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Abstract

lonic liquids have a unique combination of intermolecular interactions that give rise to unusual
structure features including the formation of amphiphilic nanostructures with well-defined
polar and non-polar domains. The effect of these nanostructures remains poorly understood.
The aim of this thesis was to examine these effects of the structure of ionic liquid solvents
using the dehydration of alcohols as a model reaction. Several ionic liquids containing 1-alkyl-
3-methylimidazolium cations and different anions were synthesized to explore these effects.
Secondary alcohols cyclohexanol and octan-2-ol were found to undergo dehydration reactions
in these imidazolium ionic liquids at elevated temperatures in hydrothermal reactors. Alkenes

were formed as the major product, with traces of the corresponding ketones and ethers.

The ionic liquid anion influenced the reactivity of these alcohol dehydration reactions.
Hydrophobic, weakly interacting anions such as [NTf2]™ lead to more effective dehydration
reactions compared to more strongly interacting, hydrophilic anions such as [OTf]” and
[Me2PO4]~ which gave trace or no products with alcohols. Increasing the mole fraction of
reactants was found to decrease the formation of products, the opposite to the trend that would
be expected for an innocent solvent which highlights that the ionic liquid plays an active role

in the reactivity.

Increasing the alkyl chain length of the cation had anion-dependent effects on reactivity. This
increased the reactivity of the alcohol when the [OTf]™ anion was used while decreasing

reactivity for imidazolium ionic liquids with the [NTf2]™ anion.

The catalytic activity of ionic liquids reveals the structural and nanostructural effects of ionic
liquids in alcohol dehydration reactions. The amphiphilic nanostructure contains a polar
domain consisting of the catalytically active ionic network and inactive apolar alkyl chain
domain. Hence the [OTf] anion increases the proportion of alcohol in the polar domain with
its effective concentration increased for long imidazolium ionic liquid alkyl chain lengths. The
[NTf2] anion does not encourage the same partitioning into the polar region and the exclusion
of the alcohol increases with increased alkyl chain length, accounting for the change in the
reactivity trend. These results indicate that the amphiphilic nanostructure of ionic liquids can
influence the outcome of alcohol dehydration reactions.
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CHAPTER 1: INTRODUCTION



1.1. lonic liquids

Liquids are the states of matter intermediate between solids and gases. lonic liquids are liquids
comprised of ions which melt below 100°C. In 1914, ethyl ammonium nitrate (m.p 12°C), was
identified by Paul Walden, and was the first example of a salt in its liquid form at room
temperature.! In 1951, Hurley and Weir discovered the room temperature liquid 1-
ethylpyridinium bromide-aluminium chloride.? In 1992, air and moisture stable 1-ethyl-3-
methylimidazolium ILs were developed by Wilkes and Zaworotko.® The discovery of the
bis(trifluoromethylsulfonyl)imide anion [NTf2]" by Bonhote et al. in 1996 increased the variety
of cations that could be used to prepare ILs, due to the weakly interacting, charge delocalized

nature of this anion.*

ILs characteristically display properties including low vapor pressures and electrical
conductivity. They are often non-flammable and recyclable. ILs have been utilized in
applications for catalysts, material synthesis, liquid crystals, separation processes as well as in

electrochemistry. Some common cations and anions used in ILs are shown in Figures 1 and 2.°

/

\
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N\/N
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_—
R = =
\CH3 N R/ \CH3
[C,Cyim]” R [C,C,Pyrr]
[Capy]l”
1{4N+ 1141)Jr ]K:‘}SjL
[C,NT [C.PT" [C,S]"

Figure 1. Cations in ionic liquids (Adapted from Ref ©).

The low vapor pressures of ILs are due to the strong ionic interactions present. Unlike organic
solvents they don’t suffer from evaporation losses, leading to interest in the use of ILs as

recyclable solvents. ILs do not contribute air pollution due to these low vapor pressures.

Despite not contributing directly to air pollution ILs may contaminate the environment

recipients such as soils, sediments, surface and underground water.” Out of 16 ILs Petkovic et
2



al. identified that imidazolium ILs were the most toxic with cholinium-based ILs displaying
significantly lower toxicity based on their effect on Penicillium genus fungi.® Toxicity is also
related to the lipophilic character of ILs. Peric et al. tested several kinds of soils with ILs and
reported that ILs with longer alkyl chains such as [CsCi1im]CI exhibited greater toxicity than
ILs with smaller alkyl chains, for example [C4C1im]Cl. [CsC1im]CI was also found to adsorb
more strongly to soil.® Furthermore, Bernot et al. deduced that IL cations tend to contribute the
most to the overall toxicity of 1Ls.1° Romero et al. revealed that anions also contributes to the
toxicity of ILs. On investigating [CsC1im]Cl, [CeC1im][PF6], [CsC1im]Cl and [CsC1im][PFs]
ILs they identified that [PFs] was more toxic than Cl based on acute toxicity test on V.fischeri
(Photobac-terium phosphoreum).!! ILs have also been tested for their toxicity to aquatic
animals and fishes. The [C4C1im][NTf2], [CeC1im][NTf2] and [C4C1im][HSO4] ILs were tested
for acute toxicity on fishes (Cephalopholis cruentata and Poecilia reticulte) which were kept in
water with different IL concentrations. The mortality rate in fishes revealed that all of these
ILs are practically not toxic to these fishes.®> Furthermore, Pernak et.al. also studied the effects

of alkoxy side chains and anions on the antimicrobial activity of imidazolium ILs.*?

CF _—E\S S//_CF3 l
3 ] )
VAT P>
o} o o}
[NTE, ] [OT{] [CnSO4J
. T T
_ \ _/F
NC—____—CN P - B
N F/l\F F/ \\FF
F
IN(CN), ] [PE,] [BFaT

Figure 2. Common anions for ionic liquids (Adapted from Ref.5).



1.2. Classification of lonic Liquids

ILs are classified on the basis of their chemical structure as either protic (proton donating) or
aprotic (non-proton donating). Protic ILs (PILs) are usually produced through the proton
transfer from a mixture of equal concentration of proton acceptor and proton donor.'® PILs
possess higher conductivities and fluidity than structurally similar aprotic ionic liquids
(AILs).* Moreover, PILs possess less thermal stability and reduced ionicity at high
temperature than aprotic ILs due to the reverse reaction of the proton that shifts the equilibrium

towards the neutral constituents.®

In contrast, (AILs) do not have an acidic proton and are produced by the formation of a covalent
bond to an atom other than hydrogen. As a result, their synthesis is usually not reversible and
tends to completely form ions.*®* Moreover, from molecular dynamics stimulations it has been
demonstrated that the interactions between the ions in the AlLs are less specifically oriented in
contrast to PILs, which form well-defined hydrogen-bonding network.!® The aprotic ILs

typically contain an additional alkyl chain with respect to protic ILs as shown in Figure 3.Y7

“N-H R

'+' SN A
R/N (\\ H i @NR/GS\:I\\
SN (Z/\ B R
TaaN-H / N R, (FaN——p
N2 Q R Q@ -N/ il
/ @ (’\'N - :IN ) | L’:>Q R/Q
/ 1
R, Q / © R{
Protic ILs Apraotic ILs

Figure 3. Structural arrangement of ions in protic and aprotic imidazolium ILs (Adapted from
Ref.1").

Other IL classifications have been made based on structural qualities such as the presence of a
chiral center, a divalent ion, a polymeric ion, a fluorocarbon moiety, amino acid IL, aromaticity

and aryl alkyl ILs.®
1.3. Structure of lonic Liquids

The structure of ILs involves the arrangement of strongly held ions of alternating charge as
well as weaker directional interactions such as hydrogen bonding, dispersion forces and =-
stacking interactions.®® The uniform arrangement of cations and anions in conventional high

temperature molten salts comprising simple spherically symmetric ions, leads to large lattice
4



energies and hence high melting temperatures. Figure 4 shows the arrangement of cations and
anions in molten salts and ILs. Whereas, in ILs the organic cations are often larger in size and

have low symmetry which stops them from crystallizing to make solids.’

©

CR(CEC)
CECENC)
®-0-@®

SElS
Molten Salt @
O S,

Ionic Liquid

Figure 4. Arrangement of cations and anions in molten salts and ionic liquids. (Adapted from
Ref.1).

The arrangement of ions in liquid phase is related to key physical characteristics including heat
capacity and compressibility of the IL. The ion pairs are the replicating units evident in the
bulk structure of ILs.*® However, ILs do not form well-defined ion pairs as has been
demonstrated by exploring salts as solutes. It was found that ILs completely dissociate the
cations and anions in the solute.'® Further evidence from NMR studies of IL mixtures indicated
that the there is no anion clustering around specific cations.!® Molecular dynamics have
provided insight into the lifetime of specific ion-pairs through studies of H-bond lifetimes
between specific ions. For imidazolium ILs, intermittent H-bonds were found to exist between
similar ions for = 5 ns before complete dissociation of the ion-pair, highlighting the short-lived

nature of ion pairs within these solvents.?

1.3.1. Hydrogen bonding

The hydrogen-bonding interactions in ILs was first proposed and clarified by Evans et al. in

1981 for ethylammonium nitrate. Weak molecular associations such as hydrogen bonding and



n-stacking imperative for the bulk structures seldom appear in molten salts. Whereas, in ILs
such as [CnC1im]* cations connected with anions (CI-, SCN) both hydrogen bond and n-type

interactions concurrently take place between the ions.?

IR spectra have been used to probe the existence and strength of hydrogen bonding interactions
between ions.?? In 1994, NMR spectroscopy of [C2C1im]Cl revealed that the [C2C1im]*, cation
form hydrogen bonds (through the three ring protons H2, H* H®) with halide ions in polar
solvents.?® The first FTIR measurements with [C2C1im][SCN], [C2Ci1im][N(CN)2], [C:
C1im][EtSO4] and [C2C1im][NTT2] revealed the presence of hydrogen bonding evident from
the change in the band shift with the varying anion due to the cation anion interaction. Within
the aggregates the C2-H and C(4/5)-H involved in hydrogen bonds resulting in various
frequencies and intensities.?* Further, the existence of H-bonding in ILs is firmly apparent from
X-ray, NMR and IR studies in the solid and liquid forms. In the case of imidazolium ILs the
existence of H-bonding is marked by the small C-H---anion distances, red shifted C-H
stretching in IR and C-H proton downfield shifting in NMR, particularly for the C-H bond in
the 2-position of the imidazolium ring.?> Quantum mechanics calculations have revealed that
the most acidic hydrogen on the imidazolium ring, that in position-2 (Figure 5) account for the
strongest formation of H-bonding with the anions. The hydrogens at positions 4 and 5 also

engage in H-bonding but, not as strongly.?
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H/5 4\H

Figure 5. Position of H atoms on imidazolium ring (Adapted from Ref.?¢).

As an example of the nature of hydrogen-bonding in imidazolium ILs, [C4C1im]CI has been
widely studied Figure 6 identifies possible association sites of the anion with the cation. In
[C4C1im]*, C2-H hydrogen bonding interactions are the most effective with H-CI distance of 2
A which is smaller than the combined Vander Waal radii of Cl and H of 2.95 A. The weaker
interactions around the ring can be seen in Figure 6 and include C*-H and C®-H. The hydrogen

bonding in C*-H and C°-H bonds are influenced by steric effects arising from the long alkyl



chain. C-H groups adjacent to the imidazolium cation on the alkyl chain can also form

supportive H-bonds with the anion, e.g. Figure 6 (3a).%
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Figure 6. Imidazolium cation showing association sites for anion (Adapted from Ref.?").

