[PFs] or bis(trifluoromethanesulfonyl)imide [NTf;]. Several suppliers also provide a wide
range of other ionic liquids, including ammonium, pyridinium and pyrrolidium based ILs.
Merck supplies an extensive selection of ILs, and it also provides a useful IL website
(http://ildb.merck.de/ionicliquids/en/startpage.htm), with a wealth of valuable information
including melting points and solubility data.

16



1.2 Microwave heating

Microwave heating relies on the ability of molecules or substances to absorb and transmit
microwave irradiation. MW irradiation is electromagnetic irradiation in the frequency range
of 0.3 to 300 GHz. To avoid interference with telecommunications and mobile phone
frequencies, heating applications must use ISM bands (Industrial Scientific and Medical
frequencies) which are 27.12 MHz, 915 MHz or 2.45 GHz. All domestic “kitchen”
microwave ovens and laboratory microwave reactors operate at a frequency of 2.45 GHz. The
microwave photon corresponding to this particular frequency has energy close to 0.0016 eV.
This amount of energy is too low to break chemical bonds and MWs cannot, therefore induce
chemical reactions.*

The origin of “microwave dielectric heating” is the electric component of an electromagnetic
field, which creates heat by two main mechanisms: dipolar polarization and ionic conduction.
When a sample is irradiated at microwave frequencies, the dipoles or ions of the sample
mixture align and realign in the applied oscillating and alternating electric field. Through
molecular friction and dielectric loss, energy is lost in the process in the form of heat. The
ability of the sample to align itself with the given frequency (of the applied field) is directly
related to the amount of heat generated. No heating occurs if the dipole or ion does not have
enough time to realign with the field or if it reorients too fast. The assigned frequency of 2.45
GHz, used in all commercial MW ovens and reactors, is such as to allow dipoles or ions to
align in the field but not to follow the alternating field completely. The ability of a specific
material or solvent to convert microwave energy into heat at a given frequency and
temperature is determined by the loss factor tangent (tan 8), which is expressed as the ratio of
the dielectric loss (¢77) to the dielectric constant (¢). A reaction medium, usually the solvent,
with a high tan 6 is required for good absorption and effective heating. In general, solvents
can be classified according to how well they absorb microwaves: viz. high (tan 6 > 0.5),
medium (tan & 0.1-0.5) and low MW absorbing (tan & < 0.1). Representative examples of
traditional solvents, with their tan & values are collected in Table 2.3

Table 2. Tan § of common solvents from high to low MW absorbing ability.*

Solvent tan o MW absorbing ability
ethylene glycol 1.350
ethanol 0.941
DMSO 0.825 HIGH
methanol 0.659
_______________ butanol 057 ]
NMP 0.275
acetic acid 0.174
DMF 0.161 MEDIUM
1,2-dichloroethane 127



________________ water 0123

acetonitrile 0.062

ethyl acetate 0.059

acetone 0.054

THF 0.047 LOW

dichloromethane 0.042
toluene 0.040

hexane 0.020

Currently, the loss factor tangent values of ILs are not specified in the literature, although the
dielectric constant (¢) is given in some reports of polarity studies.>** Although ILs are usually
understood as medium MW absorbing compounds, this has not been scientifically confirmed
with the tan & value. However, the most frequently used ILs, e.g., [bmim][BF4] and
[bmim][PF], possess ideal solvent properties for microwave promoted reactions. In addition
to the good thermal and chemical stability mentioned above, ILs also feature polar and ionic
character enabling them to interact through thus both MW energy transfer mechanisms
(dipolar polarization and ionic conduction).®

The use of microwave irradiation as an alternative heating technique in synthetic chemistry
was first described by the groups of Gedye® and Giguere®® in 1986. Its widespread
acceptance, in both, academia and industry, is evidenced by the large number of published
reports>? 40 41 42 43,44, 45,46, 47 and books.*®*? Initially, domestic, sometimes modified, kitchen
microwave ovens were the only available technology. This equipment suffers from lack of
reaction controllability and reproducibility.®® Much valuable pioneering work was
nevertheless done with these ovens. Microwave reactors specifically designed for synthetic
applications e.g. CEM Discover and Biotage Initiator, have been taken into use, with the
result that reaction conditions can be more controlled. These reactors feature a built-in system
for direct temperature measurement of the reaction mixture, operating through an external
infrared (IR) sensor, magnetic stirrers, and software that enables on-line temperature and
pressure control by regulation the microwave power output. The latest upgrade in commercial
available MW reactors is an internal fibre-optic probe temperature measurement system
(CEM Discover), which enables more accurate internal measurement of the reaction
temperature than the IR sensor system.>* This fibre-optic technology became available in our
laboratory only recently and was used briefly in study V.
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2. USE OF IONIC LIQUIDS IN ORGANIC SYNTHESIS UNDER MICROWAVE
CONDITIONS

The first report of an organic synthesis being carried out in a microwave-irradiated ionic
liquid reaction medium was that of Bazureau and co-workers® in 2000. Their report was
quickly followed by a number of studies and four reviews.>* >* > ¢ All organic reactions to
date utilizing ILs under microwave irradiation are collected in Table 14 (in sect 2.5) at the end
of this chapter. Selected reactions are discussed in the following according to the various uses
of ionic liquids:

e as solvents and co-solvents

e as reagents/catalysts and solvents
e as catalysts

e as heating aids

e soluble supports

2.1 Use of ionic liquids as solvents and co-solvents

2.1.1 Cycloaddition reactions

Diels-Alder reactions have been performed successfully in room temperature ionic liquids
(RTILsS) such as [bmim][BFs], [bmim][CIO,], [emim][CF;SO3], [emim][NOs] and
[emim][PFs]>"® and in combination with MW conditions.(52) **®%%! The extensive study of
Yu and co-workers,”® microwave assisted organotungsten Lewis acid catalysed Diels-Alder
reactions were performed in IL, and for comparison in water. The results for selected dienes,
dienophiles and Diels-Alder adducts are collected in Table 3.
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Table 3. [0=P(2-py);sW(CO)(NO)](BF,),] catalysed Diels-Alder reactions in H,O and [bmim][PF¢].%

Dienophile

0 1

(=5

v}
@ 2
=1
@
=

H@//_\Lo

A

4.

= b
© s
Diels-
Alder Conventional heating at 50 °C Microwave irradiation (T, 50 °C)
adduct
H,0 [bmim] [PFg] H,0 [bmim][PF]

Time Yield endo/ Time Yield endo/ | Time Yield endo/ Time  Yield endo/

(h) (%)  exo (h) (%)  exo (s) (%)  exo (s) (%)  exo
la 0.58 90 10:1 0.35 90 10:1 50 90 93:4 25 92 8:1
1b 0.67 92 19:2 0.42 88 8:1 50 87 8:1 25 85 8:1
1c 0.6 82 endo 0.5 80 endo 50 84 endo 30 81 endo
1d 35 96 371 35 97 4:1 60 97 72 60 96 4:1
2a 0.5 80 endo-  0.35 72 endo- | 50 86 endo- 25 75 endo-

syn syn syn syn
2b 0.35 85 endo-  0.25 72 endo- | 50 88 endo- 25 78 endo-
syn syn syn syn

2¢ 0.42 77 0.35 73 50 83 25 78
3a 0.58 90 11:2 25 90 6:1
3b 0.58 76 5:1 25 77 6:1
3¢ 0.66 78 endo 30 80 endo
4a 11 80 30 80
4b 11 87 30 88
4c 0.58 78 30 80
S5a 1.7 78 35 83
5b 1.7 85 35 88
Sc 25 70 40 75

20




To summarize the results in Table 3, where starting materials were sufficiently polar, reaction
times, yields and stereoselectivity were not markedly different under similar heating
conditions when water and [bmim][PFs] were used as the solvent (1b exception). As the use
of water is limited by the low substrate solubility, [bmim][PFs] served as the only feasible
reaction medium for compounds 3-5. In all cases (1-5), reaction times were reduced, from
21-150 minutes to 25-40 seconds, under microwave conditions. In addition, the recovery of
the organotungsten catalyst was successful in [bmim][PF¢]. Little catalytic activity was lost
and the catalyst could be recycled as many as ten times. By contrast, the recovery in water
revealed 20% decay in catalytic activity after just six recyclings.

2.1.2 Heck reaction

Traditional solvents used in the Heck reaction, such as DMF, DMA and NMP, are known for
their high solvation abilities towards Heck catalysts, i.e., palladium complexes. Today, these
solvents are on the “environmental blacklist”®?, and new reaction protocols are avidly being
sought.®® lonic liquids are known to dissolve a variety of Heck reagents and are becoming
useful as alternative solvents.®*®>®®  Microwave promoted Heck reactions have been
investigated in ILs by Vallin and co-workers in [bmim][PF]®” and by Xie and co-workers in
[omim][BF,].®® Representative results from these two studies are collected in Table 4.

Table 4. Comparison of the Heck reaction in [bmim][PFs]® and [omim][BF,]®® under microwave
conditions.

Io) O
X AN
R/ = R/ =
X R IL Pd Ligand Base Time  Temp Yield
source (min)  (°C) (%)
Br OMe [bmim][PF] PdCl, Et;N 45 180 94
Br OMe [bmim][PF¢] PdCl, P(o-tol);  Et3N 45 180 99
Br OMe [bmim][PF¢] Pd/C Et;N 45 180 29
Br OMe [omim][BF4] Pd/C BusN 1.5 not 56
_________________________________________________ ______recorded
Br H [bmim][PF¢] PdCl, P(o-tol);  Et;N 20 220 87
Br H [omim][BF,] Pd/C BusN 1.5 not 80
_________________________________________________ ______ recorded
I H [bmim][PF¢] PdCl, P(o-tol);  Et;N 5 180 95
I H [omim][BF4] Pd/C BusN 1.5 not 86
recorded
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In the study of Vallin and co-workers, different palladium sources, e.g., PdCl,, Pd(OAc), and
Pd/C, and common phosphine ligands, such as PPhs, DPPP and P(o-tol)s, were examined in
[bmim][PFe]. The best catalytic system was found to be PdCl, with ligand P(o-tol)s; ordinary
Pd(OAc), gave much lower conversions. The IL [bmim][PFs] was shown to be stable at high
reaction temperatures as well as in the product isolation procedure (Kugelrohr distillation at
1-2 mm Hg and 170 °C), and the catalytic IL system was recycled five times. In the study of
Xie et al., reactions were carried out in [omim][BF4] with Pd/C as catalyst and without a
phosphine ligand. The reaction times were much shorter than those reported by Vallin and co-
workers, no mention was made of reaction temperatures or the MW equipment that was used,

and reproducing reactions with different MW equipment would probably prove difficult.

2.1.3 Aza-Michael addition

ILs have repeatedly provided high reaction accelerations in Michael addition and related
reactions.®® 70717273, 74.75.76.77 pacently, Zare and co-workers reported microwave-assisted aza-
Michael addition of aromatic sulfonamides to various a,p-unsaturated esters.”*”®  The
reactions were carried out in the presence of a catalytic amount of MgO™ or ZnO™ with
[omim]Br as the reaction solvent (Scheme 1).

S, ZnO (20 mol%) or R RS
R-S—NH, + R? R MgO (25 mol%) o
~NH, . 9 4
o) “CO,R*  [bmim]Br R-S-NH  CO.R
5-12 min, MW, 110 °C O
70 - 89%
R1= Ph, 4-MeCgH, or 2-naphthyl
R?=H or Me
R3=H or Me

R4= Et, n-Bu, Bn, CH,CH,Ph or CH,CH=CHPh

Scheme 1. Aza-Michael addition of sulfonamides to a,B-unsaturated esters.’®"

In the studies of Zare and co-workers, both metal oxides showed good catalytic activity and
the reactions were carried out successfully in 5-12 minutes, with yields varying between 70
and 89%. Both metal oxide—IL systems were still active towards the reaction after several
recyclings. Under optimised reaction conditions, only minor quantities of diadduct products
were formed. The authors showed that the reaction was as much as five times as fast in
[bmim]Br as in conventional solvents under microwave conditions (Table 5).
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Table 5. The effect of [omim]Br as compared with conventional solvents in aza-Michael addition of
benzenesulfonamide (1) to n-butyl acrylate (2) in the presence of ZnO™ or MgO™.

RRmy o
)
Ph—g—':Hz + :\;:ozsu ﬁﬂ%\f?tlo B ? Ph—E—NH
Solvent Time (min) Yield
Zn0O MgO Zn0O MgO
[bmim]Br 5 5 86 89
DMSO 20 20 68 73
DMF 20 20 63 64
HMPTA 25 25 50 49
0-Xylene 25 25 44 26
none 37 23

2.1.4 Synthesis of nitriles from aryl halides

Aryl nitriles can be synthesised from the corresponding halides in IL reaction media using
microwave promoted Rosenmund von Braun reaction (Table 6).%° The reaction time was
reduced from 24 hours in the conventional method to 3 or 10 minutes depending of the
substrate. Under these reaction conditions, aryl iodide substrates gave the highest isolated
yields (examples 1, 4 and 7), while aryl bromides required somewhat longer reaction times
(examples 2, 5, 6, 8 and 9). Aryl chloride failed to react (example 3).
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Table 6. Microwave promoted Rosenmund von Braun reaction with [iPrmim]Br as the solvent.®

/©/X CucN CN
R [i-Prmim]Br /©/

MW, 200 °C R
Example X R Time (min) Yield (%)
1 I Me 3 75
2 Br Me 10 63
3 Cl Me 10 0
4 I OMe 3 65
5 Br OMe 10 40
6 Br Ac 10 64
7 I NO, 3 55 (at 150 °C)
8 Br NO, 10 16
9 4,4’-dibromobiphenyl 10 19

Another study of microwave accelerated synthesis of aryl nitriles in ILs was recently done by
Liang and co-workers.® In their approach, the cyanation of aryl and arylvinyl bromides was
carried out with potassium hexacyanoferrate(ll), K4 Fe(CN)g], catalysed by PdCl, in
[bmim][BF4] (Scheme 2). For aryl nitriles, the yields were 44-84% and arylvinyl nitriles
between 31-74%. Interestingly, this method failed to convert 4-bromotoluene to the
corresponding nitrile in 30 minutes at 200 °C, whereas in CuCN conditions the cyanation
reaction was achieved in 10 minutes in 63% yield (Table 6, example 2). In the case of 4-
bromoacetophenone, both methods gave reasonable yield of the corresponding nitrile (56%
for the latter).

PdCl, DMEDA, Na,CO3
R-Br + Ky[Fe(CN)g] [bmim][BF,4] e
12-40 min, MW, 200 °C

R=aryl, arylvinyl

Scheme 2. Cyanation of aryl and arylvinyl bromides with K,[Fe(CN)e].2

2.1.5 Epoxidation

Epoxidation reactions with hydrogen peroxide (H,O,) as oxidant have been studied widely in
ILs, e.g., [bmim][BF,] and [bmim][PFs], under conventional heating methods.?%8%848°
Recently, Berardi and co-workers presented a microwave promoted small-scale epoxidation
of olefins in [bmim][PFs] or [bmim][NTf,].2® The purpose of the hydrophobic ILs was to act
as solubiliser for the catalyst pair polyoxotungstate, [y-SiWiqOs6(PhPO),]*~H,0,. For
comparison, the reactions were also carried out under conventional heating. The results are
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shown in Table 7. Results from an earlier study carried out with organic solvent acetonitrile
(CH5CN) are included in the table.®

Table 7. The catalytic epoxidation of olefins with H,O, and [y-SiWoO35(PhPO),]* in [bmim][NTf,]
or CH;CN.%#

[y-SiW,4035(PhPO),]*
Olefin + H,0, 4738 ~ . Epoxide + H,O
solvent, 50 °C

[bmim][NTf,] CHsCN
Olefin Thermal (50 °C) MW (57-60 °C) MW (90-120 °C)
) ) Epoxide ) Epoxide
Time Epoxide _ _ ) Time )
_ Time (min) Yield _ Yield
(h) Yield (%) (min)
(%) (%)
Cyclohexene 4 > 99 15 > 99 25 99
E-2-Octene 15 > 99 45 > 99
1-Octene 40 75 180 54 50 79
1-Hexene 40 85 120 99 50 50
Z-2-Hexene 15 77 30 97
E-2-Hexene 15 89 60 99
Z-Stilbene 15 89 30 (58-73 °C) 44

Yields of epoxides in the IL reaction media were mainly excellent, for both heating methods.
Microwave heating was again superior to conventional heating, with reaction times 13-30
times shorter. Only 1-octene and Z-stilbene gave lower yields under MW conditions. 1-
Octene was achieved in better yield with acetonitrile as the reaction solvent, though a higher
reaction temperature was used. Green chemistry features could be considered to be present in
this epoxidation method since the IL and catalyst were recycled at least four times without
loss of activity.

2.2 Use of ionic liquids as reagents/catalysts and solvents
2.2.1 Fisher esterification reaction

Task-specific ILs, particularly ILs with an acidic counteranion, have been applied
successfully in esterification reactions as dual solvent—catalyst system. Bazureau and Arfan
investigated the reaction between neo-pentanol and carboxylic acids to synthesise lipophilic
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esters under microwave conditions (Scheme 3).% In their approach, [bpy][HSO.] was used as
both catalyst and solvent. Since the product ester was not soluble in [bpy][HSO4], products
could be isolated by simple decantation. This insolubility of the product also facilitated the
shift of the reaction equilibrium to the product side, enabling better yields.