In the side-chain due to the greatest partial positive charge of the first carbon with the rest of
the alkyl chain the C’-H and C5-H forms hydrogen bonds (3a and 3b in Figure 6) although
these are even weaker again than the hydrogen bonds formed with the ring hydrogens. Many
hydrogen bonding conformations have been observed with the anion interconnecting with C®7-
Hand C?#5-H. The H-bond on ring are observed to be affected by the alkyl H-bond and make
the anion move away from a linear orientation with respect to the C%#5-H positions.. The effect
of alkyl H-bonds in the solution phase is determined by the vibrational redshift relative to the
H-bonds of the calculated isolated gas-phase ion pairs, ~650cm™ for the C2-H, and ~300-
400cm™ for coupled C*°-H ring and alkyl C®7-H.%

1.3.2. Amphiphilic Nanostructure

ILs have strong columbic and H-bonding interactions that result in the exclusion of the alkyl
chains leading to the formation of polar and non-polar domains. The mesoscopic nanostructure
of ILs was first proposed by Schroder et. al. related to the diffusion coefficient of three
electrically active solutes dissolved into AILs.?° It was deduced that IL-water mixtures form
nanostructured solvents that contain polar and non-polar domains unlike common molecular
solvents.™® In 2005, multiscale coarse-graining (MS-CG) simulations revealed the effect of the
alkyl side chain length of cations in [C4C1im][NOs] IL. As the alkyl chain of cation is long, the
alkyl tails form liquid crystal-like structures and affects the ILs properties such as their



structural dynamics and thermodynamic properties. lonic channels are formed by the charged
region rather than a homogenous organization of ions and alkyl chains as shown in Figure 7.%°
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Figure 7. Structure of stimulation for ion pairs. (a) all atoms, (b)tail groups, (c)head groups

only, and (d)anions only (Adapted from Ref .%0).

Further, the X-ray diffraction patterns from sequence of Cl salts at ambient temperature noted
that [Csmim]CI shows no clear peaks whereas the remaining salts [Camim]CI, [Cesmim]Cl,
[Csmim]ClI, [Ciomim]ClI display a peak which shifts position and increases in intensity with
increasing alkyl chain length as shown in Figure 8. Moreover, the increase in spatial
correlation (L) value with increasing alkyl chain length confirmed the formation of nanoscale

non-polar domains comprising the IL alkyl chain.3!
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Figure 8. X-ray diffraction pattern from the series of RTILs: [ChClim]Cl n=3,4,6,8,10 at
25°C.L= spatial correlation, n= the alkyl chain length.(Adapted from Ref. 31).



For ILs containing short alkyl chains such as [C2C1im]* ILs, a continuous phase is reported.
Whereas, a sponge-like nanostructure with segregated polar and non-polar domains are
observed in [Cs Clim]*, [Cs Ciim]* and, [C12Ciim]" ILs. [Cs Ciim]* ILs act as display
intermediate behavior whereas segregated domains can occur depends on the nature of anions
Figure 9.2 The segregation of alkyl chains from the polar ionic networks has been proposed
to arise from strong electrostatic forces between IL anions and the van-der-Waals forces

between the aggregated alkyl chains.*2

From the X-ray scattering data is also revealed that the increase or decrease in nano-segregation

with the increase in alkyl chain is also temperature dependent that is different in alkyl chains.

[C2C1mim][PF6] [C4clmim][PF6] [CGC1mim][PF6] [C8C1mim][PF6] [Clzclmim][PFﬁ]

Globular Structure Sponge-like nanostructure
Figure 9. Bulk structure of [CnC1mim] [PFs] with n=2-12 (Adapted from Ref.13).

Chain functionalisation is an important factor influencing the formation of segregated
nanoscale domains It was observed that the presence of a hydroxyl or ether group enhanced
the polarity of the side chains, eliminating the formation of mesoscopic order even for side

chains containing functional groups.®*
1.4. Alcohol Dehydration Mechanism

The dehydration of alcohols to form alkenes mainly proceeds via an acid catalyzed elimination
reaction. This leads to a net loss of H20 from the breaking of a C-OH and C-H bond, resulting
in  bond formation. The reactivity of alcohols towards elimination increases in the order

primary < secondary < tertiary alcohols.®®

Dehydration of alcohol can take place by two main mechanisms, E1 and E2 reactions. E:
reactions involve three steps including protonation of the alcohol oxygen, the loss of water
leading to a carbocation intermediate and the subsequent ultimate loss of the proton from the

neighboring carbon atom to form the © bond (Scheme 1.). The rate determining step is the
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unimolecular loss of water from the protonated intermediate. Tertiary and secondary alcohols

dehydrate primarily through an Ei mechanism whereas the carbocation intermediate for

primary alcohols is too unstable to proceed through this mechanism.*

y
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Protonated Alcohol
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Scheme 1. E1 Reaction (Adapted from Ref.%).
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E2 mechanisms involve a synchronous loss of water and attack by a base on the a-proton. This

pathway is common for primary alcohols. In E2 elimination, another water molecule attacks

the proton on the adjacent carbon and simultaneously a cycloalkene is formed in one step

(Scheme 2.).%°
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H
& .
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&
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Scheme 2. Ez reaction mechanism.
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Acid-catalysed reactions of alcohols can also produce ethers along with the alkenes. This can
occur from the addition of another molecule of alcohol to the alkene or from the nucleophilic

attack of the alcohol on the carbocation intermediate.3®
1.5. Alcohol Dehydration In lonic Liquids

Alcohol dehydration reactions encompass both substitution and elimination reactions.
Substitution reactions can be utilized in a large variety of conversions such as esterification,
etherification, and thioetherification whereas elimination form alkenes or carbonyl groups in
the case of diols or polyols. Similarly, the etherification of primary and benzyl alcohol with p-
toluene sulfonic acid (TsOH) gave traces of products while with dodecylbenzenesulfonic acid
(DBSA\) yields higher amount of ethers as products.>” The microwave irradiation of benzyl
alcohol to form dibenzylether using Pd(CHsCN)2Cl2 as a catalyst in the ILs [C4Ciim][PFes],
[C4C1im][BFa4], [C4C1im] was studied by Kalviri et. al.® 55% dibenzylether was reported with
[C4aCiim][PFs] under microwave irradiation for seven minute. The deterioration of
[C4C1im][PFs] was evident from the development of a precipitate after extended heating arising

from HF product due to the decomposition of the PFs anion.*

The microwave irradiation of 4-methoxyphenylpropan-1-ol in the presence of [C4C1im]Cl,
[C4C1im][PFs¢], [C4Ci1im][BF4], [C4C1im]Br and, [CeC1im]Br lead to the formation of 4-
methoxyphenylpropene with the highest yield obtained for [CeC1im]Br. Whether any structural
effects arising from the longer alkyl side chains of this IL played an important role in its

reactivity remains unknown since only one IL with a longer alkyl chain was explored.*

Ether formation was reported from 4-methoxybenzyl alcohol (4-MBA) in the presence of IL
trihexyl-tetradecylphosphonium dodecylbenzene sulfonate, [Psss,14][DBS] and [C4C1im][PFs]
in the presence and absence of Pd(CHsCN)2Clz under MW conditions was investigated.
Moreover, [Pess14][DBS] was able to achieve similar yields to [CsCiim][PFs] under

comparable conditions but in the absence of metal catalyst as shown in Scheme 3.8
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Scheme 3. 4-methoxybenzyl alcohol etherification dehydration in [P666,14][DBS] and

[C4C1im][PFe] (Adapted from Ref.%).

In the case of the reaction with the Pd catalyst the product decays with prolonging heating.
Whereas, without Pd the product yield increases until saturation. The rate was found to increase
with the increase in the water concentration in the reaction mixture. Furthermore, at several
concentrations of 4-methoxybenzyl alcohol a higher yield was obtained with a higher
concentration of IL as the reaction was found to be first order in [Pess,14][DBS] (Table 1). The
NMR and elemental studies demonstrated the absence of acidic impurities in the phosphonium
ILs. In the case of secondary benzylic alcohol dehydration in [Pses,14][DBS] and other [Pess,14]*

ILs based on halide anions (CI~, BrY), the alkene was obtained as the major product.®

Table 1. Results from *HNMR spectroscopy with mesitylene or acetophenone as standards
(Adapted from Ref 28),

Entry Substrate Alkene lonic Liquid Yield (%) Time
(min)/Temp.
[°C]
1 ©:? [Pes6,14]DBS 96 30/120
OH
2 ():? [Pe6s,14]Br 99 30/120
OH
3 ©:? [Pes6,14]Cl 30 30/120
OH
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1.6. Project Aim

There have been only seen a few examples of ILs acting as solvents and catalysts for the
dehydration of alcohols, a class of reactions of growing importance due to the ability to convert
carbohydrates obtained from biomass. None of these studies has clearly identified the specific
role of the IL anion or the amphiphilic nanostructure of the IL. Hence, the aim of this project
is to explore the effect of the amphiphilic nanostructure and nature of the IL anion on the rate
and selectivity of model alcohol dehydration reactions to enable the future rational design of
optimal solvent systems for these transformations. By not using an added acid catalyst, the aim

is to identify the specific role of the IL itself, if any, in these transformations.

The major question this thesis aims to address is:

e How does the existence and absence of nanostructure in ILs affect the reactivity of alcohols
when the IL is used as a solvent?

e How does the general structure of the IL influence the dehydration of alcohols in the
absence of a strong acid catalyst?

e Can the selectivity for ethers over alkenes be affected by the choice of ILs?

1-alkyl-3-methylimidazolium ILs will be the focus of this study due to their availability,
widespread use within the IL community and extensive studies on their ability to form

amphiphilic nanostructures.
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CHAPTER 2: EXPERIMENTAL
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2.1. General

The following chemicals were used as received: octan-2-ol (Merck, 98%), octan-1-ol (BDH
Laboratory Reagents, 95%), tert-Amyl alcohol (Sigma-Aldrich, 99%), cyclohexanol (Merck),
cyclohexene (Sigma Aldrich, 99%), cyclohexanone (Acros Organics, 99.8%), oct-1-ene
(Sigma-Aldrich), mesitylene (Merck, 98%), dry silica gel (Merck), dichloromethane (Merck,
99.8%), n-hexane (Sigma Aldrich, 95%), diethyl ether (Merck), ethyl acetate (Merck), trans-
2-octene, trans-1-octene and 1,4-cyclohexandiol. 1-Methylimidazole, 1-chlorodecane, 1-
chlorooctane were distilled under reduced pressure. 1-Chlorohexane was distilled under a
nitrogen atmosphere before wuse. The ILs [C10Ciim]Cl [CsCiim]Cl, [CsCiim]Cl,
[C10C1im][NTf2], [C10Ciim][MezPOs], [C10C1im][OTf], [CeCiim][OTf], [CsCiim][OTf]
[CsC1im][NTT2], [CeCaim][NTf2] were synthesized according to the experimental procedures
described below and dried at 55°C-65°C in vacuo before use. The [Ci0Ciim]Br and
[C2Caim][NTF2], [CaCaim][NTT2], [C4C1im][OTf] was synthesized by the other members of
Weber group. Methanol and acetonitrile (Analytical Reagent) were dried with activated

molecular sieves for 12 hours before use in reactions.

2.2. Physical Measurements

2.2.1. NMR

H, 13C, ®F and 3P NMR spectra were recorded on a Bruker Ascend 400MHz NMR
Spectrometer at ambient temperature. The measurement frequencies for *H, 13C, °F and 3P
NMR were 400 MHz, 101MHz, 376 MHz and, 162 MHz respectively. The solvents used in
NMR measurements were deuterated dimethyl sulfoxide (DMSO-ds) and chloroform (CDClz).

Chemical shifts were referenced to residual solvent peaks.

2.2.2. Gas Chromatography with Flame lonization Detector (GC-FID)

Gas chromatography analysis was performed on a Shimadzu GC-FID 2010 Plus equipped with
a DB-FATWAX Ul column and flame ionization detector.

2.2.3. Method for GC-FID Analysis

The analysis of 2-octanol and cyclohexanol reaction mixtures was performed using a 29 minute

programme with a 1 pL injector volume, split ratio of 40 and injector temperature of 250°C.
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The oven temperature was initially held at 50 °C then heated at a rate of 10°C min then held
at 230°C for a further 3 minutes.

2.2.4. Method for GC-MS Analysis

The samples were analysed using the Agilent 7890A GC equipped with 5977A mass
spectrometer detector (MSD) with an Electron Impact ionisation source. The separation was
achieved by Agilent HP-5ms Ul column (30m x 0.25mm x 0.25um). The inlet temperature was
set at 265 °C and the samples were injected in pulsed split mode with a split ratio of 50:1. The
initial column temperature was held at 50 °C for 8 minutes and then ramped at 10 °C/min to
230 and held for 3 minutes. MSD transfer line was held at 250 °C, ion source at 230 °C and
the quad at 150 °C. The data were acquired in 29 minutes with 2 minutes solvent delay in the
mass range 37-500 Da.

2.2.5. Analysis by ICP-MS

The samples for ICP-MS was analysed on Agilent 7700 ICP-MS with an x-lens. No reaction
gas was used in the cell because Lithium (m/z = 7) does not suffer from any spectral
interferences. The ILs containing [NTf2] as an anion was analyzed by Inductively Coupled
Plasma Mass Spectrometry Agilent 7700 ICP-MS. 1000ppm dilution of IL firstly dissolved in
5 mL ACN and dissolved in 3% HNOs.

2.3. General Procedures

2.3.1. Dehydration of alcohols

The general procedure for the dehydration reactions of alcohols involve heating a mixture of
mesitylene (internal standard, 20 wt% relative to alcohol), alcohol and IL at the desired
temperature between 70-180°C. After the completion of the reaction, it was quenched by
placing the reactor in an ice bath for an hour. The reaction products were then separated by one

of the extraction methods described below and the products analysed by GC-FID.

2.3.1.1. Extraction of products by using column chromatography

The IL from the reaction mixture was removed by column chromatography using a pipette
column loaded with silica eluted with dichloromethane. The volume of the sample varied from

0.25mL to 1.5mL in order to determine the most efficient separation. The presence of IL in the
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dichloromethane was determined by *H NMR analysis. This was used to inform the number of
fractions that could be collected without IL breakthrough. Products isolated were quantified by
GC-FID.

2.3.1.2. Extraction of products using solvent extraction

The products formed according to procedure 2.3.1 were separated by the extraction of the
reaction mixture with hexane. Depending on the miscibility of products either 10 drops of the
reaction mixture or the entire reaction mixture was extracted with hexane. If 10 drops were
used these were extracted with 2 mLx10 or 15 times hexane. The full reaction mixture was
extracted with, 5 mLx10times of hexane. A small sample of the reaction mixture prior to
reaction was extracted with hexane (2 mLx10 times) to determine the recovery of starting
material that could be achieved. The IL layer was checked for the presence of reactants and

products with *H NMR. The extracted hexane layers were combined and analyzed by GC-FID.

2.3.2. GC-FID Calibration

To calibrate the GC-FID for cyclohexanol and the major expected products, mesitylene:
cyclohexanol: cyclohexanone: cyclohexene were accurately weighed into five vials with mass
ratios of 1:5:5:5, 1:2:2:2, 1:1:1:1, 2:1:1:1 and, 5:1:1:1 respectively. These solutions were
dissolved in 1mL of hexane with further dilution of 10uL of this solution to 1ImL with hexane.

These were quantified using GC-FID to establish calibration curves.

2.4. Synthesis of lonic Liquids

2.4.1. Synthesis of 1-decyl-3-methylimidazolium chloride [C1oC1im]ClI

7 “N— o
C/ cl 80°C F\N+
N + NN =
Reflux, 40 days NN cr
1-methylimidazole 1-chlorodecanc Ethyl Acetate,

1-decyl-3-methylimidazolium chloride

Scheme 4. Synthesis of [C10C1im][CI]

Using the procedure described in Weber et al.*! 1-methylimidazole (25.74 g, 0.312 moles) was
dissolved in approximately 80mL of ethyl acetate and 1-chlorodecane (58 g, 0.328 mol, 1.05
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equiv.) was added slowly at room temperature with continuous stirring. The resultant solution
was heated to reflux at 80°C with continuous stirring for 40 days. On completion of the reaction
ethyl acetate was removed by rotary evaporation and the resultant liquid washed with diethyl
ether (26 x 200 mL) to remove residual 1-methylimidazole. The resultant liquid was dried in
high vacuum to yield [C10C1im] Cl as a pale-yellow liquid.

Yield: 62.6 g, 0.2419 mol, 77%

IH NMR (400 MHz, DMSO-ds): 8(ppm)= 9.09 (s, 1H), 7.75 (t, J = 1.8 Hz, 1H), 7.69 (t, J = 1.7 Hz,
1H), 4.15 (t, J = 7.2 Hz, 2H), 3.85 (s, 3H), 1.83 — 1.72 (m, 2H), 1.25 (s, 14H), 0.86 (t, J = 6.9 Hz, 3H).

B3C {*H} NMR (101 MHz, DMSO-ds): §(ppm)= 136.94 (s), 124.06 (s), 122.71 (s), 118.36 (s), 49.26
(s), 36.18 (s), 31.73 (s), 29.83 (s), 29.34 (s), 29.26 (S), 29.11 (s), 28.81 (s), 25.94 (s), 22.53 (s), 14.35
(s).

2.4.2. Synthesis of 1-decyl-3-methylimidazolium bis(trifluoromethane-
sulfonyl)imide [C10C1im][NTf]

/%\NJ'—

\/\/\/\/\/N\f -

Cl
1-Decyl-3-methylimidazolium chloride /%\
DCM —N*
+ =
.+ . .
Li Deionized water
0] (0] 0] . 0
« _N_# F N_N_/7 F
FS =S _F s” s
T 00 K Y d
F F F 00 F
F F F F
o Lithium o
bis(trifluoromethylsulfonyl)imide 1-Decyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide

Scheme 5. Synthesis of [C10C1im][ NTf2]

Using the procedure described in Weber et al.* 1-Decyl-3methylimidazolium chloride (15.86
g, 0.0613 mol) and lithium bis(trifluoromethylsulfonyl)imide (18.49 g, 0.0644 mol, 1.05
equiv.) were separately dissolved in 100 mL deionized water and then combined. 150 mL of
DCM was added to extract the IL. The DCM was washed with deionized water (4x100 mL)
until the absence of halide was confirmed with concentrated silver nitrate solution. The DCM
was removed by rotary evaporator and the resultant liquid dried in vacuo at 55°C to yield

[C10C1im] [NTF] as a clear colorless liquid.

Yield: 25.5 g, 0.0506 mol, 83%
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IH NMR (400 MHz, DMSO-ds): 8(ppm)= 9.09 (s, 1H), 7.75 (t, J = 1.8 Hz, 1H), 7.69 (t, J = 1.7 Hz,
1H), 4.15 (t, J = 7.2 Hz, 2H), 3.85 (s, 3H), 1.83 — 1.72 (m, 2H), 1.25 (s, 14H), 0.86 (t, J = 6.9 Hz, 3H).

13C {*H} NMR (101 MHz, DMSO-ds): 3(ppm)= 136.47 (), 123.59 (s), 122.25 (s), 119.47 (q, J = 323
Hz), 48.76 (s), 35.72 (s), 31.25 (), 29.35 (s), 28.87 (5), 28.79 (s), 28.63 (5), 28.34 (s), 25.46 (S), 22.06
(s), 13.91 (s).

9F NMR (376 MHz, DMSO-ds): 3(ppm)= -78.72 (s, CFs).

2.4.3. Synthesis of 1-decyl-3-methylimidazolium bis(trifluoromethane-
sulfonyl)imide [C10C1im][NTf]

Li"
P\ + F O“S’N‘é’o F DCM —NC,‘\,
- S — > e e U U Y
~ oo~ N FX e} \SF —
Br F F Deionized water
Lithium E O N O e
1-decyl-3-methylimidazolium bromide bis(trifluoromethylsulfonyl)imide XS" ‘IS
F7 00 ,?QF

1-decyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide

Scheme 6. Synthesis of [C10C1im][ NTf2]

Using the procedure described in Weber et al.** 1-Decyl-3methylimidazolium bromide (15.0
g, 0.0494 mol) and lithium bis(trifluoromethylsulfonyl)imide (14.93 g, 0.0520 mol, 1.05
equiv.) dissolved separately in 100 mL of deionized water and then mixed together. 150 mL of
DCM was added to extract the IL. The DCM was washed with deionised water (4x100 mL)
until the halide was confirmed to be absent using 0.1M AgNOs solution. The DCM removed
by rotary evaporator and the resultant liquid dried in vacuo at 60°C to yield [C10C1im] [NTf2]

as a clear colorless liquid.

Yield: 23.7 g, 0.0471 mol, 95%

'H NMR (400 MHz, DMSO-ds): 3(ppm)= 9.09 (s, 1H), 7.76 (t, J = 1.8 Hz, 1H), 7.69 (t, J = 1.8 Hz,
1H), 4.14 (t, = 7.2 Hz, 2H), 3.84 (s, 3H), 1.85 — 1.70 (m, 2H), 1.33 — 1.16 (m, 14H), 0.90 — 0.81 (m,
3H).

13C {*H} NMR (101 MHz, DMSO-ds): 8(ppm)= 136.47 (s), 123.59 (s), 122.24 (s), 119.47 (q, J = 323
Hz), 48.76 (s), 35.71 (s), 31.25 (s), 29.35 (s), 28.86 (S), 28.78 (S), 28.63 (s), 28.33 (S), 25.46 (S), 22.06
(s), 13.90 (s).

19F NMR (376 MHz, DMSO-ds): 8(ppm)= -78.72 (s).
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2.4.4. Synthesis of 1-decyl-3-methylimidazolium trifluoromethanesulfonate
[C10C1im][OTH]

/4\ R 9
— o) Room . F S-0"
N*- N Temperature N \’/N h "
~NenoNn~~N + F %— S-0° P F o
cr F 6 Na+ DCM,Stirring,
Deionized
1-decyl-3-methyl-imidazolium chloride Water 1-decyl-3-methylimidazolium trifluoromethane sulfonate

sodium trifluoromethane
sulfonate

Scheme 7. Synthesis of [C10C1im][OTf]

Using the procedure described in Brooks et al.*> Sodium trifluoromethane sulfonate (10.86 g,
0.0631 mol, 1.09 equiv.) was suspended in a solution of 1-decyl-3-methylimidazolium chloride
(15.04 g, 0.0580 mol) and DCM (150 mL). The slurry was stirred for 72 hours and filtered.
The filtrate was washed with water (10 mL % 4) until no halide could be detected with
concentrated silver nitrate solution. The solvent removed by rotary evaporator and resultant

liquid dried in vacuo at 60°C to yield [C10C1im][OTf] as a pale yellow liquid.