0

[bpyl[HSO,] L
_ OH
R—-COOH + >ﬁ 1545h >ﬁo R

MW, 80 °C

40 - 95%
R = Et, cyclohexyl, 10-undecene, Bz

Scheme 3. Fisher esterification of acids with neo-pentanol in [bpy][HSO4] under microwave
irradiation at 80 °C.%

The authors also presented a plausible reaction mechanism for the esterification, a mechanism
that follows Ingold’s tetrahedral (Aac2) mechanism® for ester formation (Scheme 4). The
acidic counteranion of the IL initiates the reaction by donating a proton to the carboxylic acid,
after which the reaction continues with nucleophilic attack of the alcohol and water
abstraction (steps 2 and 3). In the final step, the acidic counteranion of the IL is regenerated
by proton loss of the intermediate carbocation.

) e step 1
/\H/OH +  [cation] [HSO,] — /\@(OH [SO4I2 [cation]
o) OH
o _k
OH OH, - H0 OH

OH
step 2 /\1/0\)< step 3 /\@(O

® @ ©
/\@(ox * [SO4]? [cation] Step4 /\H/OJ< + [cation] [HSO,]
OH (0]

Scheme 4. The TSIL catalysed esterification reaction mechanism by Bazureau and Arfan.®

2.2.2 Halogenation reactions

lonic liquids have been reported to operate as effective reagents and solvents in the synthesis
of several types of long chain alkyl halides and alkyl dihalides from corresponding alcohols in
the presence of an organic or inorganic acid.*® % % Shorter reaction times were observed
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when microwave irradiation was introduced to the method.?**%? A good example of this new
IL based technique is the halogenation reactions of n-octanol to corresponding octylchloride,
octylbromide and octyliode. The results collected in Table 8 show that the particular 1L-acid
pair plays an important role in the reaction, together with the reaction temperature for this
reaction. The best results seem to have been obtained with the organic acids para-
toluenesulfonic acid (PTSA) and methane sulfonic acid (MSA). The different methods cannot
properly be compared, particularly under MW conditions, since reaction conditions are not
the same.

Table 8. The halogenation reactions of 1-octanol under MW and conventional heating conditions.

[cation]X, HA
NN — T
OH X

Product [Cation] X Energy source/ HA Time Yield Ref.
Reaction temperature

[bmim]CI r.t. MSA 24 h 100 (GC) 91

CiCl [omim]CI r.t H,SO,  19h 50 (GC) 91

[omim]CI MW/ 200 °C PTSA 3 min 32 80

[omim]CI MW/ 200 °C H,SO, 3 min 49 80
""""""""" [omimBr rt ~  H)SO, 55h 90 91

[omim]Br oil bath/90 °C PTSA 60 min 100 (GC) 92

CgBr [(Pmim]Br MW PTSA 2 min 72(GC) 92

[(Pmim]Br MW/ 200 °C PTSA 3 min 95 80

[iPmim]Br  MW/200 °C H,SO,  30s 73 80
""""""""" [omim]l  rt  MSA 24h 70 91

[omim]I r.t H,SO, 22h 30 91

el [omim]I oil bath/90 °C PTSA 60 min 92 (GC) 92

; [iPmim]I MW PTSA 2 min 51(GC) 92

[iPmim]I MW/200 °C PTSA 30s 81 80

[iPmim]I MW/200 °C H,SO;, 1 min 38 80

Nguyen and co-workers regenerated [omim]Br and [omim]l by exchanging the tosylate (OTf)
anion with the bromide and iodides of sodium salt (NaBr and Nal) (Figure 5). The authors
affirmed that, after five runs, the conversion dropped by only 10%.
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ROH + PTSA

[omim]I [omim]Br
NaOTf > < NaOTf
NaB
Nal RI RBr o
[omim][OT{]

Figure 5. Recycling procedure of Nguyen and co-workers for conversion of the fatty alcohols into
corresponding halides.*

2.2.3 O-Dealkylation reactions

O-Dealkylation of ethers, i.e., the removal of the alkyl group as a deprotection step to unmask
a hydroxyl group, is a widely used reaction in the synthesis of polyfuctional molecules. There
are a few reports of this reaction where ILs, including [Hmim]Br®® and
[bmim]Br/[bmim][BF4]*, are used as reaction media in combination with a proton source
(e.g., HBr) and [bmim][Al,Cl;]***® and with conventional heating methods. Microwave
assisted dealkylation of alkyl aryl ethers in ILs [bmim]Br and [bpy]Br has been reported by
Chauhan and Jain.?” In their method, the reaction was performed without any Bransted or
Lewis acids in an unmodified microwave oven. An attempt was made to repeat this reaction
in our laboratory (study V) and the results are discussed below (sect. 4.3)

2.2.4 Dehalogenation reactions

Conventionally, debromination can be achieved by using a metal, e.g., Zn, Mg® or In®, in an
organic solvent, such as THF or MeOH. Ranu and Jain have demonstrated that IL,
[pmim][BF,], can be used as an effective catalyst as well as reaction medium for the
stereoselective debromination of a wide range of vicinal dibromides to the corresponding (E)-
alkenes in a domestic microwave oven (Scheme 5). '

Rl

IBf [pmim][BF] Rl\u
2-5 min, MW, 130-135 °C 62-95%

Rz RZ

Br
R1, R? = alkyl, aryl, CN, CO,Me, CO,Et, COPh, NO,

Scheme 5. Debromination of vicinal dibromides.*®
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According to the authors, the reaction did not occur at all under conventional heating
conditions (r.t. or 90 °C for 12 hours), without IL under MW irradiation, nor with [pmim]Br
as IL. The [pmim][BF,] remained intact and could be reused several times. Thus, the ionic
mechanism outlined in Scheme 6 was suggested for this reaction that is. Unfortunately the
reaction was not tested with other ILs with different counter anions, such as [PFg] or [NTT,],

which would have given valuable information both to confirm the reaction mechanism and to
indicate the usefulness of other ILs.

©e © o
/@ \ /@ \ BF; Br /@ \ BF4Br Nl@ N\
/N\/g\Pent /N\_/N‘Pent 0 T Pent - \/@\Pent
BFQ BFQ
Br 1 N Br
H RZ H RZ R2 H R2 H
Br (BI‘ Br Br
(meso) l C)
1 / \
— +Br, + \/@ Pent
H R2 BF,

Scheme 6. Suggested reaction mechanism for debromination of dibromoalkane by Ranu and Jana.'®

In another application of [pmim][BF4] for the debromination reaction,’® o-bromoketones
were selectively debrominated to either monobromo or debromoketones through control of

the reaction time (Scheme 7). The use of [pmim][BF,] was also found suitable for the
dehalogenation of a-halo ketones and esters and of vic-bromoacetals.

@) o) 0
2 mim][BF,]/H,O mim][BF,]/H,O
levR [pmim][BF4]/H, R1J><R2 [pmim][BF4]/H, Rl)S/Rz
5-7 min, MW, 125 °C 2-3 min, MW, 125 °C
Br Br Br
Rl = Ar, OEt
RZ = COPh, COMe, Me, H

Scheme 7. The debromination of a-bromoketones to monobromoketones or debromoketones. '™
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2.3 Use of ionic liquids as catalysts
2.3.1 Protection of alcohols as THP-ethers

Lewis acidic [omim][InCl4] IL has been applied as catalyst in the microwave promoted
solvent-free reaction of alcohols with tetrahydropyrane (THP).2%* An example reaction is
presented in Scheme 8. The protected product, 2-(benzyloxy)-tetrahydro-2H-pyran (3), was
obtained, in very good vyield, with use of only 0.25 molar equiv of the IL catalyst.
Furthermore, [bmim][InCl4] maintained its catalytic activity well; even after five cycles the
yield was 86%. However, the procedure was not effective under conventional heating (at 60
°C), where only 39% of the target compound 3 was obtained.

[bmim][InCl,]
©/\OH + @ (0.25 equiv) ©/\OTHP
O 5 min, MW, 60 °C 5 85%

Scheme 8. The THP protection of phenylmethanol in the presence of Lewis acidic [bmim][InCl,]
||_.102

Another approach for the protection of alcohols as THP ethers has been presented by Singh
and co workers. *® In their study, Brensted acidic [bmim][HSO,] IL was used as a catalyst
for the etherification of various primary, secondary and tertiary alcohols and diols. The
reactions were studied in MW conditions, as well as in ultrasound and room temperature
conditions (Table 9). All reactions gave good to excellent yields of the corresponding THP
ether under MW irradiation. The recyclability of IL was tested for all methods. The authors
observed the decomposition of the ionic liquid in experiments under microwave conditions,
with only 50% yield of the THP ether in the first collection of IL. Under ultrasound
conditions the yield was still 60% after six runs and under room temperature conditions 65%
after nine runs.
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Table 9. [bmim][HSO,] catalysed tetrahydropyranylation of selected alcohols and diols under
microwave (MW), ultrasound (US) and room temperature (r.t.) conditions.'®

on + @ [bmim][HSO,] Q

(@) O R

Substrate MW us r.t

Time Yield Time Yield Time Yield
(min) (%) (min) (%) (min) (%)

~"0H 1.5 98 5 97 25 92

oS, 15 84 5 82 45 80

2 88 6 86 60 89
HO
2 75 6 71 60 62
OH

_A~OH 2 90 6 90 45 90
— < 2 76 6 74 60 71
OH

OAOH 1.5 92 6 92 60 90
o] 1.5 89 5 90 45 90
)
OH

Substrate  —  Product

HO~op — HO~grp 2 86 5 85 60 84

HO™ 1, “OH — HO™ 1M, OTHP

N

97 5 88 60 85
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2.3.2 Pechmann reaction

The Pechmann reaction normally refers to an acid catalyzed condensation of phenols with 3-
ketoesters, and it is widely applied for the synthesis of coumarins. A large number of reagents
have been exploited for this reaction, including sulfuric acid,® phosphorus pentoxide,®
aluminium chloride,'® and trifluoroacetic acid.’®” Nowadays, gentle and more
environmentally friendly reagents (SnCl, '® oxalic acid'®, alum (KAI(SO,), - H,0),"’ silica
triflate,™'* and iodine'*?) are preferred for the reaction. A number of studies have also shown
that ionic liquids, either neutral®™® or acidic*****>*® promote coumarin synthesis via
Pechmann condensation. Singh et al. studied the combination of an IL and microwave
irradiation for this reaction in a common household microwave oven.**’” The reaction was also
performed under conventional heating conditions with Brgnsted acidic [bomim][HSO,] as the
catalyst (Table 10). In all cases, microwave conditions gave better yields of coumarins in
much decreased reaction times.

Table 10. Brgnsted acidic IL [bmim][HSO,] catalysed Pechmann reaction under microwave and
conventional heating conditions.™’

X OH 0 IL N X
> . )J\/U\OR, |/ D
R R O (@]
R'= Me, Et
Example Substrate Product IL=[bmim][HSO,]
MW (140 W)? Thermal (80 °C)
Time Yield (%) Time Yield (%)
1
AN
HO OH 2 min 81 12 h 62
HO o~ o
2 OH OH
A .
J@\ m 9 min 85 20h 65
HO OH HO (0) O
3
A
HO OH )
OH HO o o 10 min 79 15h 58
OH
4 OH (e}
o} .
| 6 min 96 5h 75

® The reaction temperature was not recorded.
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2.3.3 Friedel-Crafts reaction

Friedel-Crafts (FC) reactions are familiar and powerful methods for C-C bond formation in
organic synthesis and have been the subject of continuous investigation ever since the
nineteenth century.!'®1912012L The FC acylation reaction has been extensively used in the
synthesis of aromatic and cyclic ketones, which are important synthetic intermediates in the
fine chemical and pharmaceutical industries. In a typical reaction, an acid chloride is used as
the acylating reagent with a stoichiometric amount of Lewis acid at high temperature. In this
procedure, large amounts of HCI are formed as a by-product, and problems can arise in regard
to waste handling, as well as corrosion problems in the equipment being used.

Friedel-Crafts alkylation and acylation reactions were the first reactions in IL reaction media
to be studied back in 1986,"2* when the first generation ILs, i.e., chloroaluminate ILs, were
just being introduced in organic synthesis.'?®!2412>126 Eyen thought chloroaluminates are
excellent media for many synthetic processes, they suffer from several disadvantages. For
example, they are moisture sensitive and can be difficult to separate from products containing
heteroatoms. Moreover, the recyclability of the catalytic system is lost at the end of a reaction
since chloroaluminate ILs are commonly quenched with water and lost in the form of acidic
aqueous waste.’?” To overcome these disadvantages, several new ILs for Friedel-Crafts
reactions have been introduced in recent years, among them metal triflates,*?® bismuth(I11)
derivatives,** zeolites** and pyridium based ILs.*** We have designed a highly efficient
Friedel-Crafts acylation procedure using metal bis{(trifluoromethyl)sulfonyl}amide
complexes as catalysts in solvent-free or IL reaction conditions' and a chloroindate (111) IL as
the reaction catalyst."" These procedures are reported in studies I and IL.

So far, there are only two reports of microwaves being used as a heating source to decrease
the reaction time in Friedel-Crafts and related reactions.™®> ™ Samant and co-workers
investigated FC sulfonylation of benzene and its derivatives using Lewis acidic
[bmim][FeCl,].**? Table 11 presents examples of the reaction compared under MW and
conventional heating conditions.
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Table 11. Selected examples of sulfonylation reactions of benzene and its derivatives using Lewis
acidic [omim][FeCl,] IL as a catalyst (5-10 mol%) under MW and conventional heating."*?

Cl
0=S=0
Substrate + W Product
Example  Substrate Product MW Conventional

Time Temp Yield
(min)  (°C) (%)

Time Temp. Yield
(h)y  (°C) (%)

1 o 90
4< > ! N8 )— 3 160
Q o (110:89p)
2 (@]
<:> s 3 165 87

I
(6]

3 (0]
%37 {%g{% 3 165 01

4 Q
O O = » =

O

5 Q
C'@ c <:> i <> 15 150 64

(0]

90
1 110
(330:67p)
0.5 135 92
0.5 120 93
8.5 80 70
12 120 62

As can be seen from Table 11, the sulfonylation reaction could be successfully carried out in
both heating setups, and even the less reactive chlorobenzene (example 5) gave reasonable
yields of the corresponding sulfone product. In all cases, MW conditions were superior in

terms of reaction times.

MW promoted Friedel-Crafts acylation reaction was studied by our group using ILs as
reaction medium or catalyst or both, for the synthesis of polyhydroxydeoxybenzoins. With an
acidic additive—IL system under MW conditions, the FC acylation reaction proceeded in just 4

minutes. The reactions are discussed in study ITI below.
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2.4 Use of ionic liquids as a heating aid

Leadbeater and co-workers carried out an extensive study on the effect of ILs on heating of
non-polar solvents under microwave irradiation.>® Following an idea introduced by Ley et al.
in 2001,%** their findings indicated that solvents such as hexane, toluene, THF and dioxane
can be heated far above their boiling points in sealed vessels containing a small amount of an
ionic liquid (see Table 12). However, the authors also pointed out that ILs with halogen
counteranion undergo major decomposition above 230 °C, forming the corresponding methyl
halide and alkylimidazole and contaminating the solvent in question. In contrast, [bmim][PFs]
did not decompose at temperatures as high as 280 °C. Except for certain limitations at high
reaction temperatures, therefore, halogen based ILs can be considered very useful in
microwave heating of non- polar solvents.

Table 12. Selected examples of ILs (2050 mg) and their effect on heating of non-polar solvents (2
ml) under microwave irradiation.>

Solvent IL added Attained T (°C) Time (s) T without IL (°C)? bp (°C)
Hexane [bmim]I 217 10 46 69
[iPrmim]Br 228 15
[bmim][PFe] 279 20
Toluene [bmim]I 195 150 109 111
[iPrmim]Br 234 130
[bomim][PFe] 280 60
THF [omim]I 268 70 112 66
[iPrmim]Br 242 60
[bomim][PFe] 231 60
Dioxane [bmim]I 264 90 76 101
[iPrmim]Br 246 90
[bomim][PFe] 149 100

® Temperature attained during the same MW irradiation time.

Leadbeater’s group also studied the three-component Mannich condensation of acetylenes,
aldehydes and secondary amines using CuCl as activator of the acetylene component under
MW conditions.’® In this extensive research, the condensation reaction was carried out in
three different reaction media, i.e., dioxane, dioxane together with a small quantity of ILs
([IPrmim][PF¢] or [bmim][PFg]) and only with IL ([bmim][PFs]). When dioxane alone was
used as the solvent, the method produced only 40% of product 4 (see Table 13). When IL
[iPrmim][PFg] was combined with dioxane the reaction was highly improved, yielding 99%
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of 4. The use of [bmim][PFg] with dioxane produced only 61% of the product, while the
reaction using [bmim][PFs] without dioxane failed altogether. The results for various
substituted propargylamines where [iPrmim][PFg] was used as a heating aid are collected in

Table 13.