Yield: 19.4 g, 0.0521 mol, 90%

IH NMR (400 MHz, DMSO-dg): 8(ppm)= 9.10 (s, 1H), 7.77 (t, J = 1.8 Hz, 1H), 7.71 (t, J = 1.7 Hz,
1H), 5.99 (s, 1H), 5.80 — 5.72 (m, 2H), 5.54 (s, 1H), 4.16 (t, J = 7.2 Hz, 2H), 3.86 (s, 3H), 1.85 - 1.71
(m, 2H), 0.87 (t, J = 8.2, 5.6 Hz, 3H).

13C {*H} NMR (101 MHz, DMSO-ds): 8(ppm)= 136.46 (s), 123.60 (s), 122.25 (s), 54.89 (s), 48.76 (S),
35.73 (), 31.25 (S), 29.35 (s), 28.83 (s), 28.64 (S), 28.34 (5), 25.47 (), 22.07 (S), 13.93 (5).

9F NMR (376 MHz, DMSO-ds): 3(ppm)= -77.76 (5).

2.4.5. Synthesis of 1-decyl-3-methylimidazolium dimethylphosphate
[C10C1im][Me2PO4]

C”) 0
— Il
A 80°C e
N*- NP N*f- P
N e U U VL ‘I‘ o | O ~oAANANAN e O/I\O
Cl N Reflux, 3days o
Acetonitrile,
1-decyl-3-methylimidazolium chloride Trimethylphosphate n-hexane 1-decyl-3-methylimidazolium dimethyl phosphate

Scheme 8. Synthesis of [C10C1im][Me2PO4]
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Using the procedure described in Yalcin et al.*® 1-Decyl-3-methylimidazolium chloride (23.66
g, 0.0914 moles), was dissolved in 95 mL acetonitrile. Trimethyl phosphate (18.92 g, 0.1351
moles, 1.5 equiv.) was added to this solution and the solution was heated to reflux at 80°C for
3 days. As chloride was still present the resultant solution was stirred at the same temperature
under nitrogen for 4 more days to aid the removal of chloromethane. As chloride was still
present after a further 4 days, additional trimethylphosphate (12.64 g, 0.0902 moles, 1 equiv)
was added to the reaction mixture. The reaction continued for 3 days at 80°C and stirred until
the absence of chloride was confirmed by testing with concentrated silver nitrate solution. The
solvent was removed by rotary evaporator and the resultant liquid was washed with n-hexane
(30x100mL). The resultant IL was dried in vacuo at 55°C to yield [C10C1im] [Me2PQO4] as a

pale-yellow liquid.

Yield: 17.11 g, 0.0491 mol, 54%.

'H NMR (400 MHz, DMSO-ds): 3(ppm)= 9.35 (s, 1H), 7.80 (t, J = 1.7 Hz, 1H), 7.73 (t, J = 1.7 Hz,
1H), 4.16 (t, J = 7.2 Hz, 2H), 3.86 (s, 3H), 1.83 — 1.72 (m, 2H), 1.24 (s, 14H), 0.86 (t, J = 6.8 Hz, 3H).

13C {H} NMR (101 MHz, DMSO-ds): 8(ppm)= 136.89 (s), 123.58 (s), 122.26 (s), 51.25 (d, J = 5.9
Hz), 48.70 (s), 35.65 (s), 31.26 (s), 29.40 (s), 28.88 (s), 28.81 (s), 28.64 (S), 28.37 (S), 25.49 (s), 22.07
(s), 13.92 (s).

3P NMR (162 MHz, DMSO-ds): (ppm) = 1.10 (sep, J = 10.2 Hz).

2.4.6. Synthesis of 1-octyl-3-methylimidazolium chloride [CsC1im]CI

- e
- sore o
— + Cl H N/
Reflux, 35days cr

Ethyl acetate,

1-methylimidazole 1-chlorooctane 1-octyl-3-methylimidazolium chloride

Scheme 9. Synthesis of [CsC1im]Cl

Using the procedure described in Weber et al.** 1-methylimidazole (50.01 g, 0.6091 mol) was
dissolved in ethyl acetate (160 mL) and 1-chlorooctane (86.35 g, 0.5808 mol, 1.05 equiv.)
added slowly to this solution with continuous stirring. The mixture was heated to reflux at 80°C
for 35 days. The solvent was removed, and the resultant IL washed with diethyl ether (40x100

mL). IL obtained was dried in vacuo at 60°C to yield [CsC1im]Cl as a clear colorless liquid.

Yield: 100.74 g, 0.4365 mol, 72%.
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IH NMR (400 MHz, DMSO-ds): 8(ppm)= 10.23 (s, 1H), 9.27 (s, 1H), 7.81 (t, J = 1.8 Hz, 1H), 7.74 (t,
J=1.7 Hz, 1H), 4.18 (t, J = 7.2 Hz, 2H), 3.87 (s, 3H), 1.85 — 1.72 (m, 2H), 1.34 — 1.19 (m, 10H), 0.90
~0.83 (m, 3H).

13C {1H} NMR (101 MHz, DMSO-ds): 8(ppm)= 136.60 (s), 123.58 (s), 122.25 (s), 48.72 (s), 35.71 (5),
31.14 (s), 29.38 (s), 28.39 (5), 25.48 (s), 22.03 (5), 13.92 (5).

2.4.7. Synthesis of 1-hexyl-3-methylimidazolium chloride [CsC1im]CI

v =\
@N + N NN 70°C > \/\/\/"E//\N\

o Reflux, 24days
I-methylimidazole 1-chlorohexane Ethyl acetate

cr

1-hexyl-3-methylimidazolium chloride

Scheme 10. Synthesis of [CsC1im]CI

Using the procedure described in Weber et al.** 1-Chlorohexane (60.37 g, 0.5047 moles, 1.05
equiv.) was added dropwise to 1-methylimidazole (43.48 g, 0.5296 moles) dissolved in 140
mL of ethyl acetate at room temperature with constant stirring. The resultant solution was
heated to 70°C for 24 days. The solvent was evaporated on rotary evaporator and the resultant
liquid washed with diethyl ether (60x100 mL). The diethyl ether was removed by rotary
evaporator and the resultant IL was dried in vacuum at 60°C to yield [CséC1im]Cl as a pale-

yellow liquid.

Yield: 87.1 g, 0.4295 mol, 81%.

'H NMR (400 MHz, DMSO-dg): 3(ppm)= 9.43 (s, 1H), 7.85 (t, J = 1.8 Hz, 1H), 7.78 (t, J = 1.7 Hz,
1H), 4.19 (t, J = 7.2 Hz, 2H), 3.88 (s, 3H), 1.85 — 1.70 (m, 2H), 0.91 — 0.79 (m, 3H).

13C {'H} NMR (101 MHz, DMSO-ds): 8(ppm)= 136.63 (s), 123.58 (s), 122.25 (s), 48.70 (s), 35.71 (5),
30.53 (s), 29.34 (s), 25.12 (s), 21.85 (s), 13.82 (5).
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2.4.8. Synthesis of 1-octyl-3-methylimidazolium bis(trifluoromethyl-
sulfonyl)imide [CsC1im][NTT,]

+

=\ R Li F =\
*_ - DCM o
W\/\/N\//NCI' ¥ F?\S’N\,/S%QFF R L
0O 0o Deionized water 1
1-octyl-3-methylimidazolium chloride  Lithium bis(trifluoromethylsulfonyl)imide O\‘ NL ’p
Fo S/~ S _F
FT 00 \'f F

I-octyl-3-methylimidazolium bis(rifluoromethylsulfonyl)imide
Scheme 11. Synthesis of [CsC1im][NTf2]

Using the procedure described in Weber et al.** 1-Octyl-3methylimidazolium chloride (15.14

g, 0.0656 moles) and, lithium bis(trifluoromethylsulfonyl)imide (19.78 g, 0.0689 moles,
1.05eq) were separately added to 100 mL of deionized water. Both the solutions were then
combined, and 150 mL of DCM was added to it. The organic phase was washed with deionized
water (4x100 mL) until the absence of halide was confirmed with concentrated silver nitrate
solution. The DCM was evaporated by rotary evaporator and the resultant liquid dried on high

vacuum at 55°C to yield [CsCiim] [NTT2] as a clear colorless liquid.

Yield: (29.9 g, 0.0629 mol, 96%)

1H NMR (400 MHz, DMSO-de): 8(ppm)= 9.11 (s, 1H), 7.77 (t, J = 1.8 Hz, 1H), 7.70 (t, J = 1.7 Hz,
1H), 4.16 (t, J = 7.2 Hz, 2H), 3.86 (s, 3H), 1.85 — 1.73 (m, 2H), 1.29 (m, 10H), 0.92 — 0.83 (m, 3H).

13C {*H} NMR (101 MHz, DMSO-ds): 5(ppm)= 136.47 (s), 123.60 (s), 122.25 (s), 119.48 (q, J = 324
Hz), 48.77 (s), 35.72 (s), 31.13 (5), 29.35 (S), 28.44 (s), 28.30 (s), 25.46 (5), 22.02 (s), 13.89 (s).

9F NMR (376 MHz, DMSO-ds): 3(ppm)= -78.71 (s).

2.4.9. Synthesis of 1-hexyl-3-methylimidazolium bis(trifluoromethyl-
sulfonyl)imide [CeC1im][NTTf]

+

0] 0]
,4\ F Ll F — [ N. #
+_ F _N= E DCM ’/\ +_ FL_ S-S F
\/\/\/N\//N T ?\I,Se \/,S:OQF - > \/\/\/N\//N FX 00 *F
Cl O Op Deionized water F F
1-hexyl-3-methylimidazolium Lithium bis(trifluoromethylsulfonyl)imide
chloride 1-hexyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide

Scheme 12. Synthesis of [CeC1im][NTf]
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Using the procedure described in Weber et at.** 1-Hexyl-3methylimidazolium chloride (15.13
g, 0.0746 moles) and, lithium bis(trifluoromethylsulfonyl)imide (17.66 g, 0.0784 moles, 1.05
eq) dissolved in 100 mL of deionized water individually and then 150 mL of DCM added to
the mixture. DCM layer was washed with deionized water (4x100 mL) until the absence of
halide was confirmed with 0.1M AgNOs solution. The DCM was removed by rotary evaporator
and the IL formed was dried on high vacuum at 55°C to yield [CeC1im] [NTf2] as a pale-yellow
liquid.

Yield: 25.4 g, 0.0506 mol, 76%

IH NMR (400 MHz, DMSO-ds): 8(ppm)= 9.11 (s, 1H), 7.77 (t, J = 1.8 Hz, 1H), 7.70 (t, J = 1.7 Hz,
1H), 4.16 (t, J = 7.2 Hz, 2H), 3.86 (s, 3H), 1.85 — 1.73 (m, 2H), 1.36 — 1.19 (m, 6H), 0.94 — 0.84 (m,
3H).

13C {*H} NMR (101 MHz, DMSO-ds): 3(ppm)= 136.47 (s), 123.60 (s), 122.24 (s), 119.47 (q, J = 323
Hz), 48.76 (s), 35.71 (s), 30.51 (s), 29.30 (s), 25.11 (s), 21.83 (s), 13.77 ().

¥F NMR (376 MHz, DMSO-dg): 5(ppm)=-78.72 ().

2.4.10. Synthesis of 1-octyl-3-methylimidazolium trifluoromethanesulfonate
[CeC1im][OTH]

=\ F; Q Na DCM =AW F O
\/\/\/\/N\//N -+ F §_O_ — \/\/\/\,N\’/N ) F > §'O—
cr F o Deionised water F O
1-octyl-3-methyl imidazolium sodium 1-octyl-3-methylimidazolium trifluoromethane sulfonate
chloride trifluoromethanesulfonate

Scheme 13. Synthesis of [CsC1im][OTf]

Using the procedure described in Brooks et al.*? Sodium trifluoromethanesulfonate (40.91 g,
0.2378 mol, 1.09 equiv.) was added to 1-octyl-3-methylimidazolium chloride (50.37 g, 0.2182
mol) dissolved in DCM (150 mL). The slurry formed was stirred for 72 hours then filtered.
The resultant filtrate was washed repeatedly with water (5x10 mL) until no halide detected
with 0.1M silver nitrate solution. The solvent was removed, and resultant liquid dried in vacuo
at 60°C to yield [C10C1im][OTf] as a clear colorless liquid.

Yield: (57.9 g, 0.1675 mol, 76%).

IH NMR (400 MHz, DMSO-ds): 8(ppm)= 9.10 (s, 1H), 7.77 (t, J = 1.8 Hz, 1H), 7.71 (t, J = 1.7 Hz,
1H), 4.16 (t, J = 7.2 Hz, 2H), 3.86 (s, 3H), 1.86 — 1.73 (m, 2H), 1.28 (m, 10H), 0.87 (t, J = 6.9 Hz, 3H).
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13C {'H} NMR (101 MHz, DMSO-ds): 8(ppm)= 136.47 (s), 123.59 (s), 122.25 (s), 48.77 (s), 35.72 (5),
31.13 (s), 29.35 (5), 28.44 (S), 28.30 (s), 25.47 (s), 22.02 (s), 13.90 (5).

19F NMR (376 MHz, DMSO-ds): 8(ppm)= -77.76 (s).

2.4.11. Synthesis of 1-hexyl-3-methylimidazoliumtrifluoromethanesulfonate
[CeC1im][OTH]

) N = RQ
+ n "n
W\/N\¢N T+ F%—S-O' Na* DCM NCN+— F%—ﬁ-O'
cr A —_— NN
F o Deionized Water F o
1-hexyl-3-methylimidazolium sodium trifluoromethanesulfonate 1-hexyl-3-methylimidazolium trifluoromethane
chloride sulfonate

Scheme 14. Synthesis of [CeC1im][OTf]

Using the procedure described in Brooks et al.*? 1-Hexyl-3-methylimidazolium chloride (43.53
g, 0.2147 mol) was dissolved in DCM (150 mL). Sodium trifluoromethanesulfonate (40.26 g,
0.2340 mol, 1.09 equiv.) was added and the slurry formed was stirred for 72 hours. The
resultant slurry was filtered and the filtrate successively washed with water (4x10 mL) until no
halide was detected with concentrated silver nitrate solution. The solvent was removed by
rotary evaporation and the resultant liquid dried in vacuo at 60°C to yield [CeC1im][OTf] as a

clear colorless liquid.

Yield: 50.4 g, 0.1592 mol, 74%

IH NMR (400 MHz, DMSO-dg): 3(ppm)= 9.09 (s, 1H), 7.76 (t, = 1.8 Hz, 1H), 7.69 (t, J = 1.7 Hz,
1H), 4.15 (t, J = 7.2 Hz, 2H), 3.85 (s, 3H), 1.84 — 1.72 (m, 2H), 1.34 — 1.18 (m, 6H), 0.90 — 0.81 (m,
3H).

13C {*H} NMR (101 MHz, DMSO-ds): 8(ppm)= 136.46 (s), 123.60 (), 122.24 (s), 48.76 (s), 35.72 (),
30.51 (s), 29.30 (s), 25.11 (s), 21.84 (s), 13.79 (S).

¥FE NMR (376 MHz, DMSO-de): 8(ppm)=-77.77 (s).
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CHAPTER 3: RESULTS AND DISCUSSION
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3.1. Synthesis of lonic Liquids

3.1.1. Synthesis of Imidazolium Halides lonic Liquids

The reaction of amines with alkyl halides to form quaternary ammonium salts was originally
studied by the Menshutkin.* These reactions involve amine nucleophile with the halide leaving
group. This results in the corresponding ammonium halide salt. The synthesis of imidazolium
chloride ILs was based on these Menshutkin reactions, with the general procedure depicted in
Scheme 15.% [C10C1im]Cl, [CsC1im]Cl and [CsC1im]Cl were prepared in this way with their
specific syntheses depicted in Schemes 4, 9 and 10. The alkyl halide is used in a slight excess

as it is the easier component to remove during the subsequent purification steps.

/ -
//\ /\ R Nucleophillic //\
N: -+ c N

N/ -/ > /N\/’f\/\R

Substitution

/ Cr
1-methylimidazole Chloroalkane 1-alkyl-3-methylimidazoliumchloride

Scheme 15. General mechanism for the formation of 1-alkyl-3-methylimidazolium chlorides.

The reaction conditions for the three ILs [C10C1im]Cl, [CsC1im]Cl and [CeC1im]Cl were
similar although the time taken varied significantly with [CsC1im]CI taking 24 days to reach a
reasonable level of conversion whereas [C10C1im]Cl took 40 days. The difference in time was
most likely due to subtle differences in experimental setup between reactions leading to slightly
different actual reaction temperatures being obtained each time, for example the depth of the
thermostat in the oil bath. The purification of these ILs involved washing with large volumes
of diethyl ether to remove remaining 1-methylimidazole. The effectiveness of washing was
reduced due to the viscosity of these ILs and their miscibility with more polar solvents such as
ethyl acetate. [C10C1im]Cl and [CsC1im]Cl were synthesized in good yields with [CeC1im]Cl
prepared in very good yield.
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3.1.2. Synthesis of Imidazolium Dimethyl phosphate lonic Liquids

The first reported use of dimethylphosphates as an IL ion was by Wasserscheid and coworkers
in 2007.%6 The original method for the synthesis of imidazolium dimethylphosphate ILs
involved the direct nucleophilic attack of 1-alkylimidazole on trimethylphosphate. This method
is limited by the availability of the appropriate 1-alkylimidazole precursor. A more recently
established method is the general approach shown in Scheme 16 which was used for the
synthesis of [C10Ciim] [Me2PO4] as shown in Scheme 8.4 This follows a nucleophilic
substitution mechanism where the CI" ion attacks the methyl group of trimethyl phosphate
forming methyl chloride with dimethyl phosphate as the leaving group. Trimethylphosphate is
used in a slight excess to ensure the complete removal of halide.

(@] —

| | Nucleophillic

+Z

N—1L P R NN
R \/N \/ + }ro/ | \O/ substitution ~ \/Q + CH3 Cl
Cl'\_/ @)
\O/ T O/
1-alkyl-3-methylimidazolium chloride Trimethyl phosphate o

1-alkyl-3-methylimidazolium dimethylphosphate

Scheme 16. General mechanism for the formation of 1-alkyl-3-methylimidazolium  dimethyl

phosphate.

[C10C1im][Me2PO4] was formed in fair yield. This was likely due to the loss of the IL during
the washing phase as initial attempts to wash out residual trimethyl phosphate using diethyl
ether led to the formation of a single phase due to the miscibility of the IL in the diethyl ether.
Subsequent, washings were done with hexane which leads to two separate phases and the

complete removal of TMP from the product.

3.1.3. Synthesis of Imidazolium Trifluoromethanesulfonate lonic Liquids

ILs with the trifluoromethanesulfonate (JOTf]") anion were synthesized by the metathesis
reaction of halides (CI, Br) with sodium trifluoromethanesulfonate (NaOTf).*® This procedure
relies on the relatively greater solubility of NaOTf compared to NaCl or NaBr in
dichloromethane and the preferred partitioning of [CxCiim][OTf] in dichloromethane
compared to water. Hence, the method involves stirring a slurry of [CxC1im]CIl and a slight
excess of NaOTTf in dichloromethane for 72 hours before filtration and then washing the

dichloromethane with deionized water until all residual halide is removed.
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The specific synthesis of [C10C1im][OTf], [CsC1im][OTf] and [CeC1im][OTf] are shown in
Schemes 7, 13 and, 14. This resulted in very good yield of [C10C1im][OTf] and good amounts
of both [CsC1im][OTf] and [CeC1im][OTf] formed.

3.1.4. Synthesis of Imidazolium bis(trifluoromethylsulfonyl)imide ILs

The synthesis of [NTf2]” ILs also occurred through a salt metathesis reaction in which the
halide anion was replaced by [NTf2]". The ILs obtained by this process are hydrophobic and
insoluble in water.*® This method depends on the greater comparative solubility of LiNTf in
dichloromethane relative to LiCl. The relatively greater solubility of LiCl in water allows the
halides to more easily be washed out. The ILs [C10Ciim][NTf2], [CsCiim][NTf2] and,
[CeC1im][NTT2] were prepared by this method as shown from Schemes 6, 11 and 12. The
excess of chloride was removed by repeated washings with water. [C10C1im][NTf2] and
[CsCa1im][NTf2] was obtained in excellent yield, and good yield obtained for [CeC1im][NTT2].

3.2. Set up of Model Reactions

3.2.1. Dehydration of Alcohol as a Model Reaction

The dehydration of alcohols was selected as a model reaction to study for a variety of factors.
Firstly, the reaction does not undergo a significant change in charge development along the
reaction coordinate which avoids the reorganization of the solvent around the transition state
and allows the effect of solvent structure to be more clearly established. Secondly, these
reactions have been widely studied and so the reaction mechanism is well understood allowing
solvent effects to be more clearly identified. Thirdly, these reactions can act as simple models
for the decomposition of sugars obtained from biomass which is of growing importance

particularly within IL solvents.

The use of strong acids such as HCI, H2SOa to increase the rate of alcohol dehydration reactions
has been known from many years. Some methods have been developed in recent years to enable
these dehydrations to occur in the absence of a strong acid catalyst, including the use of super-
heated water, micelles and neoteric solvents such as 1Ls.%° For the simplicity of the reaction
system, here we have aimed to explore the use of ILs in the absence of added strong acids to
avoid confounding factors arising from the basicity of the IL anion. The design of effective

solvents for alcohol dehydration processes in the absence of corrosive strong acid catalysts
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would be significant for green chemistry if it did not lead to a correspondingly large increase

in energy input.

The first step in understanding the effect of IL solvents on the dehydration of alcohols is
establishing a model system. Key requirements of this system are that it is able to be easily
monitored within a reasonable timeframe and it produces a relatively simple product
distribution. For simplicity this means ideally the formation of non-volatile products so that

solution phase extraction and analysis procedures can be employed.

The reactivity of primary and secondary alcohols in [C10C1im][NTf2] was initially explored.
These alcohols with high boiling points help to observe the dehydration reaction without
affecting the product formation from harsh reaction conditions. To see the effect of ILs

including long chains with more hydrophobic anions [C10C1im][NTf2] was selected first.

3.2.2. Tert. Amyl Alcohol and Methanol

The first model reaction of alcohols explored, in this project was the nucleophilic substitution

of tert-amyl alcohol and methanol analysed to produce the corresponding tert-amyl methyl

+ CH;0H —>/\></ +  H,0
OH o)

Tert.amyl alcohol Methanol

ether.

Tert. amyl methyl ether

Scheme 17. General reaction for the formation of tert. amyl methyl ether.

The 1,1-methylethylethylene and trimethylethylene in the ratio of (1:7) was reported from the
dehydration of tert. amyl alcohol refluxed with 15% of sulphuric acid.>* Whereas, the formation
of tert. amylmethyl ether in almost same amount with highest yield of butyl methyl ether

reported from the reaction between tert. butyl alcohol and methanol at 200°C.5?