Table 13. Reaction conditions and results for the three-component Mannich-type reaction with
dioxane and [iPrmim][PFg]."*

R4
o) 2 3 CuCl X 1
T v RR L e dioane [PmimlPRgl R
1 I _
H R H 6-10 min, MW, 150 °C r2N-g3
Products

Cl

Q\M
91% 85% 65% 67%
\/\/\/\/

75%

Cl
b N O CI
N
@ i
96% 82% 79%

O

c
s
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2.5 Use of ionic liquids as a soluble support

Task specific ionic liquids (TSILs) have recently been introduced as soluble supports in
liquid-phase organic synthesis (loLiPOS) and represent a new strategy for combinatorial
chemistry and high-throughput parallel synthesis.!®>3¢137138.139 Tha general concept of
loLiPOS, as formulated by Bazureau et al., is illustrated in Figure 6.**° The key benefit of this
approach is the easy removal of excess reagents and by-products simply by washing the
reaction mixture with appropriate solvent after each step.

STEP 1
Washin
@_X+@4.®@+@++ s @@
reagents \v

@+ ;
reagents

STEP "N"
Solvent
O-6 B = Q06 - ) w0 (6@
) reagents \
=
reagents

{ FINAL STEP = cIeavageI

o0 Q. oa

Phase separation techniques E>

In micro-synthesis: separation by "flash" chromatography

In medium synthesis: decantation + solvent washing

@'Xi lonic liquid phase @ : First reactant : Reactant N in step N

Figure 6. General concept of ionic liquid phase organic synthesis (loLiPOS) as formylated by
Bazureau and co-workers. *°

Microwave irradiation has been included in this method in order to accelerate the reaction
rate.’*1%2 As an example of microwave assisted I0LiPOS, a one-pot three-component
Biginelli 3,4-dihydropyrimidine (3,4-DHPM) synthesis is shown in Scheme 9.
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Scheme 9. Three-component, one-pot Biginelli synthesis with use of TSILs as soluble support.**°

The term “one-pot” synthesis is justified in this case since one of the starting materials is first
reacted with the IL in question (after which follows a separation procedure). Since only one
molar equivalent of the low molecular weight IL phase is used, this loLiPOS methodology
offers the advantages of easy product isolation and high loading capacity of the ionic liquid
phase.
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2.6 Summary of applications of ionic liquids in microwave promoted organic synthesis by reaction type

As a supplement to section 2.1-2.5 above, Table 14 lists all uses that have been made of ionic liquids in microwave promoted organic synthesis,

by reaction type.

Table 14. Summary of applications of ionic liquids to microwave promoted organic synthesis by reaction type. S: solvent, C: catalyst,

SS: soluble support, HA: heating aid.

R: reagent, CoS: co-solvent,

Reaction type Reaction Description Purpose MW Ref
of IL mode
Aliphatic nucleophilic Esterification Esterification of carboxylic acids with C4-C18 alcohols S multi 143
substitution Esterification of carboxylic acids with neo-pentanol C&S mono 88
Halogenation Conversion of saturated and unsaturated alcohols to alkyl halides R&S mono 80
Conversion of C8-C18 fatty alcohols to fatty halides C&S not 91
Conversion of C6 —C16 1,m-dialcohols to dihalides specified 92
multi
Dealkylation Dealkylation of alkyl aryl ethers R&S multi 97
Tsuji-Trost reaction Allylic substitution with various carbon and heteronucleophiles catalysed by ~ CoS multi 144
Pd(OAC),/TPPTS
Acylation of amines by Synthesis of aromatic amides with coupling agent S mono 145
carboxylic acids
N-Benzylation N-Benzylation reaction of benzimidazole, carbazole etc. with dibenzyl CoS mono 146
carbonate as an alkylating reagent
Nucleophilic substitution Nucleophilic substitution between ethoxymethylene isopropylidene malonate S not 147
and thiophenol and anilines specified
Addition to carbon— 1,3-Dipolar cycloaddition Cycloaddition reaction between imidate derived from diethyl aminomalonate S mono 52

carbon multiple bond

and 2-ethoxybenzaldehyde
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[4+2] Cycloaddition Diels-Alder reaction involving 1,3-cyclopentadiene and numerous S mono 61
dienophiles
Organotungsten Lewis acid catalysed Diels-Alder reaction involving series S mono 60
of dienes and dienophiles
Transfer hydrogenation Hydrogenation of homo or heteronuclear organic compounds using Pd/Cas S multi 148
a catalyst and formate salts as a hydrogen source
Aza-Michael addition Michael addition of sulfonamides to o,B-unsaturated esters catalysed by S mono 78
MgO
Michael addition of sulfonamides to o,B-unsaturated esters catalysed by ZnO S mono 79
Olefin metathesis Ring-closing metathesis with Grubbs catalyst S multi 149
Hydro-alkoxy addition Protection of alcohols as THP ethers using [bmim][InCl4] as catalyst C mono 102
Protection of alcohols as THP ethers using [bmim][HSO,4] as catalyst C multi 103
Addition to carbon— Cyclization reactions Cyclization reaction involving arylnitriles and dicyanodiamide to prepare 6- S mono 150
heteroatom multiple bond aryl-2,4-diamino-1,3,5-triazines
Cyclization reaction between IL bound acetoacetate and SS not 141
arylidenomalononitriles to prepare 4H-pyrans specified
Three component preparation of 2-thioxo tetrahydropyridin-4-(1H)-ones SS mono 142
Three component preparation of 4H-pyran derivatives C&S mono 151
Bigginelli synthesis Synthesis of 3,4-dehydropyrimidines SS mono 140
Mannich-type three-component Three component reaction involving aromatic or aliphatic aldehyde, cyclicor HA mono 134
reaction non-cyclic amine and aromatic or aliphatic alkyne
[2+3] Cycloaddition Cyclization reaction between arylnitriles and NaN; to form tetrazole S mono 152
Hetero-Diels-Alder Intramolecular Hetero-Diels-Alder reaction of alkenyl-tethered 2(1H)- HA mono 153
pyrazinones
Hetero-Diels-Alder reaction involving (R)-citronellal and aryl amines C multi 154
Dehydrative cyclization Intra-molecular conversion of substituted 1-(2-hydroxyphenyl)-3-phenyl-1,3- C&S multi 155

propene diones to the corresponding flavones
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Pechmann reaction Coumarins by condensation of phenols with -ketoesters Cc multi 117
Knoevenagel reaction Synthesis of 5-arylidene barbituric acids and thiobarbituric acid derivatives S not 156
specified
Stetter reaction Synthesis of chroman-4-ones by intramolecular addition of an activated S mono 157
aldehyde to an acceptor bearing activated double bond
Benzoin condensation Solventless benzoin condensation with several imidazolium based ILs C mono 158
Elimination Dehalogenation Stereoselective debromination of a variety of structurally diverse vicinal- C&S multi 100
dibromides to the corresponding (E)-alkenes
Selective debromination of gem-a-dibromoketones, a-halo ketones and C&S mono 101
esters and stereoselective debromination—elimination of vic-bromo acetals.
Free radical substitution Heck reaction Palladium catalysed arylation involving different arylhalides and S mono 67
butylacrylate in [bomim][PF]
S not 68
Palladium catalysed arylation involving different arylhalides and specified
butylacrylate in [omim][BF,]
Aromatic electrophilic Friedel-Crafts reaction Sulfonylation of benzene and its derivatives C mono 132
substitution Synthesis of polyhydroxydeoxydenzoins S mono 11}
Isotopic labelling Deuterolabelling of polyphenols CoS mono v
lodination Regioselective iodination of activated arenes S mono 159
Aromatic nucleophilic Rosenmund von Braun reaction Conversion of series of aryl halides to nitriles S mono 80
substitution
Cyano-de halogenation Cyanation of aryl and arylvinyl bromides with K4[Fe(CN)¢] S mono 81
Oxidation Epoxidation Catalytic epoxidation of cis-cyclooctene S mono 86
Oxidation of alcohols Oxidation of benzyl alcohols to the corresponding carbonyl compounds C multi 160
Rearregement Beckmann rearrangement Rearregement of ketoximes into amides S multi 161
Multistep synthesis Pictet-Spengler Three step synthesis of tetrahydro-p-carbolinediketopiperazines CoS mono 162
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Enzyme catalysis
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3. AIMS OF THE STUDY

The objective of the present study was to develop new synthetic methods for selected
aromatic compounds using novel, highly solvating and recyclable ionic liquids. The
effectiveness of microwave heating was investigated where appropriate.

The specific aims of the study were

1. To investigate the Friedel-Crafts acylation reaction in ionic liquids (I, II)

2. To develop a rapid method for the synthesis of polyhydroxydeoxybenzoins making
use of ionic liquids (III)

3. To develop a more efficient deuterolabelling method for naturally occurring
polyphenols (IV)

4. To improve a dealkylation method for poorly soluble aromatic alkyl ethers using BBr3
in ionic reaction media (V)

5. To develop new ionic liquids using a halide-free method (VI)
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4. RESULTS AND DISCUSSION
4.1 Friedel-Crafts acylation reactions

Friedel-Crafts acylation reactions are widely used in the pharmaceutical and fine chemical
industries. The catalyst of choice for the reaction is conventionally a strong Lewis acid, such
as aluminium(ll1) chloride. The downside of this reagent is that usually more than one molar
equivalent of Lewis acid “catalyst” is needed, because once the ketone product is formed the
carbonyl group strongly bonds to the Lewis acid and to some extent inactivates the Lewis
acid.

With the goal of minimizing the amount of catalyst, bis{(trifluoromethyl)sulfonyl}amine
(HN(SO.CF3), or HNTf,), metal bistriflamide complexes, i.e., M{N(SO.CFs).},, and
chloroindate(111) were tested as catalysts for the synthesis of substituted benzophenones™ "
and polyhydroxydeoxybenzoins™ via Friedel-Crafts acylation reaction. lonic liquids were
present in the reaction media in most cases.

4.1.1 The study of different catalyst/IL -systems in benzoylation reaction "

The benzoylation reaction (Scheme 10) of several aromatics was investigated with use of
metal bistriflamide complexes, as well as tin(IV) chloride, indium(l1l) chloride, zinc(ll)
chloride and bistriflamic acid (I) and chloroindate(lll) ILs (ITI) as catalysts. Representative
results are collected in Table 15.

5 8= ot

R!=Cl, F, OCH3, CHs
(or two CH3 groups in xylene)
R?= Cl, OH, PhCOO

Scheme 10. Benzoylation reaction of different aromatics.
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Table 15. Representative results from studies I and II showing the usefulness of catalyst/IL systems in

benzoylation.

Acylating Temp/ Yield/  Selectivity
Aromatic Catalyst Solvent Time/h
agent o (o:m:p)
Ph-CH; PhCOCI
1% Co(NTf,),  solvent-free 110 3 99
5% Zn(NTf,),  solvent-free 110 4 99
1%Mn(NTf,),  solvent-free 110 5 99
Study | 1% HNT, solvent-free 110 48 97
1% SnCl, [omim][NTf,] 110 2 97
1% Co(NTf,), [emim][NTf,] 110 0.5 95
""""""""""""""""""""""" 125%InCls-
Study Il ) solvent-free 110 18 93 15.3:82
[omim]CI
Ph-Cl PhCOCI1
5% Co(NTf,), [bmim][NTf,] 130 18 95 1:0:9
Study | 5% Zn(NTf,),  [bmim][NTf,] 130 18 55 1:0:9
15% InCl; [emim][NTH,] 130 96 87 1:0:9
"""""""""""""""""""""" 15%InCls-
Study 11 ] solvent-free 120 69 78 11:2:87
[bmim]CI
Ph-OCH; PhCOCI
Study | 10% ZnCl, [emim][NTT,] 110 18 80
"""""""""""""""""""""" 125% InCls-
Study 11 ] solvent-free 100 18 94 6:0:94
[bmim]CI
Ph-OCH; (PhCO),0
5% InCl,- 80 3 79 6:0:94
Study Il [omim]CI solvent-free 80 48 97 2:0:98
80 5" 62 6:0:04
recycle
m-Xylene PhCOOH
10% ]
[bmim][NTf,] 140 48 40
Zn(NTf2)2
Study |
10% .
[omim][NTf,] 140 48 82
CO(NTf2)2

In study I, the reaction of benzoyl chloride with toluene without solvent was selected as a
model reaction to study the relative effectiveness of various metal(ll) bistriflamide
catalysts.*® Metals investigated were magnesium(l1), calcium(ll), strontium(l1), barium(ll),
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tin(11), manganese(ll), cobalt(l1), nickel(I1), copper(ll) and zinc(ll). The bistriflamide salts of
cobolt(I), zinc(1) and manganese(ll) were found to give the highest conversions (monitored
by GC) in moderate reaction times. The reaction was also carried out successfully with a
number of metal(l1l) and metal(IV) bistriflamide salts (iron(l11), indium(lI1) cerium(IV) as
metals), but these materials are poorly characterized and their composition is not necessarily
as claimed. ®>*% In subsequent reactions where ILs were used, the catalyst was generated in
situ by taking a metal salt, e.g., a metal bistriflamide complex or ZnCl,, and dissolving it in
the ionic liquid. To this mixture, the acylating agent and the aromatic compound were added.
The product separation could be carried out by direct vacuum distillation from the reaction
vessel (Kugelrohr distillation) or solvent extraction. The direct vacuum distillation facilitated
the recycling of the reaction medium since fresh starting materials could be added and the
reaction could be directly repeated.

Study II investigated the suitability of chloroindate(ll) ionic liquids as reaction catalysts in
FC benzoylation reaction. Indium(l1l) species had previously been found useful as Lewis-acid
catalysts in a variety of organic reactions.’®” The advantage of indium(IIl) chloride over
aluminium(I11) chloride is its hydrolytic stability and reduced oxophilicity. Combining the
indium(I11) chloride with an organic halide salt gives ionic liquids with good solvating ability
and negligible vapour pressure, and a liquid that is both inherently Lewis-acidic and water
stable. Chloroindate(l1l) ionic liquids were synthesised by mixing indium(l1l) chloride with
an appropriate amount of [bmim]Cl at 80 °C, and the resulting IL was used without further
treatment. In this study, the reaction of anisole with benzoic anhydride was used as a test
reaction to find adequate Lewis-catalytic conditions for the reaction in question. Whit InCls
used in excess (X(InCls)= 0.67) the formed IL was effective enough to catalyse the
benzoylation reaction in proportions of 5, 12.5 or 15 mol% with respect to the aromatics.

It should be noted that it is difficult to obtain good vyields in truly catalytic Friedel-Crafts
acylation reactions with aromatic compounds less reactive than benzene.’® With the two
methods described in studies I and II, good to excellent yields were obtained with these
nonreactive compounds. In addition, both methods could be used in larger reaction scales and
could therefore serve as good alternatives for FC acylation reactions in the pharmaceutical
industry. Since many of the metal bistriflamide salts are not yet commercially available,
chloroindate(l11) ILs might be the better option at the moment. In both methods, however, the
amount of the reaction solvent was minimized and the catalytic system was recyclable,
making these types of Friedel-Crafts reactions closer to green and sustainable organic
syntheses.
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4.1.2 Synthesis of polyhydroxydeoxybenzoins and arylpropanones'"

Polyhydroxydeoxybenzoins are mainly used as precursors for the synthesis of isoflavone
phytoestrogens, among which daidzein and genistein are well known from the soya plant.*®®
Phytoestrogens have attracted particular interest owing to their positive physiological effects
on the female reproductive system, the cardiovascular system and the skeleton.'®®*"® The
physiological effects of phytoestrogens are believed to be exerted via the estrogen receptor
(ER). Recently, certain polyhydroxydeoxybenzoins, in particular  2,4,4’-
trihydroxydeoxybenzoin (5), were reported to possess selectivity and transcriptional bias
towards ERP, and can be considered to represent a promising new class of ERp—biased
phytoestrogens.*™*

In this work, ionic solvents were used to promote the synthesis of polyhydroxydeoxybenzoins
under microwave conditions. Arylpropanones were included for comparison.

The synthesis of 2,4,4’-trihydroxydeoxybenzoin (5) (Table 16) was chosen as the model
reaction to assess the activity of various IL/acidic additive systems. Chloroindate(l11), HNTT;
and Co(NTf,), were selected as additives for the reaction on the bases of the previous studies.
Lewis acid BF3;-OEt, was also tested since it is known to promote this particular FC reaction,
(though it cannot be recovered after the isolation procedure).

Table 16. Comparison of different reaction media in the synthesis of 2,4’,4’-trihydroxydeoxybenzoin,
modified from III.