This reaction was explored by heating the reaction mixture to 70°C for 192 hours although no
product formation could be observed by NMR. Even increasing the temperature to 120 °C for
24 hours did not yield any evidence of product formation reaction 1 and 2, Table 2. Due to
this and the potential to form volatile by-products that would be unable to be quantified it was

decided not to continue further with this model reaction.
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Table 2. Results of reactions between tert-amyl alcohol and methanol in [C10C1im][NTf2].

Reactants and IL were prepared in a volume ratio of tert-amyl alcohol: methanol: IL of 1:2:3.

Rxn. | Mole Fraction Tert- Reaction Conditions NMR Results
No. | amyl alcohol+
methanol
1 0.147 +0.737 70°C, 192 hours glass vial No clear product formation from
NMR
2. 0.147 +0.737 120°C, 24 hours , No clear product formation from
Hydrothermal Reactor NMR

3.2.3. 1,4-Cyclohexandiol

The effect of [C10C1im][NTf2] on the dehydration of 1,4-cyclohexandiol was examined at
150°C for 24 hours. *H NMR showed the possibility of alkene formation due to the presence
of additional signals at 5.5 ppm.

The quantification of reaction progression for 1,4-cyclohexandiol was complicated by the
difficulty in separating the reactant from the IL to enable quantification by GC-FID methods.
Attempts to use a silica column with DCM as an eluent were unsuccessful due to the poor
solubility of 1,4-cyclohexandiol in this solvent. Attempts to use solvent extraction were
similarly unsuccessful. Given these difficulties it was decided that this represents an unsuitable

model system for further study.

3.2.4. Octan-1-ol

Octan-1-ol was selected because of its high boiling point and simple structure and the expected
product (oct-1-ene) is not volatile. Whereas, in the case of shorter chained alcohols such as
ethanol and butanol their low boiling points and the markedly lower boiling points of the
expected alkene products would limit the ease of reaction monitoring given the products would

form as gases.

In the case of octan-1-ol after 72 hours at 120°C the reaction mixture did not display any
evidence of product formation by NMR. The reaction mixture was transferred from a glass vial
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to a hydrothermal reactor to allow the reaction to continue at 180°C for 120 hours. The reaction
mixture was shifted to the reactors to avoid the evaporation of any volatile products formed
during the reaction and due to safety concerns. Moreover, no significant product formation was
observed for the octan-1-ol reaction in [C10C1im][NTf] after 120 hours at 180°C. The NMR
results shown in Figure 10 demonstrate small peak area 5.5 ppm which is inductive of alkenes,

however this was only present in trace amounts after 120 hours.

Given the absence of a notable reaction even under these elevated temperatures for prolonged
reaction times, it was decided to examine more reactivity of secondary rather than primary

alcohols as potential model reaction substrates.
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Figure 10. 'H NMR after 120 hours for the reaction of octan-1-ol in [C10C1im][NTf.].

3.2.5. Octan-2-ol

Octan-2-ol was selected as a substrate to explore the reactivity of secondary alcohols seeing as
octan-1-ol didn’t react under the chosen conditions. The reaction of octan-2-ol in
[C10C1im][NTf2] after 120 hours at 120°C in glass vial shown the evidence of product
formation. The reaction was again monitored at 180°C for 24 hours in hydrothermal reactor to
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confirm the product formation as shown in Table 3. The results from *HNMR in Figure 11

show the presence of several peaks between 5 to 6 ppm which provides evidences for alkene

formation. Hence, it was of interest to explore the rate of formation of the alkene product.

OH
J\/\/\/ Dehydration PO N
Octan-2-ol Oct-2-ene
+
2 N N
Oct-1-ene

Scheme 18. General reaction for dehydration of octan-2-ol.

Table 3. Results of initial reactions of octan-2-ol in [C10C1im][NTf2]

Rxn. (Reactant: Solvent Mole Fraction Reaction Conditions | NMR Results

No. Ratio) (Vol.: Vol.) Alcohol

3. 1:1 0.715 120°C, 120 hours, | Evidence for alkene
Glass Vial formation.

4, 1.5 0.712 180°C, 24 hours, | Evidence for alkene
hydrothermal reactor | formation.

Using the reaction conditions from Reaction 4, Table 3. specifically a 1:5 volume ratio of
octan-2-ol:[C10C1im][NTf2] heated at 180°C, the reaction was monitored after 1, 2,3,4 and 24

hours.
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Table 4. Relative integrals of the alkene peak at 5.4 ppm versus the octan-2-ol peak at 3.8 ppm

Sr. No. Time Relative Integral
1 1 hour 0.19
2 2 hour 0.18
3 3 hour 0.43
4 4 hour 0.42

The similarity in results as shown in Table 4 was most likely due to the requirement that the

reactor was cooled after each interval to draw the sample for NMR. This interrupted the

maintenance of temperature at each interval and the lag for the internal temperature to increase

back to 180 °C could not be accurately accounted for. Hence, reaction 4 was repeated and

monitored after 4 and 24 hours to avoid issues associated with repeated monitoring. The

maximum alkene formation after 24 hours with no evidences of alcohol was confirmed from

'H NMR.

These results highlighted that the dehydration of octan-2-ol is a plausible model reaction

although the formation of isomeric products, as shown in Figure 11, does complicate the

product analysis.
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Figure 11. *H NMR after 24hours for reaction of octan-2-ol in [C10C1im][NTf2]at 180°C.

* Oct-1-ene peaks; * Oct-2-ene peaks
3.2.6. Cyclohexanol

The formation of alkenes was obtained with octan-2-ol so, we explored the effect of [C10C1im]
[NTf2] on the dehydration of cyclohexanol shown in Table 5 to determine the generality of
secondary alcohol dehydration. Cyclohexanol would also yield a simpler distribution of
products due to the lack of possible isomerism. No product formation was obtained at 120°C
after 2 or 4 hours. So, the temperature was raised to 150°C and product formation was identified
by *H NMR after 4 hours. To analyse whether improved product formation could be observed
the reaction was monitored at 180°C for two hours. A noticeable amount of product formation

was seen confirmed from *H NMR as shown in Figure 12.
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Table 5. Cyclohexanol dehydration in [C10C1im][NTf2] under different reaction
conditions.
Rxn. No. | (Cyclohexanol: Mole Fraction | Reaction NMR Results
[C10C1im][NTHF,]) Alcohol Conditions
(Vol.: Vol.)
5. 120°C, 4hours No product
formation after 2 or
4 hours.
6. 150°C, 4hours Evidence of product
formation after 4
1:5 0.654 hours.
7. 180°C, 2hours Apparent
conversion of

reactants after 2

hours.
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Reaction-13-2 180C 2HRS
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Figure 12. *HNMR showing the formation of cyclohexene from cyclohexanol after two hours
at 180°C in [C10C1im] [NTf2].

* Cyclohexene peaks

3.3. Analytical Protocol

While NMR was able to be used to detect the existence of products, as has been discussed
above, it was not possible to use NMR for the full quantification of reactants and products in
the reaction mixture due to peak overlap with the IL and other compounds in the solution. To
enable the full quantification of the reaction mixture, gas chromatography (GC) was explored

due to the ease of separation and quantification of reaction products.

3.3.1. Selection of Internal Standard

To establish a GC-FID method, a suitable internal standard for the quantification of products
was required. A key requirement for an internal standard is that it is stable under the reaction
conditions. Mesitylene was identified as a possible internal standard and added to octan-2-ol

and IL under the same reaction conditions as shown in Table 6.

37



Table 6. Dehydration reaction to check the reactivity of mesitylene with octan-2-ol in presence
of [C10C1im][NTf2]

Rxn. Mesitylene: 2-Octanol: | Alcohol Reaction NMR Results
No. [CaoCaim][NTF] Conditions
(Mass)
8. 1:5:20 0.684 180°C, 24 No evidence of
hours.

mesitylene reaction
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Figure 13. tHNMR before reaction of octan-2-ol and [C10C1im][NTf2] exploring the stability

of mesitylene as an internal standard.

A sample was taken before the reaction which shows the presence of mesitylene peaks seen

by *H NMR in Figure 13. A sample taken after the reaction indicated that mesitylene

remained intact in the reaction mixture and didn’t react under the given reaction conditions as

shown in Figure 14. In particular there were no additional aromatic peaks that could be

identified not any changes to the methyl protons. The integral of mesitylene with respect to
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IL was 2.99 before reaction and 2.98 after reaction demonstrating that it did not change under

the reaction conditions.

Unexpectedly, no alkene formation was revealed from tHNMR after 24 hours reaction as
compared to the observations from Reaction 4, table 3. During the reaction there was half an
hour power cut that made the reaction slower. The sample was taken 30mins later after
24hours to compensate but the power cut may have had a more pronounced effect on the

reactor temperature.
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Figure 14. 'HNMR after 24hours of reaction between octan-2-ol and [C10C1im][NTf2] with

mesitylene as an internal standard.

As the mesitylene was found to be unreacted under these reaction conditions so, it is potentially
suitable for use as a standard. Whereas, to separate the reactants/products and standard on GC-

FID a set of extraction conditions needed to be developed.
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3.4. Establishing the GC-FID Method analysis

Octan-2-nol and cyclohexanol both appeared to give promising dehydration results, the ability
to separate, identify and quantify the reactants and the products formed from these reactions

was explored.

3.4.1. Cyclohexanol Calibration

The GC-FID chromatograms for cyclohexanol products and standards was shown in Figure
15 and 16 respectively. Dicyclohexyl ether present in Figure 15 was confirmed by GC-MS.
as an authentic standard of this compound was not available.

Intensity
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250000

Figure 15. GC-FID chromatogram of a cyclohexanol reaction mixture with major products

assigned.

The calibration of cyclohexanol and major products was performed using the GC method
described above. Standards for cyclohexanol, cyclohexanone and cyclohexene were prepared
along with the mesitylene internal standard. Dicyclohexyl ether was not calibrated as we did

not have access to an appropriate standard and it was only present in trace amounts. Five vials
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with different mass ratios of the four standards in each vial were prepared as shown in Table
7. Linear calibration curves with excellent fits were obtained from those mass ratios for each

of the standards used as shown in Figures 17-19.
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Figure 16. GC-FID chromatogram of cyclohexanol standards.

Table 7. Mass ratio of cyclohexanol calibration standards used for GC-FID analysis

Ratio Mesitylene : Cyclohexanol : Cyclohexene : Cyclohexanone
Vial 1 1 ; 5 ; 5 : 5
Vial 2 1 ; 2 : 2 : 2
Vial 3 1 ; 1 : 1 : 1
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Ratio Mesitylene Cyclohexanol : Cyclohexene : Cyclohexanone
Vial 4 2 1 1 1
Vial 5 5 1 1 1
Cyclohexanol
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Figure 17. GC-FID calibration curve for cyclohexanol.
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Figure 18. GC-FID calibration curve for cyclohexene.
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Figure 19. GC-FID calibration curve for cyclohexanone.

3.4.2. Cyclohexanol Calibration 2

As the extraction method was developed, an unexpected change to the GC-FID parameters
occurred. As the GC-FID is shared instrument so this is possibly inference by the other user.
After restoring the initial parameters, the calibration with cyclohexanol was repeated using the
same mass as in Table 7. These calibration curves are depicted in Figures 20-22.
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Figure 20. Cyclohexanol GC-FID calibration curve.
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Cyclohexene
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Figure 21. Cyclohexene GC-FID calibration curve.

Cyclohexanone

4.5000
4.0000 y=0.8009x-0.0933
3.5000 R2=0.9997

3.0000
2.5000
2.0000
1.5000
1.0000
0.5000

0.0000
0.0000 1.0000 2.0000 3.0000 4.0000 5.0000 6.0000

Mass Ratio

Area Ratio

Figure 22. Cyclohexanone GC-FID calibration curve.

3.4.3. Octan-2-ol GC-FID Method

A GC-FID method to separate, identify and quantify the products of the octan-2-ol reactions
was also established (Figures 23 and 24). Many of the other isomers of alkene such as oct-4-
ene, oct-3-ene also identified using GC-MS, however were present in trace amounts so were
not uniquely identified by GC-FID. Whereas, the major products were oct-1-ene and oct-2-ene
with traces of octan-2-one. Similarly, with cyclohexanol the major product was cyclohexene

with small amounts of cyclohexanone and dicyclohexylether.
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Figure 23. Products of octan-2-ol separation on GC-FID.
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Figure 24. Octan-2-ol standards separation on GC-FID

3.4.3.1 Octan-2-ol Calibration

To quantify reactions involving octan-2-ol in ILs the calibration of octan-2-ol standards was
performed. The mass ratios were same as in Table 7, although instead of cyclohexanol
standards here octan-2-ol, oct-1-ene, trans-2-octene and octan-2-one were calibrated with
respect to mesitylene which was again used as the internal standard. The calibration curves

obtained are depicted in Figures 25-28.
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Figure 25. GC-FID Calibration curve of octan-2-ol
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Figure 27. GC-FID Calibration curve of trans-2-octene
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Figure 28. GC-FID Calibration curve of octan-2-one

3.5. Development of an extraction method for the quantification of
products

As ILs are non-volatile and cannot be injected into the GC it was necessary to develop an
extraction method to quantitatively isolate reactants, products and internal standard from the
IL for analysis. To determine the best separation method for IL from products, Reaction 9

from Table 8 was used to explore different methods of extraction.
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3.5.1. Silica Chromatography Column Extraction

The first approach was to explore the removal of the IL on a silica chromatography column
while allowing reactants, internal standard and products to pass through. Dichloromethane
(0.75mL) was added to the reaction mixture to dissolve all the reactants and products. These
were passed through a pipette silica column loading different quantities of the reaction mixture.
Each solvent load in the column was collected in a different vial to evaluate where IL
breakthrough occurred and whether all reactants and products had been isolated by this stage.
Silica column was used to separate the reactants and products as it allows the separation on the
basis of polarity of the compounds. As the IL is the most polar component it is expected to

elute last, allowing the quantitative recovery of reactants and products.

Using approximately 30 drops of this mixture, it was observed that IL was present in each vial
as determined by *HNMR. This was due to the high loading of IL in the sample in extraction
1 shown in Table 8. The procedure was repeated with one-third as much of the reaction mixture
in extraction 2. The absence of IL in all vials was observed from THNMR highlighting that it
could be successfully removed. Further, we again repeated the process for a different reaction
mixture and the results were same, showing that IL was retained on the column under these

conditions.

Table 8. Silica column separation of reactions 6 and 8 using dichloromethane as an eluent

Extraction Reaction Sample loading and number of extractions
1 9 30 drops of reaction mixture loaded
2 9 10 drops of reaction mixture loaded
3 8 10 drops of reaction mixture loaded

3.6. Extraction methods with quantification of products on GC-FID

While the method described above successfully removed the IL from the solution, allowing it
to be analysed by GC, initial experiments made it clear that this approach may not lead to the
recovery of all reactants and products as shown in reaction 9 and 12, Table 9. To explore the
effectiveness of reactant and product quantification we repeated reaction 9, Table 9 two
further times to compare outcomes with the results listed as reaction 11, Table 9. These
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experiments led to less product formation was observed in comparison to reaction 9, Table 9
despite using the same reaction conditions and reactant concentrations. We also measured the
recovery of cyclohexanol from the initial reaction mixture before reaction and discovered that
cyclohexanol was absent which is likely due to retention of cyclohexanol on the column. A
small amount of cyclohexanone was also detected by GC-FID in reaction 12, Table 9.
Modification of the method used to run the column to ensure more solvent remained after each
column load improved reproducibility slightly but still only 50% cyclohexanol recovery could
be obtained by GC-FID. These results lead to the conclusion that column separation does not
allow efficient extraction and quantification of reactants and products.

Table 9. Dehydration of cyclohexanol in [C10Ciim][NTf2] using mesitylene as an internal
standard with the quantification of products by GC-FID after separation using a silica.

Reported errors are standard deviations of replicate experiments where replicates were

performed.
Rxn. | Reactants Mole Reaction Cyclohexanol Yield Cyclohexene
No. Fraction ConditioniF conversion (%) | (%)
Alcohol
9. Cyclohexanol 0.451 150°C 99 31
10. Cyclohexanol 0.476 120°C 55 0
11. Cyclohexanol 0.504 150°C 0 14+2
12." | Cyclohexanol 0.507 No reaction 0 0
13. Cyclohexanol 0.514 150°C 83 0

+Time period is 2 hours in each reaction. * Presence of cyclohexanone was identified.

To address the poor recovery using silica column separation, the extraction of the reactants and
products with hexane was attempted. Firstly, the final reaction mixture of reaction 10 and 12,
Table 9 was extracted using hexane as it is immiscible with the ionic IL layer. The 0.5mL of
reaction mixture 11 was extracted using approx. 2 mL of hexane (5 times) as this reaction
mixture remained homogeneous after the reaction was complete. The hexane and IL layers
were separated, with the hexane layer analysed by GC-FID to quantify reactants and products.

The presence of any residual reactants and products were checked in the IL layer by *H NMR.
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For reaction 11 the reaction mixture was heterogeneous and contained oil phase droplets after
reaction. Hence the entire remaining reaction mixture was extracted with hexane 5 mL of
hexane 10times to ensure complete extraction. 'H NMR of these reactions indicated that this

extraction process was successfull in removing the reactants and products.

In reaction 11, Table 9 with column extraction there was no cyclohexanol detected but, only
14% of cyclohexene was formed as a product. When extracted with hexane as reaction 15,
Table 10 almost complete separation of cyclohexanol was observed. The results from
extraction of reaction 13 and 15 showed good extraction of reactants and products. So, the
dehydration reaction of cyclohexanol in [C10C1im][NTf2] was repeated under similar
conditions as shown in reaction 14, Table 10. In reaction 14 the hexane emulsified with the
reaction mixture so centrifugation was performed to separate the layers and allow the hexane
phase to be removed. The results were different from previous results of reaction 10 as there
was no cyclohexanol with almost 14% of cyclohexene obtained. Further, the reaction was
repeated following procedure 2.3.1 as shown in reaction 15, 16 Table 10. The results were
consistent with reaction 13 with only small concentrations of cyclohexene being formed which
indicated that the cyclohexene may be retained on the column during the separation.

Table 10. Dehydration of cyclohexanol in [C10C1im][NTf2] using mesitylene as an internal
standard with the quantification of products by GC-FID after hexane extraction. Reported

errors are standard deviations of replicate experiments.

Rxn. Mole Reaction Conditions Cyclohexanol Cyclohexanol Yield
No. Fraction Conversion (%) Recovered Cyclohexene
% %
Alcohol %) %)
14 0.510 150°C, 2 hours After Reaction:20 Before 0
reaction: 90
15 2 hour: 150°C, After reaction:12 Before 1.6
0.506 reaction: 84
2 hours
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Rxn. Mole Reaction Conditions | Cyclohexanol Cyclohexanol Yield
No. Fraction Conversion (%) Recovered Cyclohexene
% %
Alcohol %) %)
16 4 hour: 150°C, 4 hours After reaction: 8 Before 2.1
0.513 .
reaction: 91

Given that an apparently more reliable method of extraction had been developed we explored

the cyclohexanol reaction in [C10C1im][NTf2] with slightly increased reaction temperature to

obtain higher yields of the desirable products as shown in reaction 17, 18 and 19 Table 11.

reaction 19 was performed in duplicate to ensure the consistency of the results obtained. The

recovery of cyclohexanol from the original reaction mixture was examined in each case and

was found to exceed 99% in all cases.

Table 11. Cyclohexanol dehydration reaction with [C10C1im][NTf2] and IS at changed reaction

conditions.
Rxn. Mole Fraction Reaction Cyclohexanol Yield Yield
No. Conditions . Cyclohexene | Cyclohex
Alcohol Conversion (%)
(%) anone
(%)
17 lhour: 0.5117 180°C, 1hour 30 12.5 1.7
18 2hour: 0.5096 180°C, 2 hours 38 21 1.7
19 Vial 1: 0.509 180°C, 3hours Vial 1:43.15 24.80 2
Vial 2: 0.515 180°C, 3hours Vial 2: 37 22 3

From reaction 17, 18 and 19 Table 11 it was evident that cyclohexanol was found to be more

reactive at 180°C than 150°C. The separation of reactants and products proceeded to a greater
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extent than for the silica column approaches with mass balances > 80% and cyclohexene as the
major product after the reaction. While heating this reaction for more prolonged times would
likely result in improved yields, the key to our investigation was being able to compare between
ILs so the conditions described for reaction 19 were used as the standard reaction conditions.
With average conversions of 40-50% and cyclohexene yields of 25% this provided scope to

observe both faster and slower reactions without hitting the limit of detection.
3.7. Cyclohexanol Reactivity with Different lonic Liquids
As the reliable set of conditions and method for monitoring these reactions was established,

the first aim was to explore the effect of alkyl chain attached to the cations in ILs on the

reactivity of the reaction.

Table 12. Cyclohexanol reactivity with different [CaC1im][NTf2] ILs at 180°C for 3hours

analysed by GC-FID. Reported errors are standard deviations of replicate experiments.

Rxn. | lonic Liquid Mole Fraction Cyclohexanol Yield Cyclohexene | Yield
No. % Cyclohexanone
Alcohol Conversion (%) 06) y
(%)
20 [C10C1im] 0.512 43 +8 25+ 4 2.50+0.74
[NTT;]
21 [CeCiim] 0.546 384+19 26.03 +0.01 1.76 £ 0.02
[NTF,]
22 [C6C1im] 0.469 515+1.1 37.32+0.10 1.67+£0.12
[NTF,]
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Rxn. | lonic Liquid Mole Fraction Cyclohexanol Yield Cyclohexene | Yield
No. % Cyclohexanone
Alcohol Conversion (%) %) y
(%)
23 [C4Ciim] 0.476 57.9+0.6 38.74 £ 0.02 1.9+0.1
[NTT;]
24 [C2Ciim] 0.454 59+5 38.70+0.1 21101
[NTf,]

The results from reaction 20, 21, 22, 23 and 24, Table 12 confirm that with the decrease in
alkyl chain length the formation of products increases. The decrease in alkyl chain length of
the IL reduces the relative volume of the non-polar domains of the IL. This will lead to
cyclohexanol being solvated to a greater extent in the polar region and would account for the
more effective reaction in [C2Ciim] [NTf2] as compared to [C10Ciim] [NTF2]. This will be

discussed in more detail in light of the proposed mechanism in the following sections.

3.8. Effect of Cyclohexanol Mole Fraction on Reactivity

In order to see the effect of the mole fraction of cyclohexanol on the effectiveness of the
dehydration reaction and whether the concentration of IL affects to the reaction, the
cyclohexanol reaction was monitored at different concentrations in [C10C1im][NTf2] and even
without the IL present. The mole fraction of alcohol without the IL present was 0.9 rather than

1 due to the presence of the mesitylene internal standard.
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Figure 29. Cyclohexanol conversion and cyclohexene yield at different mole fraction of
cyclohexanol in [C10C1im] [NTH2].