HOOC
HO OH
HO OH IL + additive O
+ —_—
19 i )
OH ° OH
5
. ) o . Yield/%

Entry Solvent/ additive (ratio) T/°C t/min (conversion by '"H NMR)
1 [bmim]CI-InCl;

(0.6:2.0) 100 6 60 (67)
2 [omim][NTf,]/HNTT,

(05:0.3) 90 4 73 (85)
3 [bmim][NTf,]/Co(NTf,),

(1.0:0.5) %0 4 2000
4 [bmim][NTf,])/ no catalyst 120 30 20 (30)

(1.5)
5 [bmim]BF,/HNTT,

(1.0:0.3) 120 4 30 (40)
6 [bmim]BF,/Co(NTf,), 90 5 39 (50)
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(5.0:0.5)

(2.0:1.0) 100 4 88 (93)
8 Etz)rg;m]BFdno catalyst 120 30 10 (20)
9 [omim][NTf,J/HNTT, 120

(0.5:0.3) 100 oil bath 70 (85)

BF;-OEt; in [bmim][BF,] (Entry 7) provided the highest conversion and isolated yield, though
complete reaction required the use of BF3-OEt; in stoichiometric amount. Comparable yields
were obtained with use of 0.3 molar equiv of the Brgnsted acid HNTf, in [omim][NTf,]
(Entry 2). The [bmim]CI-InCl; system (Entry 1) appeared to be less active, perhaps because
of the hydrophilic nature of the ionic liquid. However, isolation and purification of the
compound from chloroindate(l1) ionic liquid was straightforward: after the addition of water,
only filtration, and no other purification method was required. In contrast to the results
obtained in studies | and Il, Co(NTf,), was not effective under these conditions, in either
solvent, and it gave only marginally higher yields than reactions with no catalyst at all. Yields
with no catalyst were 10-20%.

It was also found that the amount of IL could be reduced to as little as 0.5 molar equiv (higher
ratios interfered with isolation procedures). With 1.0 molar equiv of [bmim][NTf,] the
isolated yield dropped to 46% due to the similar solubilities of the product and the IL. When
the solvent was changed to [bmim][BF,] (Entry 5), HNTf;, reacted with the ionic liquid
undergoing anion exchange and the result was a less acidic solution and thus reduced reaction
rate.

The best performing systems, [bmim][NTf,]J/HNTf, and [bmim][BF4]/BF;-OEt,, were applied
to the synthesis of polyhydroxydeoxybenzoins and arylpropanones under optimised
conditions for reaction of 4 minutes. The results are summarised in Table 17.
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Table 17. Yields and structures of polyhydroxydeoxybenzoins and arylpropanones under optimized
reaction conditions with MW irradiation and reaction time of 4 minutes."™

Starting materials Product Reaction media Yield
COOH
HO OH
Ho on O mimIINTEVHNTE,
1O O 0508
COOH

HO OH )
HO@OH ® ove [omim][NTEVHNTE,
1) 0.5:0.5
OH

[bmim][NTE,J/HNTF,

73
0.5:1.0
HO OH
7 A Fa
OH OMe [bmim][BF,]/
4:2
[bmim][NTH,)/HNTf, 65
HO OH HO\,;(\‘\IOH 0.5:1.0
COOH O
on o H [bmim][BF,]/

OH o .
4:2




COCH

[omim][BF,)/

4:2

HO OH
[mimNTEHNTE,

O 0.5:0.5

(o]
OH
HO. OH OH

BmimNTEVHNTE,

0.5:0.5

(0]

OMe .
HO OH OH [bmim][BF,}/
O ‘ BF,-OFt, 88
2:1
o

o

5 I
o [e]
o
I
5 z
Q o
o
I

COOH

0~

COOH

COOH

¢ a4 4
)

o
I
O
T ; ) \

OMe

4.2 Deuterolabelling'

Many polyphenolic compounds (Figure 11) are biologically active and are widely found in
plants and in food products. Their possible role in hormone-dependent diseases has been
recently recognized. Isotopically labelled analogues for these compounds are needed,
therefore, as internal standards for the quantitation from biological samples. (169)"?

The purpose of the deuterolabelling work was to develop a rapid, low cost and more
environmentally benign method for the labelling of naturally occurring polyphenols. The H/D
exchange reaction was performed for selected naturally occurring polyphenolic compounds
where ionic liquid [bmim]ClI, or [bmim]Br, was used as cosolvent in 35% DCI/D,0, under
MW irradiation.



R =H, Daidzein 6
R = OMe, Glycitein 7
R = OH, 4',6,7-Trihydroxyisoflavone 8

O-Demethylangolensin 10 Matairesinol 11

Figure 11. Naturally occurring polyphenols.

Although synthetic methods for these labelled analogues of polyphenolic compounds are
already available, very long reaction times are often required for high isotopic purity. Most
deuterium-labelling procedures for polyphenols rely on electrophilic aromatic H/D exchange
reactions catalyzed by acids or occasionally by bases. In previous studies, matairesinol-dg,
(11-dg) has been prepared with DsPO,BF5 in one day*” or with DsPO, in three days.*’
Similarly, daidzein-d, (6-ds) has been produced in DsPO4-BFs/D,0 in three days*™ and in
CF3COOD in nine days.'"® The production of daidzein-ds (6-ds) required autoclave conditions
for seven days in DsPO,-BF3s/D,0."" Recently, CFsCOOD was reported to allow deuteration
of isoflavones in 15 hours under microwave irradiation.'”® Thus, although these methods
mostly offer good yields and high isotopic purity, reaction times tend to be very long, partly
because of the poor solubility of polyphenolics in water and other ordinary polar solvents.
The purpose of the ionic liquid was to promote the dissolution of the polyphenolic compound
into the acidic heavy water. Without IL as co-solvent, the exchange reaction did not proceed
effectively and occurred in only 45% even in the more active aromatic sites of daidzen (e.g.
H-3’ and H-5’). The use of eight molar equivalents of [bmim]CI was sufficient to solubilise
the target compounds into 35% DCI/D,0, and in most cases the exchange reaction took place
in over 85% yield (Table 18). The importance of the reaction temperature was also shown, as
the less active aromatic sites of daidzein (2° and 6’) were deuterated when the reaction
temperature was increased to 170 °C. The isolation procedure was also extremely
straightforward, since most of the target compounds precipitated out from the DCI/D,0 — IL
mixture at room temperature, and the product was simply filtered.
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Table 18. Conditions and results for the deuteration of selected polyphenols from study IV.

Entry Substrate  T/°C(P/W) Total 1.p./% (yield/%) Product
time/min.
1 6 120 (40) 30 >85 (94) [3°,5°,6,8-d,]-daidzein
2 6 170 (70) 20 >90 (89) [2°,3’,5°,6,6°,8,-d¢]-daidzein
3 7 120 (40) 30 >85 (95) [3°,5’5,8-d4]-4’,6,7-
trihydroxyisoflavone
4 7 170 (70) 40 >78 (80) [2°,3°,5,5°,67,8-d¢]-4",6,7-
trihydroxyisoflavone
5 9 120 (50) 20 >90 (93) [2°,3,3",5°,6,8-ds]-apigenin
6 10 120 (40) 15 >90 (90) [2,3°,3”,5°,5”-d5]-O -

demethylangolensin

7 11 70 (20) 40 >90 (91) [2,2’,3,5°,6,6”-dg]-matairesinol

To conclude, this study describes a fast, high-yielding and aryl ring selective acid catalyzed
deuteration method for polyphenols in ILs using 35 % DCI/D,0 as a cheap deuterium source
under MW irradiation. Our methodology is expected to be generally applicable and simple to
carry out, with reaction times shortened from several days or 15 hour to 20-40 minutes.

4.3 O-Demethylation"

The O-demethylation of aromatic ethers is frequently required in the synthesis of
multifunctional natural products, pharmaceuticals and fine chemicals. The Lewis acid BBrj is
one of the most common O-demethylation reagents, allowing the reaction to occur under mild
conditions. Strongly acidic or basic reaction conditions and reducing environments are
thereby avoided.!”*%% 181 DCM and hexane are commonly used solvents in this methodology.
However, solubility problems can emerge, particularly in the demethylation of flavones,
isoflavonoids and coumarins, with long reaction times the frequent result. 883

In an attempt to overcome the solubility problems, BBr; O-demethylation was investigated
for several alkyl protected phenolic compounds with [bmim][BF,], as primary solvent. ILs are
reported to possess nucleophilicity in chemical reactions, especially those ILs with halogen
counteranions.”® Combining this type of IL with a proton source (HBr, TsOH or other
Bronsted acids) gives an IL system that cleaves aromatic methyl ethers in varying yields.**%*
However, long reaction times or high reaction temperatures, or both, are required. Lewis
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acidic chloroaluminate ionic liquids, for their part, cleave aromatic methyl ethers in DCM.*>%
While this method improves the substrate solubility in DCM, the reaction conditions require a
high excess of chloroaluminate IL. Moreover, recyclability, one of the key benefits of an IL as
reaction solvent, is lost in this method because of the work-up hydrolysis of the
chloroaluminate IL. Finally, a microwave driven demethylation in a pyridinium bromide IL
has been reported.?® In this approach involving reaction at 100-110 °C in an unmodified
microwave oven no Lewis or Brgnsted acid was used because the demethylation was assumed
to rely on bromine radical generation. The report did not make clear what kind of microwave
oven was actually used. Since results obtained under unmodified MW heating are often
unreliable, use of pyridinium bromide IL in the demethylation of anisole was tested in our
laboratory microwave synthesizer (CEM Discover®) with use of two different methods. The
first method is described as “Power Cycling”, where MW irradiation of 20 W was used in
power intervals to reach a reaction temperature of 110 °C (recorded with a fibre-optic sensor).
The method resembles that used in an unmodified microwave oven so far as the reaction
temperature is concerned. The original intention in the second method was to irritate the
reaction media by as much as 350 W, but since the reaction temperature rose to 200 °C at just
150 W of initial power setup, the final choice was a maximum temperature of 200 °C and
power input of 150 W. Both methods failed to promote the reaction, and no demethylation of
anisole was observed at reaction temperature 110 °C or even 200 °C.

In our laboratory, compounds such as isoflavones, coumarins, lignans and long chain alkyl
resorcinols have been difficult to demethylate, or the process has been time consuming when
BBrs or HBr is used with conventional solvents. In the demethylation of 30,3’O-
dimethylenterolactone (Entry 14), for example, the reaction time in DCM was reduced from
previously reported 18 hours*® to one hour using IL. Most of the products precipitated after
quenching with water, which simplified the isolation.

The results for the O-dealkylation of a variety of compounds are summarized in Table 19. As
can be seen, the demethylation reaction of O-methylated isoflavones, isoflavan and flavone
gave high yields of the corresponding polyphenols.
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Table 19. BBr; O-demethylation of mono-, di- and trimethoxyaromatics from study V.

BBr3

Entry Substrate Time Product Yield (%)¢
(mol equiv) (min)
ISOFLAVONES
1 0.5 60* or Ho o o 75
(]
I
0.5 30° Ho o 94
O

N
I
[¢}
E: O
I \ig
O o]
[e]
=
o
o
I
O

6 O ™ 35 160° HO O 0‘ 70

OMe O O

[e]
=<
@
(o]
I
O
o

9 Meo 0.3 180° MeO O Ol 75

OH

I
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12 1.0 60° 51
LIGNANS
13 MeO O S 1.0 60° HO O 5 80
HO Y HO Y
S O
OH e OH
OH
14 MeO O S 1.0 60° HO O S 90
s o
‘ OMe O oH
ALKYLRESORCINOL
15 MeO OMe 1.5 30° HO\Q/OH 85
(CH3)16CH3 (CH,)16CH3
MISCELLANEOUS
16 /©/\COOH 1.0 20° COOH 58
MeO HO/©/\
17 COOH 1.5 20° COOH 58
18 coome 1.3 10° COOH 85
19 OMe 05 20° OH 53 (73)"
20 o OH 1.0 60° HO OH 85
<O HO:©/
21 OBu 05 90° OH 55 (75)"

® reaction was carried out at room temperature, ° reaction was carried out at 45-50 °C (pre heated oil-bath),

isolated pure product®, an additional 20% of the product was collected by extraction with EtOAc

c

As a conclusion, from the experiments a mild and high yielding deprotection procedure for a
series of alkylaromatics was established using a highly solvating ionic liquid reaction medium
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with BBr;. The procedure is straightforward with easy isolation and purification of the
product. In previous experiments in our laboratory, HBr failed to O-demethylate 8-hydroxy-
2’-methoxyisoflavone (structure presented in entry 1, Table 19). Also, in the BBr;
demethylation reaction of Cjs-alkylresorsiol, a black tar was formed with a conventional
organic reaction solvent, and silica purification method was required. In addition, the new
method benefits from recyclable reaction solvent, short reaction times at moderate or room
temperature, and applicability for a variety of compounds.

4.4 Synthesis of new ionic liquids in a halide-free route

Typically ionic liquids are made prepared by the reaction of haloalkanes with an ammonium
or nitrogen heterocycle.?” The resultant halide salt is then converted to a salt with the desired
anion by a metathesis reaction. However, this reaction usually leaves traces of the halide ion
in the ionic liquid.*® Although for many purposes the impurities may not be a problem, halide
ions can interfere with metal catalysts, lead to corrosion problems in chemical plants and
interfere with the measurement of physical property of ionic liquids

4.4.1 Synthesis of 3,5-dimethylisoxazoles

Isoxazole ionic liquids have not been described in the literature previously, presumably
because they are difficult to alkylate. They are significantly more difficult to alkylate than
pyrazoles, and all attempts at using haloalkanes to convert 3,5-dimethylisoxazole to a 2-alkyl-
3,5-dimethylisoxazolium halide ionic liquid resulted in very poor yields (< 15%). In this
work, it was found that 3,5-dimethylisoxazolium ionic liquids could be prepared in moderate
to good yields by using methanesulfonate esters as alkylation reagents.
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Table 20. Yields of 3,5-dimethylisoxazolium mesylate ILs in the reaction of (C,Hn:1))-O-SO,CH;
with 3,5-dimethylisoxazole. For identification of compounds 12-21, see Experimental (sect. 6.1.)

0] O
| N+ : Q ©
y RO T [@N-R “ome

R= chain of 2-18 carbons

n Temperature / °C Time/h % Yield Compound
2 120 19 75 12
3 120 22 81 13
4 120 40 56 14
5 120 40 63 15
8 120 22 85 16
10 140 17 78 17
12 140 44 83 18
14 140 23 64 19
16 140 23 60 20
18 140 44 67 21

4.4.2 Synthesis of p-(2-(2-methoxyethoxy)ethoxy)benzenesulfonate ionic liquids

p-(2-(2-Methoxyethoxy)ethoxy)benzenesulfonate (meebs) ionic liquids were developed as
new TSILs that could improve the effectiveness of NaBH, in certain reduction reactions. The
idea was to synthesise a counteranion with an ether chain moiety, which could act in a similar
manner to diglyme.*® The starting point was to develop a synthetic procedure for p-(2-(2-
methoxyethoxy)ethoxy)benzenesulfonyl chloride (22) (Scheme 11), which could be readily
reacted with alcohols of different chain lengths to form the corresponding alkyl
benzenesulfonate esters (Scheme 12).

Cl
0=S=0

K,COs CISOzH
PCI
+ Br/\/o\/\o/ —=5 .
DMF DCM

o
o \L o\L 22

Scheme 11. Procedure for the synthesis of p-(2-(2-methoxyethoxy)ethoxy)benzenesulfonyl
chloride (22)
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(III (I)R
0=S=0 0=5=0

pyridine
* R-OH R= ethyl (23), butyl (24), hexyl (25), octyl(26)

§ N

o< o<

Scheme 12. Procedure for the synthesis of alkyl p-(2-(2-methoxyethoxy)ethoxy)benzenesulfonate
esters.

The quaternization reaction for the preparation of p-(2-(2-
methoxyethoxy)ethoxy)benzenesulfonate (meebs) ionic liquids (Scheme 13) was carried out
in the absence of reaction solvent at 45 °C. Several cation and anion combinations were
synthesised, the cation being methylimidazole, pyridine or methyl pyrrolidine. Only

[emim][meebs] (27), [bmim][meebs] (28) and [omim][meebs] (29) are described here as only
these ILs have been fully characterized.
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0=5=0 N .
3 0=S=0
IS G
R R= ethyl (27), butyl (28) and octyl (29)
o
\L o
: 1
H o]
! N
~ O\
Scheme 13. Quaternization reaction for the preparation of p-(2-(2-

methoxyethoxy)ethoxy)benzenesulfonate (meebs) ionic liquids.

Experiments investigating these TSILs, particularly [bmim][meebs], for their ability to
improve NaBH, reductions are ongoing.

One of the new ionic liquids, [bmim][meebs], was used to study activity of feruloyl esterases
for carbohydrate esterification. The test reaction was a reaction between methyl ferulate
(MFA) and L-arabinose catalysed by type-C feruloyl esterase from Talaromyces stipitatus
(TsFaeC) (Scheme 14). The synthetic activity of the esterase for the production of esterified
carbohydrate was tested, unfortunately no esterified L-arabinose was detected, although,
slight hydrolysis of MFA was observed. This result might indicate that to some extent the
enzyme retain its hydrolytic activity in [bmim][meebs]. Other ILs (e.g. [C50.mim][PFs] and
[CsO,mim][NTf,]) tested with this enzyme gave similarly poor results. However, a
preliminary study of the solubility of L-arabinose indicated high solubility of this sugar when
[bmim][meebs] was added as ionic liquid; 225 mg of the sugar was dissolved in 1 g of
[bmim][meebs] (sugar was sonificated with IL at 60 °C for 2 hours and left stirring overnight
at 50 °C; water content of IL < 100 ppm, KF titration).