The results from Figure 29 shown the effect of the alcohol mole fraction on reactivity. It is
evident from Figure 29 that with the increase in mole fraction of cyclohexanol the yield of
cyclohexene increases to a maximum at 0.3 mole fraction and then decreases. Apparent
conversion decreases consistently with increased alcohol mole fraction but at low mole
fractions it is possible that this may be affected by the incomplete extraction of cyclohexanol.
The highest mole fraction consisting of with approx. ImL of cyclohexanol without IL in the
reaction mixture does not show any significant reaction in terms of the yield of cyclohexene.

This indicates that IL is not only acting as a solvent but, also acting as a catalyst for the reaction.

In order to rule out the possibility of Lewis acid catalysis arising from lithium ions present as
impurities from the IL synthesis, the ILs used in Table 11 were analyzed using ICP-MS.
Lithium concentrations in these ILs were all below the level of detection indicating that the

reaction is facilitated by the IL itself not a Lewis acidic synthesis impurity.

After seen the affect the alkyl chains and different mole fraction of alcohol on the reactivity

the next step was to explore the effect of different anions attached to the ILs towards the
dehydration reaction.
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3.9. Effect of lonic Liquid Anion on Cyclohexanol Dehydration

To assess the effect of the IL anion on the dehydration of cyclohexanol, its reaction in
[C10C1imM][OTH], [CaCiim][OTF], [C4Ciim][Me2PO4] and [C4Ciim][N(CN)z] was explored.
These results are summarized in Table 13.

Table 13. Quantification of products on GC-FID after cyclohexanol reactivity with two [OTf]
(reaction 25, 26), [C10C1im][Me2PO4] and, [CaCiim] [N(CN)2] (reaction 29, 30) ILs at 180°C

for 3 hours and with same temperature and same [OTf] ILs for 18 hours (reaction 27, 28)

Rxn. lonic Liquid Mole Fraction | Cyclohexanol | Yield Cyclohexene Yield
No. Conversion % Cyclohexanone
Alcohol vers! %) 4 X
(%) (%)
25 [C10C1im] [OTF] 0.405 14 +£2 5+£2 2+0.3
26 [C4C1im] [OTF] 0.311 0* 0.55 £ 0.06 2.43 £0.02
27 [C10Ciim] [OTF] 0.425 10+3 13+1.38 2.7+0.3
28 [C4C1im] [OTF] 0.329 0* 2.23+0.27 2.42 £0.04
29 [C10Ciim] [Me2POq] 0.423 42 +6 0.32 £0.09 1.3+0.3
30 [C4Ciim] [N(CN)2] 0.298 0* 0.65 £ 0.05 1.83£0.05
31 No IL 0.855 8+0.01 0.08 £0.01 1+0.02

*Cyclohexanol recovery was over 100% based on GC-FID result.

The number of extractions steps undertaken with these ILs was increased for better separation
due to the increased hydrophilicity of these anions. Reaction 25 and 26, Table 13 indicates
that cyclohexanol does not react as readily in [CaC1im][OTf]. ILs as compared to their [NTf]
equivalents. As the [OTf] is more basic than [NTf2] this indicates that as the anion basicity

increases, the rate of the dehydration reaction decreases. This trend was also evident for the
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other ILs with low yields of cyclohexene also observed within [C4Ciim][Me2PO4] and
[C4C1im][N(CN)2] reaction 29 and 30, Table 13.

Despite the low yield of cyclohexene, the conversion of cyclohexanol was relatively high in
[C10C1im][Me2PO4]. The presence of a side reaction was evident from *'P NMR of the reaction
mixture 29 shown from Figure 30. The peak at -1.49 ppm not present in the original IL is
evidence of side reaction between cyclohexanol and the [Me2PO4] anion. This is most likely

due to the phosphorylation of alcohols.

Reaction 47-1 After Rxn Side Rxn Check
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Figure 30. ' PNMR of reaction 23 after reaction.

Moreover, with the increase in alkyl chain for the [OTf] " ILs the reactivity decreases, the exact
opposite trend to that observed for the [NTf2]™ ILs. In an attempt to achieve higher reaction
yields for comparison, the reaction time was raised to 18 hours but the product yield and
conversion did not increase significantly compared to the 3 hour reactions seen for reaction
25 and 26.

3.10. Mechanism of Cyclohexanol Dehydration in lonic Liquids

The ILs worked as an effective catalyst for the dehydration of cyclohexanol as shown from the

above results. A possible mechanism that would be consistent with the greater reactivity of
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cyclohexanol within the [NTfz]™ ILs in comparison to the [OTf]" and [N(CN)z] " ILs is shown
in Scheme 19. Generally the rate of an elimination reaction depends on the concentration of
reactants. Whereas, here it was revealed that increasing the mole fraction of reactants in the
mixture led to product formation, and hence the rate of reaction, decreasing above a mole
fraction of 0.3. This demonstrated that the IL was essential in the rate determining step of the

dehydration reaction.

N __
/ > ™~ N/ \N +
H :OH /NS (OH

Step 1 Step 2 + H,0

Scheme 19. Proposed mechanism for the dehydration of cyclohexanol in ILs.

The proposed mechanism in Scheme 19 is consistent with the observations of the reactivity
of cyclohexanol in ILs. In the case of [NTf2]" ILs, the anion more weakly interacts with the
most acidic hydrogen in the imidazolium cation, which makes the proton more easily available
for the protonation of the alcohol as shown in step 1. The next steps can either proceed via an
E1 mechanism with the loss of water followed by the attack of the base or an E2 mechanism
where the base attacks simultaneously, leading to the formation of the desired alkene product.
Whereas, in case of [OTf] the cation and anion more strongly interact so the hydrogen is not
easily available for protonation of the alcohol leading to its reduced reactivity.

The [NTf2]™ ILs with longer alkyl chains were found to reduce reactivity whereas the [OTf]~
ILs with longer alkyl chains were found to lead to increased reactivity. The explanation for
this lies in considering the effect of the amphiphilic nanostructure. As the [NTf2]™ anion is more
hydrophobic than the [OTf]™ anion it will lead to greater partitioning of the cyclohexanol
outside of the polar region of the IL. These non-polar regions are not catalytically active as
they do not contain the imidazolium cation, as implicated in the mechanism shown in Scheme
19. Hence for the [CnC1im][NTT2] series the longer alkyl chain leads to reduced concentrations
of cyclohexanol dissolved in the catalytically active regions. For the more basic [OTf]™ anion
the cyclohexanol will preferentially partition in the polar region. As the non-polar region

increases in size the effective concentration of cyclohexanol increases leading to an increased
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rate of reaction, as has been observed for polar reactants in nucleophilic substitution

reactions.>3%*

3.11. Reactivity of Octan-2-ol within lonic Liquids

The new reactions of octan-2-ol were run as shown in reaction 32, 33, 34 and, 35 Table 14 to
demonstrate the effects of ILs under set the reaction conditions as in reaction 19, Table 11.
Octan-2-ol standards were calibrated on GC-FID as shown in section 3.4.3.1.

Table 14. Quantification of products on GC-FID after octan-2-ol reactivity with ILs containing
[NTf2] and [OTf]" anion with different alkyl chains at 180°C for 3 hours.

Rxn. | lonic Liquid Mole Octan-2-ol | Yield Oct-1- | Yield Trans- | Yield
No. Fraction Conversion | ene (%) 2-octene (%) | Octan-2-
% %
Alcohol %) one (%)

32 [C10Caim] [NTF2] | 0.399 9+4 0.7+0.3 19+0.38 3.97+£0.03
33 [CsCaim] [NTF,] | 0.357 62+8 6.7+1 15+£2 3.63+0.16
34 [C10Caim] [OTH] | 0.372 0* 0.59 £0.07 2+04 3.8+0.3
35 [C4Ciim] [OTH] 0.299 0* 0.17 £0.08 0.29 £ 0.08 44+0.2

*Qctan-2-ol recovery was over 100% based on GC-FID result.

In the case of the reaction with [C10C1im][NTf2] 9% conversion was achieved which is lower
than cyclohexanol under the comparable conditions. From this it was seen that NTf2 is less
reactive towards octan-2-ol. Whereas, [C10C1im][OTf] and [C4C1im][OTf] didn’t lead to any
significant reaction of octan-2-ol as nearly complete recovery could be observed by GC-FID.
The alkyl chain effect was the same, if not even more pronounced, than for cyclohexanol with
the dehydration in [C10C1im][NTf2] proceeding substantially less reactive than [C4C1im][NTT2]
with the opposite trend observed for the [OTf]™ ILs. Due to the less stability of carbocation
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during the reaction with NTf2and triflates shown less reactivity towards dehydration of octan-
2-ol. It is suggested that the proposed mechanism and solvent effects might be able to be

generalized to other alcohols.
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CHAPTER 4: CONCLUSIONS & FUTURE WORK
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4.1. Conclusions

Imidazolium ILs were utilized as solvents and their effects on substitution reactions where the
ILs acts as catalyst was studied. The scope of the project was to perform with imidazolium ILs
as these have been widely studied and their solution structures are well known. By using the

ILs as catalyst the use of acids can be reduced that are harmful for the environment.

The dehydration reactions of the secondary alcohols cyclohexanol and octan-2-ol within ILs
demonstrated the effects of ILs on the reactivity of these alcohols. The dehydration of alcohols
to alkenes did not readily occur at temperatures of <150°C. Whereas, after a series of reactions
at different temperatures the dehydration of cyclohexanol and octan-2-ol could be observed
after 3 hours at 180°C.

Generally the rate of an elimination reaction depends on the concentration of reactants.
Whereas, here it was revealed that increasing the mole fraction of reactants in the mixture led
to product formation, and hence the rate of reaction, decreasing above a mole fraction of 0.3.
This demonstrated that the IL was essential in the rate determining step of the dehydration
reaction. In ILs there are intermolecular interactions that results in amphiphilic nanostructure
with specified cationic and anionic regions. Specifically it was suggested that the imidazolium
cation protonates the alcohol, forming a carbene intermediate which completes the elimination
reaction to regenerate the imidazolium cation. This mechanism suggests that the reaction
should proceed in the polar regions of the IL where the ions are in close proximity to the

alcohol.

Furthermore, the alkyl chain attached to the cation affects the reactivity of alcohols explored
in this project. As the alkyl chain increases the product formation also increases in case of ILs
containing the hydrophilic anion [OTf]" whereas it was reverse for ILs containing the
hydrophobic anion [NTfz]. With the long alkyl chains attached to the cation, the alcohol
molecules remain in the nonpolar region for longer timeframes when a hydrophobic anion is
present. These regions are not catalytically active and so a slower reaction results. The opposite
is true when a more hydrophilic anion is present due to the increased relative concentration of

alcohol in the polar regions which proportionally increases as the alkyl chain length increases.
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4.2. Future Work

To test the mechanism proposed for the imidazolium ILs, a future goal would be to examine
the effect of reducing the availability of the C?-H proton. The easiest way to design this is to
use an IL containing a methyl group attached to the C? position of the imidazolium ring. The
acidity of C2 have been reported to be tested in reaction of CO2z in [C2C1im][OAc].>® The
reactivity of alcohols within this IL will inform whether the acidity of the C2-H proton is critical
to the observed activity. The deuteration of proton can also be applied to see the effect. The
deuterium would end up on the product if the breaking of the C-D bond happens during the
reaction. If it doesn’t then the deuterium would remain on the IL. Alternatively, to make the
protonation inoperative another cation such as N-alkyl-pyridinium, tetraalkyl-ammonium and

tetraalkyl-phosphonium can be used for this reaction.

As the imidazolium ILs were found to be effective with the secondary alcohols. The effect of
imidazolium cations on primary alcohols and tertiary alcohols at high temperature can be

further explored by changing the anions in ILs.
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