_0._0O
0.0
= H @] TsFaeC
+ (@] OH
HO — Z
H OH
O_
OH
OH

H

O
H OH
O—

Scheme 14. Transesterification reaction between methyl ester of cinnamic acid and L-arabinose
catalysed by TsFaeC.
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5. CONCLUSIONS

Substituted benzophenones were prepared to investigate Friedel-Crafts acylation reaction
between various aromatics and an acylating agent where a metal bistriflamide complex,
HNTf,, a metal chloride or chloroindate(lll) was used as catalyst in an ionic liquid or neat
reaction environment. In many cases, excellent yields of the desired compounds were
obtained, and the ionic reaction medium was recyclable. Future studies employing microwave
irradiation to decrease the reaction time would be appropriate, since reaction times remained
rather long when reactions were promoted with a conventional heating method (oil bath).

New microwave promoted methods were developed for the synthesis of several
polyhydroxydeoxybenzoins and arylpropanones where ionic liquids [bmim][NTf,] and
[omim][BF4] were used as the reaction solvent. The reactions were promoted with acid
additive HNTf,, BF3-OEt, or chloroindate (I11) IL. Under optimized conditions, HNTf, and
BF;-OEt; in ionic reaction media gave good to excellent yields of the target compounds in just
four minutes.

The development of new strategies for isotopic labelling of naturally occurring polyphenols is
of great importance in the development of methods for the quantification of naturally
occurring polyphenols in biological samples. When ionic liquid, [bmim]Cl or [bomim]Br, was
added as a co-solvent, the use of deuteration reagent 35 % DCI in D,O gave high isotopic
purity of isoflavonoids and flavonoids. Furthermore, the reaction times under MW irradiation
were exceptionally short as compared with those of previously reported methods.

The O-demethylation reaction of several methyl protected polyhydroxy aromatics was
successfully carried out in [bomim][BF,] with BBr3; used as a mild demethylation reagent. The
highly solvating ionic reaction media enabled the reaction to occur rapidly at moderate or
room temperature.

New ionic liquids were synthesised with use of sulfonate esters as efficient N-alkylation
reagents. In total, eleven 3,5-dimethylisoxazol mesylate ionic liquids and three alkyl
imidazolium p-(2-(2-methoxyethoxy)ethoxy) benzene sulfonate ionic liquids were prepared
and characterized. Of particular note, a new type of anion, p-(2-(2-methoxyethoxy)ethoxy)
benzene sulfonate, was developed as a means to promote certain reduction reactions. This
study is continuing.
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6. EXPERIMENTAL

The experimental details of the research reported in publications I-V can be found in the
respective publications. The experimental details for the unpublished work (study VI) are
reported below.

6.1 General

Nuclear magnetic resonance (NMR) spectra of 3,5-dimethylisoxazolium ILs were obtained
with a Bruker Advance DPX 300 MHz spectrometer using tetramethylsilane as an internal
standard. Melting points were determined with A Perkin Elmer Pyris-1 power compensation
differential scanning calorimeter (DSC). NMR spectra of compounds 23-29 were obtained
with a Varian 300 MHz spectrometer using tetramethylsilane as an internal standard. Melting
points were determined with Mettler 882e DSC. Thermal gravimetric analysis (TGA) was
obtained with Mettler Toledo TGA/SDTA 851e. Electrospray ionization (ESI) mass spectral
data were recorded with Mariner ESI-TOF. Water content was determined with Metrohn 756
KF Coulometer.

6.2 Synthesis of 3,5-dimethylisoxazole ionic liquids
General procedure

3,5-Dimethylisoxazole (dmio) and alkylmesylate (C,OMs ) were refluxed at 120-150 °C for
17-40 hours (Table 22). After reaction was completed (followed by *H NMR), the reaction
mixture was cooled down to room temperature and excess of dmio was distilled off in a
Kugelrohr apparatus.

Further purification was made to remove the black colour of the products, as follows: N-alkyl-
3,5-dimethylisoxazolium methanesulfonate ([C,dmio][OMs]) was dissolved in isopropanol
and slowly flashed through charcoal under pressure in suitable column. This purification
method was recently published.'®®
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Table 22. Details for the synthesis of [C,dmio][OMs]

Starting materials Product
M[C,dmio][OMs]/  1st yield" 2nd yield®
Reaction time
m[g] M[g/mol] n[mmol] /conversion® [g/mol]
dmio 1.64 97.12 16.9 19h/~95% M[C,dmio][OMs]/  75% 36%
C,0OMs 1.24 124.10 9.7 221.22 (black (yellow
liquid) liquid)
dmio 1.16 97.12 12.0 22h/~95%  M[Csdmio][OMs])/ 81% 71%
C30Ms 1.14 138.14 8.0 235.26 (black (yellow
liquid) liquid)
dmio 1.46 97.12 15.0 40h/~90%  MI[C,dmio][OMs]/  56% -
C,OMs 1.80 152.2 11.8 249.32 (black
liquid)
dmio 1.46 97.12 15.0 40h/~93%  MI[Csdmio][OMs]/  63% 60%
CsOMs 1.66 166.27 10.0 263.40 (black (yellow
liquid) liquid)
dmio 1.46 97.12 15.0 22h/~95%  M[Cgdmio][OMs])/  85% 20%
CgOMs 3.14 208.32 15.0 305.44 (black (yellow
liquid) liquid)
dmio 0.78 97.12 8.0 17h/~90%  M[Cydmio][OMs])/ ~78% -
CiOMs  1.18 236.37 5.0 140°C 333.49 + side
product
dmio 0.39 97.12 4.0 44h/~95%  M[C;,dmio][OMs]/ ~83% -
C;,OMs  0.66 264.43 2.5 150° C 361.34 + side
product
dmio 0.78 97.12 8.0 23h/~95%  M[Cydmio][OMs]/ ~64 % -
Ci4sOMs  1.46 292.48 5.0 140° C 389.60 + side
product
dmio 0.78 97.12 8.0 23 h/~95 % M[Cisdmio][OMs]/ ~60 % -
CisOMs  1.60 320.53 5.0 140° C 417.65 + side
product
dmio 0.78 97.12 8.0 44h/~95% M[Cgdmio][OMs]/ ~67 % -
CigOMs 174 348.59 5.0 445,71 + side
product

a: 'H NMR spectra data were used to calculate conversions, b: yields after Kugelrohr distillation c: yields after charcoal

purification

62




N-Ethyl-3,5-dimethylisoxazolium methanesulfonate [C,dmio][OMs] (12)

"H NMR (CDCls): § 1.63 (3 H, t, H-2), 2.69 (3 H, s, -OMs), 2.71 (3 H, s, 3-CH3), 2.87 (3 H,
s, 5-CH3), 4.74 (2 H, m, H-1"), 7.18 (1 H, s, H-4) *C NMR (CDCl5): & 12.82 (5-CHs), 13.12
(3-CH3), 13.39 (C-2’), 39.82 (-OMs), 48.36 (C-1’), 109.52 (C-4), 160.74 (C-3), 173.18 (C-5)
DSC: liquid range —100° C - + 110° C

N-Propyl-3,5-dimethylisoxazolium methanesulfonate, [C3;dmio][OMs] (13)

'H NMR (CDCls): § 1.04 (3 H, t, H-3"), 1.96-2.09 (2 H, m, H-2), 2.68 (-OMs), 2.74 (3 H, s,
3-CH3), 2.80 (3 H, s, 5-CH3), 4.64 (2 H, t, H-1°), 7.07 (1 H, s, H-4) *C NMR (CDCly): &
11.19 (5-CHs), 12.87 (3-CHg), 13.15 (C-3"), 21.77 (C-2’), 32.62 (-OMs), 54.26 (C-1°),
109.43 (C-4), 161.13 (C-3), 173.42 (C-5)

N-Butyl-3,5-dimethylisoxazolium methanesulfonate, [C4dmio][OMs] (14)

"H NMR (CDCls): 5 1.00 (3 H, t, H-4"), 1.36-1.49 (2 H, m, H-3"), 1.91-2.01 (2 H, m, H-2"),
2.69 (3 H, s, -OMs), 2.74 (3 H, s, 3-CH3), 2.79 (3 H, s, 5-CH3), 4.67 (3 H, t, H-1°), 7.11 (1 H,
s, H-4) 3C NMR (CDCly): § 12.70 (5-CHs), 13.04 (3-CH3), 13.64 (C-4), 19.81 (C-3"), 30.00
(C-2°), 39.66 (-OMs), 52.54 (C-1°), 109.37 (C-4), 160.84 (C-3), 173.35 (C-5)

N-Pentyl-3,5-dimethylisoxazolium methanesulfonate, [Csdmio][OMs] (15)

'"H NMR (CDCls): § 0.95 (3 H, t, H-57), 1.30-1.38 (4 H, m, H-4’ H-3’), 1.98 (2 H, m, H-2"),
2.68 (3 H, s, -OMs), 2.77 (3 H, s, 3-CH3), 2.78 (3 H, s, 5-CH3), 4.60 (2 H, t, H-1"), 7.12 (1 H,
s, H-4) 3C NMR (CDCls):  12.86 (5-CHs), 13.15 (3-CHs), 14.07 (C-5°), 22.32 (C-4"), 27.87
(C-2%), 28.65 (C-3%), 39.72 (-OMs), 52.88 (C-1°), 109.44 (C-4), 160.93 (C-3), 173.40 (C-5)
The carbon-proton correlations were shown by 2D-spectrum. DSC: liquid range —100° C - +
110°C

N-Octyl-3,5-dimethylisoxazolium methanesulfonate, [Csdmio] [OMs] (16)

'H NMR (CDCls): § 0.90 (3 H, t, H-8"), 1.27-1.36 (10 H, m, H-3’- H-7"), 1.91-2.01 (2 H, m,
H-27), 2.66 (3 H, s, -OMs), 2.69 (3 H, s, 3-CH3), 2.82 (3 H, s, 5-CH3), 4.70 (2 H, t, H-1"),
7.20 (1 H, s, H-4) 3C NMR (CDCl3): & 12.80 (5-CH3), 13.05 (3-CHs), 14.26 (C-8"), 22.75
(C-7°), 25.73 (C-6"), 28.11 (C-5"), 29.06 (C-4’), 29.13 (C-2°), 31.83 (C-3"), 39.74 (-OMs),
52.85 (C-1°), 109.49 (C-4), 160.93 (C-3), 173.21 (C-5). DSC: melting point +31° C

N-Decyl-3,5-dimethylisoxazolium methanesulfonate, [C;odmio][OMs] (17)
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"H NMR (CDCls): § 0.88 (t, H-10"), 1.26-1.35 (m, H-3’-H-9°), 1.95-2.05 (m, H-2), 2.67 (s, -
OMs), 2.76 (s, 3-CH3), 2.81 (s, 5-CH3), 4.59 (t, H-1"), 6.91 (s, H-4). Side product is shown &
1.56 (m) and 3.39 (t)

N-Dodecyl-3,5-dimethylisoxazolium methanesulfonate, [C;,dmio] [OMs] (18)

"H NMR (CDCls):  0.88 (t, H-127), 1.26-1.35 (m, H-3’-H-11"), 1.93-1.97 (m, H-2"), 2.67 (s,
-OMs), 2.75 (s, 3-CH3), 2.82 (s, 5-CH3), 4.58 (t, H-17), 6.93 (s, H-4). Side product is shown &
1.56 (m) and 3.39 (1)

N-Tetradecyl-3,5-dimethylisoxazolium methanesulfonate, [C4dmio][OMs] (19)

'"H NMR (CDCls): & 0.88 (t, H-14"), 1.25 (m, H-3’-H-13’), 1.93-1.99 (m, H-2’), 2.68 (s, -
OMs), 2.75 (s, 3-CH3), 2.84 (s, 5-CH3), 4.58 (t, H-1"), 6.86 (s, H-4). Side product is shown &
1.56 (m) and 3.39 (1)

N-Hexadecyl-3,5-dimethylisoxazolium methanesulfonate, [Ci¢dmio][OMs] (20)

"H NMR (CDCls): & 0.88 (t, H-16"), 1.25 (m, H-3’-H-15"), 1.93-1.98 (m, H-2"), 2.67 (s, -
OMs), 2.76 (s, 3-CH3), 2.81 (s, 5-CH3), 4.60 (t, H-1"), 6.86 (s, H-4). Side product is shown &
1.54 (m) and 3.39 (t)

N-Octadecyl-3,5-dimethylisoxazolium methanesulfonate, [C1sdmio][OMs] (21)

"H NMR (CDCls): & 0.89 (t, H-18"), 1.25 (m, H-3’-H-17), 1.92-1.99 (m, H-2"), 2.67 (s, -
OMs), 2.77 (s, 3-CH3), 2.84 (s, 5-CH3), 4.57 (t, H-1"), 6.85 (s, H-4). Side product is shown &
1.56 (m) and 3.39 (1)

Anion exchange of [C,dmio][OMs] to [Cdmio][PFg]

[Chdmio][OMs] (1.3-2.1 mmol) was dissolved in water (2 ml) and added to KPFg/water
solution (2.8-4.41 mmol in 3 ml of H,O). After stirring for 20 minutes two phases were
formed. The reaction mixture was extracted with dichloromethane, organic layers were
collected and solvent was concentrated on a rotary evaporator. Results are presented in Table
23.
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Table 23. Anion exchange of [C,dmio][OMs] to [C,dmio][PFs]

'r@()?\N—R © — [é?\ R ©
N OMe + KPFg \/N R PFg

Starting materials Products
M[C,dmio][PFs}/ Yield
m[g] M[g/mol]  n[mmol] [g/mol]

[C,dmio][OMs] 0.46 221.22 2.1 M[C,dmio][PFe)/ 55%
KPFe 0.77 184.07 42 271.12 (yellow liquid)

[Csdmio][OMs] 0.56 263.40 2.1 M[Csdmio][PFe)/ 83%
KPFe 0.81 184.07 4.4 313.30 (yellow liquid)

[Csdmio][OMs] 0.40 305.44 1.3 M[Cgdmio][PFsl/ 88%
KPFg 0.52 184.07 2.8 355.34 (yellow liquid)

N-Ethyl-3,5-dimethylisoxazolium hexafluorophosphate [C,dmio][PFg]

"H NMR (Methanol-D4): § 1.48 (3 H, t, H-2"), 2.52 (6 H, s, 3-CH3, 5-CH3), 4.56 (2 H, m, H-
1), 6.72 (1 H, s, H-4) ®C NMR (Methanol-D,): & 12.11 (5-CH3), 12.62 (3-CH3), 13.35 (C-
2%), 48.88 (C-17), 109.78 (C-4), 161.79 (C-3), 175.42 (C-5). DSC: + 54° C

N-Pentyl-3,5-dimethylisoxazolium hexafluorophosphate [Csdmio][PFg]

'H NMR (CDCly): 5 0.91 (3 H, t, H-5), 1.26-1.41 (4 H, m, H-4’ H-3"), 1.91-2.04 (2 H, m, H-
2%), 2.60 (6 H, s, 3-CHs, 5-CH3), 4.46 (2 H, t, H-1), 6.76 (1 H, s, H-4) *C NMR (CDCly): 5
11.93 (5-CHs), 12.66 (3-CHs), 14.00 (C-5), 22.25 (C-4’), 27.62 (C-2’), 28.46 (C-3"), 52.37
(C-17), 108.84 (C-4), 160.45 (C-3), 173.74 (C-5). DSC: liquid range —100° C - + 120° C

N-Octyl-3,5-dimethylisoxazolium hexafluorophosphate [Csdmio][PF]

"H NMR (CDCls): 5 0.80 (3 H, t, H-8°), 1.12-1.27 (10 H, m, H-3’- H-7"), 1.83-1.90 (2 H, m,
H-2%), 2.53 (6 H, s, 3-CH3, 5-CH3), 4.36 (2 H, t, H-1"), 6.63 (1 H, s, H-4) *C NMR (CDCls):
8 12.03 (5-CH3), 12.74 (3-CHa), 14.40 (C-8’), 22.91 (C-7’), 26.53 (C-6"), 28.00 (C-5), 29.14
(C-47), 29.25 (C-2°), 32.00 (C-3’), 52.42 (C-1’), 108.92 (C-4), 160.48 (C-3), 173.69 (C-5).
DSC: melting point 24 ° C
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6.3 Synthesis of p-(2-(2-methoxyethoxy)ethoxy)benzenesulfonate (meebs) ionic
liquids

6.3.1 Synthesis of p-(2-(2-methoxyethoxy)ethoxy) benzenesulfonylchloride (22)

Phenol (0.39 mol) and K,CO3; (0.40 mol) were dissolved in DMF (550 ml). Bromo-2(2-
methoxyethoxy)ethane (0.40 mol) was added slowly through a dropping funnel under
vigorous stirring. The mixture was refluxed overnight. The reaction solution was poured into
brine, and the product was extracted with ether. Combined extracts were washed with 1 M
NaOH, saturated NH4Cl and water and dried over MgSO,. Concentration gave 2-(2-
methoxyethoxy)ethoxybenzene in 77% yield. 2-(2-Methoxyethoxy)ethoxybenzene (0.20 mol)
were placed in a two neck flask and dissolved in DCM (350 ml). The solution was cooled
down in an ice-water bath, and CISOsH (0.20 mol) was added. The ice-water bath was
removed and stirring was continued at room temperature for 45 minutes, after which PCls
(0.20 mol) was added. The mixture was stirred overnight at room temperature and then
concentrated. The concentrate was dissolved in EtOAc, filtered through silica and
concentrated. Compound 22 was collected in 90% yield.

6.3.2 Synthesis of alkyl p-methoxyethoxyethyl benzenesulfonates
General procedure

Alcohol (0.05 mol) was stirred with compound 23 (0.05 mol) in an ice-water bath. Pyridine
(6.0 ml) was added and stirring was continued for one hour in the ice-water bath and one hour
at room temperature. The mixture was dissolved in EtOAc and washed with 1 M HCI. The
combined extracts were washed with water and dried over MgSQ,. If additional purification
was needed, the product was purified by flash chromatography and elution with EtOAc/DCM
5:1.

Ethyl p-(2-(2-methoxyethoxy)ethoxy) benzenesulfonate (23)

Purification by flash chromatography gave 54% yield of liquid compound. "H NMR (CDCls):
6 1.30 (3H, m), 3.40 (3H, s), 3.59 (2H, m), 3.72 (2H, m), 3.90 (2H, m) 4.10 (2H, m), 4.21
(2H, m), 7.02 (2H, d, J = 8.9 Hz), 7.83 (2H, d, J = 9.0 Hz). *C NMR (CDCls): & 14.90,
59.29, 66.81, 68.13, 69.64, 71.06, 72.14, 115.19, 128.10, 130.18, 163.15.

Butyl p-(2-(2-methoxyethoxy)ethoxy) benzenesulfonate (24)

Purification by flash chromatography gave 63% yield of liquid compound. "H NMR (CDCls):
5 0.86 (3H, m), 1.38 (2H, m), 1.63 (2H, m), 3.39 (3H, s), 3.58 (2H, m), 3.71 (2H, m), 3.89
(2H, m) 4.01 (2H, m), 4.21 (2H, m), 7.02 (2H, d, J = 8.7 Hz), 7.83 (2H, d, J = 9.3 Hz). *C
NMR (CDCl3): & 13.58, 18.82, 30.98, 59.29, 68.13, 69.64, 70.42, 71.06, 72.15, 115.18,
128.03, 130.19, 163.12.
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Hexyl p-(2-(2-methoxyethoxy)ethoxy) benzenesulfonate (25)

Isolation gave 63% vyield of liquid compound. "H NMR (CDCls): & 0.85 (3H, m), 1.23 (6H,
m), 1.60 (2H, m), 3.39 (3H, s), 3.58 (2H, m), 3.71 (2H, m), 3.89 (2H, m) 4.00 (2H, m), 4.21
(2H, m), 7.02 (2H, d, J = 9.0 Hz), 7.82 (2H, d, J = 9.0 Hz). *C NMR (CDCly): § 14.11,
22.61, 25.23, 28.98, 31.31, 59.30, 68.13, 69.65, 70.75, 71.06, 72.15, 115.16, 128.03, 130.19,
163.12.

Octyl p-(2-(2-methoxyethoxy)ethoxy) benzenesulfonate (26)

Isolation gave 77% vyield of liquid compound. "H NMR (CDCls): & 0.86 (3H, m), 1.22 (10H,
m), 1.61 (2H, m), 3.39 (3H, s), 3.57 (2H, m), 3.71 (2H, m), 3.90 (2H, m) 4.01 (2H, m), 4.21
(2H, m), 7.02 (2H, d, J = 8.9 Hz), 7.81 (2H, d, J = 9.0 Hz). *C NMR (CDCls): & 14.25,
22.79, 25.56, 29.02, 29.10, 29.24, 31.89, 59.30, 68.13, 69.66, 70.76, 71.07, 72.16, 115.16,
128.06, 130.20, 163.12.

6.3.3 Synthesis of alkylmethylimidazolium p-(2-(2-methoxyethoxy)ethoxy)
benzenesulfonate

General procedure

Methylimidazole (3.1 mmol) and alkyl p-(2-(2-methoxyethoxy)ethoxy) benzenesulfonate (2.6
mmol) were stirred under argon at 45 °C for 24 hours. The mixture was washed with EtOAc
and dried under reduced pressure.

1-Ethyl-3-methylimidazolium p-(2-(2-methoxyethoxy)ethoxy) benzene sulfonate
[emim][meebs] (27)

Isolation gave 75% yield. "H NMR (CDCls): & 1.52 (3H, m), 3.43 (3H, s), 3.58 (2H, m), 3.71
(2H, m), 3.83 (2H, m) 3.99 (3H, s), 4.14 (2H, m), 4.28 (2H, m), 6.86 (2H, d, J=9), 7.27 (1H,
s), 7.31 (1H, s), 7.81 (2H, d, J = 8.7 Hz), 9.91 (1H, s). *C NMR (CDCls): & 15.61, 36.50,
59.22, 67.75, 69.86, 70.91, 72.11, 114.13, 121.88, 123.79, 127.68, 137.58, 139.52, 159.80.
MS(ESH‘) C6H11N2+:111

1-Butyl-3-methylimidazolium p-(2-(2-methoxyethoxy)ethoxy) benzene sulfonate,
[bmim][meebs] (28)

Isolation gave 80% yield. "H NMR (CDCls): § 0.91 (3H, m), 1.30 (2H, m), 1.80 (2H, m) 3.38
(3H, s), 3.58 (2H, m), 3.71 (2H, m), 3.84 (2H, m) 3.98 (3H, s), 4.14 (2H, m), 4.22 (2H, m),
6.86 (2H, d, J=9) 7.27 (1H, s), 7.37 (1H, s), 7.81 (2H, d, J = 8.7 Hz), 9.87 (1H, s). *C
NMR (CDCl3): 6 13.56, 19.60, 32.24, 36.54, 49.85, 59.25, 67.75, 69.88, 70.94, 72.13, 114.11,
122.13, 123.80, 127.70, 138.12, 139.75, 159.76. MS(ESI+) CgHysN,": 139. DSC: T4 -35 °C
(238 K), liquid range -100 — +190 °C, TGA: 334 °C.
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1-Octyl-3-methylimidazolium p-(2-(2-methoxyethoxy)ethoxy) benzene sulfonate,
[omim][meebs] (29)

Isolation gave 83% yield. "H NMR (CDCls): 8 0.87 (3H, m), 1.26 (10H, m), 1.81 (4H, m)
3.38 (3H, s), 3.58 (2H, m), 3.71 (2H, m), 3.84 (2H, m) 4.03 (3H, s), 4.14 (2H, m), 4.22 (2H,
m), 6.86 (2H, d, J=8.7) 7.20 (1H, s), 7.26 (1H, s), 7.83 (2H, d, J = 8.7 Hz), 9.98 (1H, s). *C
NMR (CDCls): 6 14.25, 22.78, 26.42, 29.13, 29.22, 30.39, 31.88, 36.61, 50.18, 59.25, 67.74,
69.89, 70.96, 72.14, 114.11, 121.95, 123.72, 127.72, 138.29, 139.72, 159.76. MS(ESI+)
C12H23N2+: 195.

68



7. REFERENCES

1.

10.

11.

12.

13.

14.

15.

Anastas, P. T and Warner J. C. Green Chemistry: Theory and Practice, 1998, Oxford
University Press, Oxford.

Poliakoff, M., Fitzpatric, M. J., Farren, T. R. and Anastas, P. T. Green Chemistry:
Science and politics of change. Science, 2002, 297, 807-810.

Horvath, I. T. and Anastas, P. T. Innovations and green chemistry. Chem. Rev. 2007,
107, 2169-2173.

Clark, J. H and Tavener, S. J. Alternative solvents: Shades of green. Org. Process Res.
Dev. 2007, 11, 149-155.

Reichard, C. Solvents and Solvent Effects in Organic Synthesis, 2004, WILEY-VCH,
Germany

Plechkova, N. V. and Seddon, K. R. Applications of ionic liquids in the chemical
industry. Chem. Soc. Rev. 2008, 37, 123-150.

Kappe, O. C. and Dallinger, D. The impact of microwave synthesis on drug discovery.
Nat. Rev. 2006, 5, 51-63.

Weingértner, H. Understanding ionic liquids at the molecular level: facts, problems and
controversies. Angew. Chem. Int. Ed. 2008, 47, 654-670.

Greaves, T. L. and Drummond, C. J. Protic ionic liquids: properties and applications.
Chem. Rev. 2008, 108, 206-237.

Martins, M. A. P., Frizzo, C. P., Moreira, D. N., Zanetta, N. and Bonacorso, H. G. lonic
liquids in heterocyclic synthesis. Chem. Rev. 2008, 108, 2015-2050.

Kobrak, M. N. The chemical environment of ionic liquids: links between liquid
structure, dynamics and solvation. Adv. Chem. Phys. 2008, 139, 85-137.

Chen, X., Li, X., Hu, A. and Wang, F. Advances in chiral ionic liquids derived from
natural amino acids. Tetrahedron: Asymmetry, 2008, 19, 1-14.

Winkel, A., Reddy, P. V. G. and Wilhelm, R. Recent advances in the synthesis and
application of chiral ionic liquids. Synthesis, 2008, 7, 999-1016.

Chiappe, C. and Pieraccini, D. lonic Liquids: solvent properties and organic reactivity.
J. Phys. Org. Chem. 2005, 18, 275-297.

Welton, T. lonic liquids in catalysis. Coord. Chem. Rev. 2004, 248, 2459-2477.

69



16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

Marsh, K. N., Boxall, J. A. and Lichtenthaler, R. Room temperature ionic liquids and
their mixtures - a review. Fluid Phase Equilib. 2004, 219, 93-98.

lonic Liquids in Synthesis (Eds. Wasserscheid, P. and Welton, T.), 2003,Wiley-VCH,
Weinheim.

Parvulescu, V. I. and Hardacre, C. Catalysis in ionic liquids. Chem. Rev. 2007, 107,
2615-2665.

Holbrey, J. D. and Seddon, K. R. lonic liquids. Clean Prod. Processes, 1999, 1, 233-
236.

Welton, T. Room-temperature ionic liquids. Solvents for synthesis and catalysis. Chem.
Rev. 1999, 99, 2071-2083.

Hough, W. L. and Rogers, R. D. lonic liquids then and now: from solvents to materials
to active pharmaceutical ingredients. Bull. Chem. Soc. Jpn. 2007, 80, 2262-22609.

Imperato, G., Konig, B. and Chiappe, C. lonic green solvents from renewable resources.
Eur. J. Org. Chem. 2007, 1049-1058.

Chowdhury, S., Mohan, R. S. and Scott, J. L. Reactivity of ionic liquids. Tetrahedron,
2007, 63, 2366-2389.

Jain, N., Kumar, A., Chauhan, S. and Chauhan, S. M. S. Chemical and biochemical
transformations in ionic liquids. Tetrahedron, 2005, 61, 1015-1060.

Plechkova, N. and Seddon, K. R. lonic liquids: “designer” solvents for green chemistry.
Methods and Reagents for Green Chemistry, 2007, 105-130.

Holbrey, J. D. and Rogers, R. D. in lonic Liquids in Synthesis (Eds. Wasserscheid, P.
and Welton, T.) 2003, WILEY-VCH, Germany.

Gordon, C. M. in lonic Liquids in Synthesis (Eds. Wasserscheid, P. and Welton, T.)
2003, WILEY-VCH, Germany.

Davis, J. H. Jr. Task-specific ionic liquids. Chem. Lett. 2004, 9, 1072-1077.

MacFarlane, D. R., Pringle, J. M., Johansson, K. M., Forsyth, S. A. and Forsyth, M.
Lewis base ionic liquids. Chem. Commun. 2006, 1905-1917.

McCamley, K., Warner, N. A., Lamoureux, M. M., Scammells, P. J. and Singer, R. D.
Quantification of chloride ion impurities in ionic liquids using ICP-MS analysis. Green
Chem. 2004, 6, 341-344.

Holbrey, J. D., Reicherd, M. W., Swatloski, R. P., Broker, G. A., Pitner, W. R., Seddon,
K. R. and Rogers, R. D. Efficient, halide free synthesis of new, low cost ionic liquids:
1,3-dialkylimidazolium salts containing methyl- and ethyl-sulfate anions. Green Chem.
2002, 4, 407-413.

70



32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Karodia, N., Guise, S., Newlands, C. and Andersen, J-A. Clean synthesis with ionic
solvents-phosphonium tosylates for hydroformulation. Chem. Comm. 1998, 2341-2342.

Stuerga, D. in Microwaves in Organic Synthesis (Ed. Loupy, A.), 2006, 2" Edition,
WILEY-VCH, Germany.

Kappe, O. C. Controlled microwave heating in modern organic synthesis. Angew.
Chem. Int. Ed. 2004, 43, 6250-6284.

Wakai, C., Oleinikova, A., Ott, M. and Weingartner, H. How polar are ionic liquids?
Determination of the static dielectric constant of an imidazolium-based ionic liquid by
microwave dielectric spectroscopy. J. Phys. Chem. B, 2005, 36, 17028-17030.

Hoffmann, J., Nichter, M., Ondruschka, B. and Wasserscheid, P. lonic liquids and their
heating behavior during microwave irradiation — a state of the art report and challenge
to assessment. Green Chem. 2003, 5, 296-299.

Gedye, R., Smith, F., Westaway, K., Ali, H., Baldisera, L., Laberge, L. and Rousell, J.
The use of microwave ovens for a rapid organic synthesis. Tetrahedron Lett. 1986, 27,
279-82.

Giguere, R. J., Bray, T. L., Duncan, S. M. and Majetich, G. Application of commercial
microwave ovens to organic synthesis. Tetrahedron Lett. 1986, 27, 4945-4948.

Larhed, M. and Hallberg, A. Microwave-assisted high-speed chemistry: a new
technique in drug discovery. Drug Discovery Today, 2001, 6, 406-415.

Loupy, A. Solvent-free microwave organic synthesis as an efficient procedure for green
chemistry. C. R. Chimie, 2004, 7, 103-112.

De La Hoz, A., Diaz-Ortiz, A. and Moreno, A. Selectivity in organic synthesis under
microwave irradiation. Curr. Org. Chem. 2004, 8, 903-918.

Nuchter, M., Ondruschka, B. Bonrath, W. and Gum, A. Microwave assisted synthesis —
a critical technology overview. Green Chem. 2004, 6, 128-141.

Martinez-Palou, R. Advances in microwave-assisted combinatorial chemistry without
polymer-supported reagents. Mol. Diversity, 2006, 10, 435-462.

Appukkuttan, P. and Van der Eycken, E. Microwave-assisted natural product chemistry.
Top. Curr. Chem. 2006, 226, 1-47.

Strauss, C. R. and Varma, R. S. Microwaves in green and sustainable chemistry. Top.
Curr. Chem. 2006, 266, 199-231.

Wannberg, J., Ersmark, K. and Larhed, M. Microwave-accelerated synthesis of protease
inhibitors. Top. Curr. Chem. 2006, 266, 167-198.

71



47.

48.

49.

50.

51

52.

53.

54.

55.

56.

S7.

58.

59.

60.

61.

Glasnov, T. N. and Kappe, O. C. Microwave-assisted synthesis under continuous-flow
conditions. Macromol. Rapid Commun. 2007, 28, 395-410.

Microwaves in Organic Synthesis, (Ed. Loupy A), 2006, 2" Edition, Wiley-VCH
Verlag GmbH & Co. KGaA, Weinheim, Germany.

Bogdal, D. Microwave-assisted Organic Synthesis: One Hundred Reaction Procedures,
2005, Elsevier Ltd., Netherlands.

Nichter, M., Ondruschka, B., Weil3, D., Beckert, R., Bonrath, W. and Gum, A.
Contribution to the qualification of technical microwave systems and to the validation
of microwave-assisted reactions and processes. Chem. Eng. Technol. 2005, 28, 871-881.

Herrero, A. M., Kremsner, J. M. and Kappe, O. C. Nonthermal microwave effects
revisited: On the importance of internal temperature monitoring and agitation in
microwave chemistry. J. Org. Chem. 2008, 73, 36-47.

Fraga-Dubreuil, J. and Bazureau, J. P. Rate accelerations of 1,3-dipolar cycloaddition
reactions in ionic liquids. Tetrahedron Lett. 2000, 41, 7351-7355.

Leadbeater, N. E., Torenius, H. M. and Tye, H. Microwave-promoted organic synthesis
using ionic liquids: A mini review. Comb. Chem. High Throughput Screen. 2004, 7,
511-528.

Habermann, J., Ponzi, S. and Ley, S. V. Organic chemistry in ionic liquids using non-
thermal energy-transfer processes. Mini-Rev. Org. Chem. 2005, 2, 125-137.

Leveque, J-M. and Cravotto, G. Microwaves, power ultrasound, and ionic liquids. A
new synergy in green organic synthesis. Chimia 2006, 60, 313-320.

Leadbeater, N. E. and Torenius, H. M. in Microwaves in Organic Synthesis, (Ed.
Loupy, A.), 2006, 2" Edition, Wiley-VCH, 327-361.

Fischer, T., Sethi, T., Welton, T. and Woolf, J. Diels-Alder reactions in room
temperature ionic liquids. Tetrahedron Lett. 1999, 40, 793-796.

Earle, M. J., McMormac, P. B. and Seddon, K. R. Diels-Alder reactions in ionic liquids.
Green Chem. 1999, 1, 23-25.

Leadbeater, N. E. and Torenius, H. M. A study of ionic liquid mediated microwave
heating of organic solvents. J. Org. Chem. 2002, 67, 3145-3148.

Chen, I-H., Young, J-N. and Yu, S. J. Recyclable organotungsten Lewis acid and
microwave assisted Diels-Alder reactions in water and in ionic liquids. Tetrahedron
2004, 60, 11903-11909.

Lopez, 1., Silvero, G., Arevalo, M. J., Babiano, R., Palacious, J. C. and Bravo, J. L.

Enhanced Diels-Alder reactions: on the role of mineral catalyst and microwave
irradiation in ionic liquids as recyclable media. Tetrahedron 2007, 63, 2901-2906.

72



62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Calo, V., Nacci, A. and Monopoli, A. Effects of ionic liquids on Pd-catalysed carbon-
carbon bond forming. Eur. J. Org. Chem. 2006, 3791-3802.

Alonso, F., Beletskaya, I. P. and Yus, M. Non-conventional methodologies for
transition-metal catalyzed carbon-carbon coupling: a critical overview. Part 1: The Heck
reaction. Tetrahedron, 2005, 61, 11771-11835.

Carmichael, A. J., Earle, M. J., Holbrey, J. D., Mc Lormac, P. B. and Seddon, K. R. The
Heck reaction in ionic liquids: a multiphasic catalyst system. Org. Lett. 1999, 1, 997-
1000.

Xu, L., Chen, W. and Xiao, J. Heck reaction in ionic liquids and the in situ
identification of N-heterocyclic carbine complexes of palladium. Organometallics
2000, 19, 1123-1127.

Howarth, J. and Dallas, A. Moisture stable ambient temperature ionic liquids: solvents
for the new millennium. 1. The Heck reaction. Molecules 2000, 5, 851-855.

Vallin, K. S. A., Emilsson, P., Larhed, M. and Hallberg, A. High-speed Heck reaction in
ionic liquid with controlled microwave heating. J. Org. Chem. 2002, 67, 6243-6246.

Xie, X., Lu, J., Chen, B., Han, J.,She, X. and Pan, X. Pd/C-catalyzed Heck reaction in
ionic liquid accelerated by microwave heating. Tetrahedron Lett. 2004, 45, 809-811.

Dell’Anna, M. M., Gallo, V., Mastrorilli, P., Nobile, C. F., Romanazzi, G. and Suranna,
G. P. Metal catalysed Michael additions in ionic liquids. Chem. Commun. 2002, 434-
435.

Wang, Z., Wang, Q., Zhang, Y. and Bao, W. Synthesis of new chiral ionic liquids from
natural acids and their applications in enantioselective Michael addition. Tetrahedron
Lett. 2005, 46, 4657-4660.

Yadav, J. S., Reddy, B. V. S., Baishya, G. and Narsaiah, A. V. Copper(ll) triflate
immobilized in [bmim]BF, ionic liquid: An efficient reaction medium for Michael
addition of p-ketoesters to acceptor-activated alkenes. Chem. Lett. 2005, 34, 102.

Ranu, B. C. and Banerjee, S. lonic liquids as catalyst and reaction medium. The
dramatic influence of a task-specific ionic liquid, [omIm]OH, in Michael addition of
active methylene compounds to conjugated ketones, carboxylic esters, and nitriles. Org.
Lett. 2005, 7, 3049-3052.

Gallo, V., Giardina-Papa, D., Mastrorilli, P., Nobile, C. F., Suranna, G. P. and Wang, Y.
Asymmetric Michael addition promoted by (R,R)-trans-1,2-diaminocyclohexane in
ionic liquids. J. Organomet. Chem. 2005, 690, 3535-3539.

Ranu, B. C. and Dey, S. S. Catalysis by ionic liquid: A simple, green and efficient

procedure for the Michael addition of thiols and thiophosphate to conjugated alkenes in
ionic liquid, [pmIm]Br. Tetrahedron 2004, 60, 4183-4188.

73



75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Xu, L-W., Li, J-W., Zhou, S-L. and Xia, C-G. A green, ionic liquid and quaternary
ammonium salt-catalyzed aza-Michael reaction of o,fB-ethylenic compounds with
amines in water. New J. Chem. 2004, 28, 183-184.

Xu, L-W., Li, L., Xia, C-G., Zhou, S-L. and Li, J-W. The first ionic liquids promoted
conjugate addition of azide ion to a,B-unsaturated carbonyl compounds. Tetrahedron
Lett. 2004, 45, 1219-1221.

Kantam, M. L., Neeraja, V., Kavita, B., Neelima, B., Chaudhuri, M. K. and Hussain, S.
Cu(acac), immobilized in ionic liquids: A recoverable and reusable catalyst system for
aza-Michael reactions. Adv. Synth. Catal. 2005, 347, 763-766.

Zare, A., Hasaninejad, A., Khalafi-Nezhad, A., Zare, A. R. M. and Parhami, A. Organic
reactions in ionic liquids: MgO as effective and reusable catalyst for the Michael
addition of sulfonamides to o,B-unsaturated esters under microwave irradiation
ARKIVOC 2007, (xiii), 105-115.

Zare, A., Hasaninejad, A., Zare, A. R. M., Parhami, A., Sharghi, H. and Khalafi-
Nezhad, A. Zinc oxide as a new, highly efficient, green, and reusable catalyst for
microwave-assisted Michael addition of sulfonamides to ao,3-unsaturated esters in ionic
liquids. Can. J. Chem. 2007, 85, 438-444.

Leadbeater, N. E., Torenius, H. M. and Tye, H. lonic liquids as reagents and solvents in
conjunction with microwave heating: Rapid synthesis of alkyl halides from alcohols and
nitriles from aryl halides. Tetrahedron 2003, 59, 2253-2258.

Li, L-H., Pan, Z-L., Duan, X-H. and Liang, Y-M. An environmentally benign procedure
for the synthesis of aryl and arylvinyl nitriles assisted by microwave in ionic liquid.
Synlett 2006, 2094-2098.

Bortolini, O., Conte, V., Chiappe, C., Fantin, G., Fogagnolo, M. and Maietti, S.
Epoxidation of electrophilic alkenes in ionic liquids. Green Chem. 2002, 4, 94-96.

Wang, B., Kang, Y-R., Yang, L-M. and Suo, J-S. Epoxidation of a,p-unsaturated
carbonyl compounds in ionic liquid/water biphasic system under mild conditions. J.
Mol. Catal. A: Chem. 2003, 203, 29-36.

Bernini, R., Mincione, E., Coratti, A., Fabrizi, G. and Battistuzzi, G. Epoxidation of
chromones and flavonoids in ionic liquids. Tetrahedron 2004, 60, 967-971.

Basheer, C., Vertichelvan, M. Suresha, V. and Lee, H. K. lonic-liquid supported
oxidation reactions in a silicon-based microreactor. Tetrahedron Lett. 2006, 47, 957-
961.

Berardi, S., Bonchio, M., Carraro, M., Conte, V., Sartorel, A. and Scorrano, G. Fast

catalytic epoxidation with H,O, and [y-SiW10036(PhPO);]* in ionic liquids under
microwave irradiation. J. Org. Chem. 2007, 72, 8954-8957.

74



87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

Carraro, M., Sandei, L., Sartorel, A., Scorrano, G. and Bonchio, M. Hybrid
polyoxotungstates as second-generation POM-based catalyst for microwave-assisted
H.0, activation. Org. Lett. 2006, 8, 3671-3674.

Arfan, A. and Bazureau, J. P. Efficient combination of recyclable task specific ionic
liquid and microwave dielectric heating for the synthesis of lipophilic esters. Org.
Process. Res. Dev. 2005, 9, 743-748.

Smith, M. B. and March, J. March’s Advanced Organic Chemistry: Reactions,
Mechanisms, and Structure, 2001, 5™ Edition, John Wiley & Sons, inc. page 471.

Ren, R. X. and Wu, J. X. Mild conversion of alcohols to alkyl halides using halide-
based ionic liquids at room temperature. Org. Lett. 2001, 3, 3727-3728.

Nguyen, H-P., Matondo, H. and Baboulene, M. lonic liquids as catalytic “green”
reactants and solvents for nucleophilic conversion of fatty alcohols to alkyl halides.
Green Chem. 2003, 5, 303-305.

Nguyen, H-P-, Kirilov, P., Matondo, H. and Baboulene, M. The reusable couple
“PTSA/1-alkyl-3-methylimidazolium ionic liquids”: Excellent reagents-catalyst for
halogenations of fatty diols. J. Mol. Catal. A: Chem. 2004, 218, 41-45.

Driver, G. and Johnson, K. E. 3-Methylimidazolium bromohydrogenates (I): A room-
temperature ionic liquid for ether cleavage. Green Chem. 2003, 5, 163-169.

Boovanahalli, S. K., Kim, D. W. and Chi, D. Y. Application of ionic liquid halide
nuclephilicity for the cleavage of ethers: A green prtocol for the regeneration of phenols
from ethers. J. Org. Chem. 2004, 69, 3340-3344.

Kemperman, G. J., Roeters, T. A. and Hilberink, P. W. Cleavage of aromatic methyl
ethers by chloroaluminate ionic liquid reagents. Eur. J. Org. Chem. 2003, 1681-1686.

Liu, T. and Hu, Y. Cleavage of methyl ethers of flavones by chloroaluminate ionic
liquid. Synth. Commun. 2004, 34, 3209-3218.

Chauhan, S. M. S. and Jain, N. J. Microwave assisted dealkylation of alkyl aryl ethers
in ionic liquids. Chem. Res. 2004, 693-694.

Smith, M. B. and March, J., March’s Advanced Organic Chemistry, 2001, 5™ Edition,
John Wiley & Sons. p. 1343.

Ranu, B. C., Guchhait, S. K. and Sarkar, A. Stereoselective debromination of aryl-
substituted vic-dibromide with indium metal. Chem. Commun. 1998, 2113-2114.

Ranu, B. and Jana, R. Catalysis by ionic liquid. A green protocol for the stereoselective

debromination of vicinal-dibromides by [pmIm]BF, under microwave irradiation. J.
Org. Chem. 2005, 70, 8621-8624.

75



101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

Ranu, B. C., Chattopadhyay, K. and Jana, R. lonic liquid promoted selective
debromination of a-bromoketones under microwave irradiation. Tetrahedron 2007, 63,
155-159.

Kim, Y. J. and Varma, R. S. Microwave-assisted preparation of imidazolium-based
tetrachloroindate(l11) and their application in the tetrahydropyranylation of alcohols.
Tetrahedron Lett. 2005, 46, 1467-1469.

Sing, J., Gupta, N. and Kad, G. L. Efficient role of ionic liquid (bmim)HSO, as novel
catalyst for monotetrahydropyranylation of diols and tetrahydropyranylation of
alcohols. Synth. Commun. 2006, 36, 2893-2900.

Pechmann, H. Neue bildungsweise der Cumarine. Chem. Ber. 1884, 17, 929-936.

Simmonis, H. and Remmert, P. Eine neue Flavon-synthese. Chem. Ber. 1914, 47, 2229-
2233.

Sethna, S. M., Shah, N. M. and Shah, R. C. Aluminium chloride, a new reagent for the
condensation of f-ketonic esters with phenols. Part I. The condensations of methyl -
resorcylic acid, and resacetophenone with ethyl acetoacetate. J. Chem. Soc. 1938, 228-
232.

Woods, L. L. and Sapp, J. A new one-step synthesis of substituted coumarins. J. Org.
Chem. 1962, 27, 3703-3705.

Upadhyay, K. K., Mishra, R. K. and Kumar, A. A convenient synthesis of some
coumarin derivatives using SnCl,-H,0 as catalyst. Catal. Lett. 2008, 121, 118-120.

Kokare, N. D., Sangshetti, J. N. and Shinde, D. B. Oxalic acid catalysed solvent-free
one pot synthesis of coumarins. Chin. Che.l Lett. 2007, 18, 1309-1312.

Dabiri, M., Baghbanzadeh, M., Kiani, S. and Vakilzadeh, Y. Alum (KAI(SO4),-H,0)
catalyzed one-pot synthesis of coumarins under solvent-free conditions. Monatshefte fur
Chemie 2007, 137, 997-999.

Shirini, F., Marjani, K., Nahzomi, H. T. and Zolfigol, M. A. Silica triflate as an efficient
reagent for the solvent-free synthesis of coumarins. Chin. Chem. Lett. 2007, 18, 909-
911.

Prajapati, D. and Gohain, M. lodine a simple, effective and inexpensive catalyst for the
synthesis of substituted coumarins. Catal. Lett. 2007, 119, 59-63.

Potdar, M. K., Rasakar, M. S., Mohile, S. S. and Salunkhe, M. M. Convenient and
efficient protocols for coumarin synthesis via Pechmann condensation in neutral ionic
liquids. J. Mol. Catal. A: Chemical, 2005, 235, 249-252.

Potdar, M. K., Mohile, S. S. and Salunkhe, M. Coumarin synthesis via Pechmann

condensation in Lewis acidic chloroaluminate ionic liquid. Tetrahedron Lett. 2001, 42,
9285-9287.

76



115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

Gu, Y., Zhang, J., Duan, Z. and Deng, Y. Pechmann reaction in non-chloroaluminate
acidic ionic liquid under solvent-free conditions. Adv. Synth. Catal 2005, 347, 512-516.

Dong, F., Jian, C., Kai, G., Qunrong, S. and Zuliang, L. Synthesis of coumarins via
Pechmann reaction in water catalyzed by acyclic acidic ionic liquids. Catal. Lett. 2008,
121, 255-259.

Sing, V., Kaur, S., Sapehiyia, V., Sigh, J. and Kad, G. L. Microwave accelerated
preparation of [bmim][HSO,4] ionic liquid: an acid catalyst for improved synthesis of
coumarins. Catal. Commun. 2005, 6, 57-60.

Olah, G. A. Friedel-Crafts and Related Reactions, vol. 1, 1964, Wiley-Interscience,
New York.

Smith, M. B. and March, J. March’s Advanced Organic Chemistry, 2001, 5™ Edition,
Wiley, Canada. p. 707-714.

Poulsen, T. B. and Jargensen, K. A. Catalytic asymmetric Friedel-Crafts alkylation
reactions-copper showed the way. Chem. Rev. 2008, 108, 2903-2915.

Sartori, G. and Maggi, R. Use of solid catalysts in Friedel-Crafts acylation reactions.
Chem. Rev. 2006, 106, 1077-1104.

Boon, J. A., Levisky, J. A., Pflug, J. L. and Wilkes, J. S. Friedel-Crafts reactions in
ambient-temperature molten salts. J. Org. Chem. 1986, 51, 480-483.

Surette, J. K. D., Green, L. and Singer, R. D. 1-Ethyl-3-methylimidazolium
halogenoaluminate melts as reaction media for the Friedel-Crafts acylation of ferrocene.
Chem. Commun. 1996, 2753-2754.

Stark, A., MacLean, B. L. and Singer, R. D. 1-Ethyl-3-methylimidazolium
halogenoaluminate ionic liquids as solvents for Friedel-Crafts acylation reactions of
ferrocene. J. Chem. Soc., Dalton Trans. 1999, 63-66.

Adams, C. J., Earle, M. J., Roberts, G. and Seddon, K. R. Friedel-Crafts reaction in
room temperature ionic liquids. Chem. Commun. 1998, 2097-2098.

Baleizdo, C., Pires, N., Gigante, B. and Curto, M. J. M. Friedel-Crafts reactions in ionic
liquids: The counter-ion effect on the dealkylation and acylation of methyl
dehydroabietate. Tetrahedron Lett. 2004, 45, 4375-4377.

Earle, M. in lonic Liquids in Synthesis, 2008, 2™ Edition, WILEY-VCH Verlag GmbH
& Co. KGaA, Weinheim.

Ross, J. and Xiao, J. Friedel-Crafts acylation reactions using metal triflates in ionic
liquid. Creen Chem. 2002, 4, 129-133.

7



129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

Gmouh, S., Yang, H. and Vaultier, M. Activation of Bismuth(Ill) derivates in ionic
liquid: Novel and recyclable catalytic systems for Friedel-Crafts acylation of aromatic
compounds. Org. Lett. 2003, 5, 2219-2222.

Hardacre, C., Katdare, S., Milroy, D., Nancarrow, P., Rooney, D. W. and Thompson, J.
M. A catalytical and mechanistic study of the Friedel-Crafts benzoylation of anisole
using zeolites in ionic liquids. J. Catal. 2004, 227, 44-52.

Xiao, Y. and Malhotra, S. V. Friedel-Crafts acylation reactions in pyridinium based
ionic liquids. J. Organomet. Chem. 2005, 690, 3609-3613.

Alexander, M. V., Khandekar, A. C. and Samant, S. D. Sulfonylation reactions of
aromatics using FeCls-based ionic liquids. J. Mol. Catal. A: Chem. 2004, 223, 75-83.

Ley, S. V., Leach, A. G. and Stoter, R. I. A polymer supported thionating reagent. J.
Chem. Soc., Perkin Trans. 1 2001, 358-361.

Leadbeater, N. E., Torenius, H. M. and Tye, H. Microwave-assisted Mannich-type
three-component reactions. Mol. Diversity, 2003, 7, 135-144.

Fraga-Dubreuil, J. and Bazureau, J. P. Grafted ionic liquid-phase-supported synthesis of
small organic molecules. Tetrahedron Lett. 2001, 42, 6097-6100.

Fraga-Dubreuil, J., Famelart, M. H. and Bazureau, J. P. Ecofriendly fast synthesis of
hydrophilic poly(ethyleneglycol)-ionic liquid matrices for liquid-phase organic
synthesis. Org. Process. Res. Dev. 2002, 6, 374-378.

Miao, W. and Chan, T. H. Exploration of ionic liquids as soluble supports for organic
synthesis. Demonstration with a Suzuki coupling reaction. Org. Lett. 2003, 5, 5003-
5005.

Fraga-Dubreuil, J. and Bazureau, J. P. Efficient combination of task-specific ionic
liquid and microwave dielectric heating applied to one-pot three component synthesis of
a small library of thiazolidinones. Tetrahedron 2003, 59, 6121-6130.

Legeay, J. C., Goujon, J. Y., Eynde, J. J. V., Toupet, L. and Bazureau, J. P. Liquid-
phase synthesis of polyhydroquinoline using task-specific ionic liquid technology. J.
Comb. Chem. 2006, 8, 829-833.

Legeay, J-C., Eynde, J. J. V. and Bazureau, J. P. lonic liquid phase technology
supported the three component synthesis of Hantzsch 1,4-dihydropyridines and
Biginelli  3,4-dihydropyrimidin-2(1H)-ones under microwave dielectric heating.
Tetrahedron 2005, 61, 12386-12397.

Yi, F., Peng, Y. and Song, G. Microwave-assisted liquid-phase synthesis of methyl 6-

amino-5-cyano-4-aryl-2-methyl-4H-pyran-3-carboxylate using functional ionic liquid as
soluble support. Tetrahedron Lett. 2005, 46, 3931-3933.

78



142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

Hakkou, H., Eynde, J. J. V., Hamelin, J. and Bazureau, J. P. lonic liquid phase organic
synthesis (loLiPOS) methodology applied to the three component preparation of 2-
thioxo tetrahydropyrimidin-4-(1H)-ones under microwave dielectric heating.
Tetrahedron 2004, 60, 3745-3753.

Nguyen, H-P-, Znifeche, S. and Balouléne. An improved greener esterification of fatty
alcohols using a renewable acid-ionic liquid couple as catalyst-solvent. Synth. Commun.
2004, 34, 2085-2093.

Liao, M., Duan, X. and Liang, Y. lonic liquid/water as a recyclable medium for Tsuji-
Trost reaction assisted by microwave. Tetrahedron Lett. 2005, 46, 3469-3472.

Lampariello, L. R., Peruzzi, D., Sega, A. and Taddei, M. Some observations on the
preparation of amides and their reduction to amines in ionic liquids. Lett. Org. Chem.
2005, 2, 265-270.

Shieh, W-C-, lozanov, M. and Repi¢, O. Accelerated benzylation reaction utilizing
debenzyl carbonate as alkylating reagent. Tetrahedron Lett. 2003, 44, 6943-6945.

Guo, S-R. and Yuan, Y-Q. Significantly enhanced reactivities of the nucleophilic
substitution reactions induced by microwaves in ionic liquid. Synth. Commun. 2006, 36,
1479-1484.

Berthold, H., Schotten, T. and Honing, H. Transfer hydrogenation in ionic liquids under
microwave irradiation. Synthesis 2002, 1607-1610.

Mayo, K. G., Nearhoof, E. H. and Kiddle, J. J. Microwave-accelerated ruthenium-
catalyzed olefin metathesis. Org. Lett. 2002, 9, 1567-1570.

Peng, Y. and Song, G. Microwave assisted clean synthesis of 6-aryl-2,4-diamino-1,3,5-
triazines in [bmim][PFs]. Tetrahedron Lett. 2004, 45, 5313-5316.

Peng, Y. and Song, G. Amino-functionalized ionic liquid as catalytically active solvent
for microwave-assisted synthesis of 4H-pyrans. Catal. Commun. 2007, 8, 111-114.

Schmidt, B., Meid, D. and Kieser, D. Safe and fast tetrazole formation in ionic liquids.
Tetrahedron 2007, 63, 492-496.

Van der Eycken, E., Appukkuttan, P., Borggraeve, W. D., Dehaen, W., Dallinger, D.
and Kappe, O. C. High-speed microwave-promoted hetero-Diels-Alder reactions of
2(1H)-Pyrazones in ionic liquid doped solvents. J. Org. Chem. 2002, 67, 7904-7907.

Lenarddo, E.T.,Mendes, S. R., Ferreira, P. C., Perin, G., Silveira, C. C. and Jacob, R. G.
Selenium and tellurium-based ionic liquids and their use in the synthesis of
octahydroacridines. Tetrahedron Lett. 2006, 47, 7439-7442.

Sarda, S. R., Pathan, M. Y., Paike, V. V., Pachmase, P. R., Jadhav, W. N. and Pawar, P.

P. A facile synthesis of flavones using recyclable ionic liquid under microwave
irradiation. ARKIVOC 2006, xvi, 43-48.

79



156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

Wang, C., Ma, J., Zhou, X., Zang, X., Wang, Z., Gao, Y. and Cui, P. 1-n-Butyl-3-
methylimidazolium tetrafluoroborate-promoted green synthesis of 5-arylidene barbituric
acids and thiobarbituric acid derivatives. Synth. Commun. 2005, 35, 2759-2764.

Zhou, Z-Z., Ji, F-Q., Cao, M. and Yang, G-F. An efficient intramolecular Stetter
reaction in room temperature ionic liquids promoted by microwave irradiation. Adv.
Synth. Catal. 2006, 348, 1826-1830.

Estager, J., Leveque, J-M., Turgis, R. and Draye, M. Solventless and swift condensation
catalyzed by 1-alkyl-3-methylimidazolium ionic liquids under microwave irradiation. J.
Mol. Cat. A: Chem. 2006, 256, 261-264.

Tilve, R. D. and Kanetkar, V. R. Regioselective iodination of activated arenes using
phenyl trimethylammonium dichloroiodate in ionic liquid under microwave irradiation.
Synth. Commun. 2005, 35, 1313-1318.

Hajipour, A. R., Rafiee, F. and Ruoho, A. E. Oxidation of benzylic alcohols to their
corresponding carbonyl compounds using KIO4 in ionic liquid by microwave
irradiation. Synth. Commun. 2006, 36, 2563-2568.

Lee, J. K., Kim, D-C., Song, C. E. and Lee, S. Thermal behaviors of ionic liquids under
microwave irradiation and their application on microwave-assisted catalytic Beckmann
rearrangement of ketoximes. Synth. Commun. 2003, 33, 2301-2307.

Yen, Y-H. and Chu, Y-H. Synthesis of tetrahydro-B-carbolinediketopiperazines in
[bdmim][PFg] ionic liquid accelerated by controlled microwave heating. Tetrahedron
Lett. 2004, 45, 8137-8140.

Lundell, K., Kurki, T., Lindroos, M. and Kanerva, L. T. Room temperature ionic liquids
in the kinetic resolution of adrenaline-type aminoethanols by Burkholderia cepacia
lipase under normal and microwave conditions. Adv. Synth. Catal. 2005, 347, 1110-
1118.

Earle, M. J., McAuley, B. J., Ramani, A., Thompson, J. M. and Seddon, K. R. World
Patent W002072519, 2002.

Frost, C. G., Hartley, J. P. and griffin, D. Counterion effects in indium-catalysed
aromatic electrophilic substitution reactions. Tetrahedron Lett. 2002, 43, 4789-4791.

Hakala, U. Marie Curie Fellowship Progress Report, 2003, QUILL, Belfast.

Ranu, B.C. Indium metal and its halides in organic synthesis. Eur. J. Org. Chem. 2000,
2347-2356.

Lévai, A. Synthesis of Isoflavones. J. Heterocyclic Chem. 2004, 41, 449-460.

Wwahala, K., Rasku, S. and Parikka, K. Deuterated phytoestrogen flavonoids and
isoflavonoids for quantification. J. Chromatogr. B, 2002, 777, 111-122.

80



170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

Rosenberg Zand, R. S., Jenkins, D. J. A. and Diamandis, E. S. Flavonoids and steroid
hormone-dependent cancers. J. Chromatogr. B, 2002, 777, 219-232.

Fokialakis, N., Lambrinidis, G., Mitsiou, D. J., Aligiannis, N., Mitakou, S., Skaltsounis,
A-L., Pratsinis, H., Mikros, E. and Alexis, M. N. A new class of phytoestrogens:
Evaluation of the estrogenic activity of deoxybenzoin. Chem. Biol. 2004, 11, 397-406.

Raffaelli, R., Hoikkala, A., Leppald, E. and Wahéla, K. Enterolignans. J. Chromatogr.
B, 2002, 777, 29-43.

Rasku, S., Mazur, W., Adlercreutz, H. and Wahala, K. Synthesis of deuterated plant
lignans for gas chromatography-mass spectrometry analysis. J. Med. Food 1999, 2, 103-
105.

Adlercreutz, H., Fotsis, T., Bannwart, C., Wahélg, K., Brunow, G. and Hase T. Isotope
dilution gas chromatographic-mass spectrometric method for the determination of
lignans and isoflavonoids in human urine, including identification of genistein. Clin.
Chim. Acta 1991, 199, 263-278.

Rasku, S., Wahélg, K., Koskimies, J. and Hase, T. Synthesis of isoflavonoid deuterium
labeled polyphenolic phytoestrogens. Tetrahedron 1999, 55, 3445-3454.,

Wihala, K., Makeld, T., Backstrom, R., Brunow, G. and Hase, T. Synthesis of the [*H]-
labelled urinary lignans, enterolactone and enterodiol, and the phytoestrogen daidzein
and its metabolites equol and O-demethylangolensin. J. Chem. Soc. Perkin Trans. 1
1986, 95-98.

Rasku, S. and Wahala, K. Synthesis of Dg-daidzein. J. Label. Compd. Radiopharm.
2000, 43, 849-854.

Soidisalo, O. and Wahél4, K. Synthesis of deuterated isoflavone disulfates. J. Label.
Compd. Radiopharm. 2006, 49, 973-978.

Greene, T. W. and Wuts, P. G. M. Protective Groups in Organic Synthesis, 1999, 3"
Edition, Wiley, New York, pp 246-276.

Weissman, S. A. and Zewge, D. Recent advances in ether dealkylation. Tetrahedron,
2005, 61, 7833-7863.

Bhatt, V. M. and Kulkarni, S. U. Cleavage of ethers. Synthesis, 1983, 249-282.

Gao, H. and Kawabata, J. a-Glucosidase inhibition of 6-hydroxyflavones. Part 3:
Synthesis and evaluation of 2,3,4-trihydroxybenzoyl-containing flavonoid analogs and
6-aminoflavones as a-glucosidase inhibitors. Bioorg. Med. Chem. 2005, 13, 1661-1671.
Al-Maharik, N. and Botting, N. P. A new short synthesis of coumestrol and its

application for the synthesis of [6,6a,11a-*Cs]coumestrol. Tetrahedron, 2004, 60, 1637-
1642.

81



184.

185.

186.

Eklund, P., Lindholm, A. Mikkola, J.-P., Smeds, A. Lehtil4, R. and Sjéholm, R.
Synthesis of (-)-matairesinol, (-)-enterolactone, and (-)-enterodiol from the natural
lignin hydroxymatairesinol. Org. Lett. 2003, 5, 491-493.

Zhu, H-J., Lu, K-I., Sun, G-R., He, J-B. Li, H-Q. and Pittman, C. U, Jr. Reduction of
amides with NaBH, in diglyme at 162 °C. New J. Chem. 2003, 27, 409-413.

Earle, M. J., Gordon, C. M., Plechkova, N. V., Seddon, K. R. and Welton, T.
Decolorization of ionic liquids for spectroscopy. Anal. Chem. 2007, 79, 758-764.

82



	Ionic Liquids and Microwaves
	in Promotion of Organic Synthesis
	Friedel-Crafts reaction, Deuterolabelling and O-Demethylation
	Ullastiina Hakala
	University of Helsinki
	ACADEMIC DISSERTATION
	Helsinki 2009
	Supervisor
	Professor Kristiina Wähälä
	Reviewers
	Professor Cinzia Chiappe
	Professor Mats Larhed
	Opponent
	ISBN 978-952-10-5261-3 (PDF)
	Helsinki 2009
	CONTENTS
	ABSTRACT
	ACKNOWLEDGEMENTS
	Helsinki, January 2009
	LIST OF ORIGINAL PUBLICATIONS
	GENERAL ABBREVIATIONS
	IONIC LIQUID ABBREVIATIONS
	ANIONS:
	1.  INTRODUCTION
	1.1 Ionic Liquids
	Figure 3. The three generations of ionic liquids.8
	Figure 4. Synthesis routes for the preparation of methylimidazolium based ionic liquids.27
	Table 2. Tan δ of common solvents from high to low MW absorbing ability.34
	2. USE OF IONIC LIQUIDS IN ORGANIC SYNTHESIS UNDER MICROWAVE CONDITIONS
	2.1 Use of ionic liquids as solvents and co-solvents
	2.1.1 Cycloaddition reactions
	Table 3. [O=P(2-py)3W(CO)(NO)](BF4)2] catalysed Diels-Alder reactions in H2O and [bmim][PF6].60
	2.1.2 Heck reaction
	2.1.3 Aza-Michael addition
	Scheme 1. Aza-Michael addition of sulfonamides to α,β-unsaturated esters.78,79
	2.1.4 Synthesis of nitriles from aryl halides
	Table 6. Microwave promoted Rosenmund von Braun reaction with [iPrmim]Br as the solvent.80
	Scheme 2. Cyanation of aryl and arylvinyl bromides with K4[Fe(CN)6].81
	2.1.5  Epoxidation
	2.2 Use of ionic liquids as reagents/catalysts and solvents
	2.2.1 Fisher esterification reaction
	Scheme 4. The TSIL catalysed esterification reaction mechanism by Bazureau and Arfan.88
	2.2.2 Halogenation reactions
	2.2.3 O-Dealkylation reactions
	2.2.4 Dehalogenation reactions
	Scheme 5. Debromination of vicinal dibromides.100
	Scheme 6. Suggested reaction mechanism for debromination of dibromoalkane by Ranu and Jana.100
	Scheme 7. The debromination of α-bromoketones to monobromoketones or debromoketones.101
	2.3 Use of ionic liquids as catalysts
	2.3.1 Protection of alcohols as THP-ethers
	2.3.2 Pechmann reaction
	2.3.3 Friedel–Crafts reaction
	2.4 Use of ionic liquids as a heating aid
	2.5 Use of ionic liquids as a soluble support
	Scheme 9. Three-component, one-pot Biginelli synthesis with use of TSILs as soluble support.140
	2.6 Summary of applications of ionic liquids in microwave promoted organic synthesis by reaction type
	3. AIMS OF THE STUDY
	The specific aims of the study were
	4. RESULTS AND DISCUSSION
	4.1 Friedel–Crafts acylation reactions
	4.1.1 The study of different catalyst/IL -systems in benzoylation reaction I, II
	Scheme 10. Benzoylation reaction of different aromatics.
	4.1.2 Synthesis of polyhydroxydeoxybenzoins and arylpropanonesIII
	4.2 DeuterolabellingIV
	Figure 11. Naturally occurring polyphenols.
	4.3 O-Demethylationv
	4.4 Synthesis of new ionic liquids in a halide-free route
	4.4.1 Synthesis of 3,5-dimethylisoxazoles
	4.4.2 Synthesis of p-(2-(2-methoxyethoxy)ethoxy)benzenesulfonate ionic liquids
	5. CONCLUSIONS
	6. EXPERIMENTAL
	6.1 General
	6.2 Synthesis of 3,5-dimethylisoxazole ionic liquids
	General procedure
	N-Ethyl-3,5-dimethylisoxazolium methanesulfonate [C2dmio][OMs] (12)
	Anion exchange of [Cndmio][OMs] to [Cndmio][PF6]
	Table 23. Anion exchange of [Cndmio][OMs] to [Cndmio][PF6]
	6.3 Synthesis of p-(2-(2-methoxyethoxy)ethoxy)benzenesulfonate (meebs) ionic liquids
	6.3.1 Synthesis of p-(2-(2-methoxyethoxy)ethoxy) benzenesulfonylchloride (22)
	6.3.2 Synthesis of alkyl p-methoxyethoxyethyl benzenesulfonates
	General procedure
	6.3.3 Synthesis of alkylmethylimidazolium p-(2-(2-methoxyethoxy)ethoxy) benzenesulfonate
	General procedure



