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Solvate Ionic Liquids (SILs) are a relatively new class of ionic liquids consisting

of a coordinating solvent and salt, that give rise to a chelate complex with very

similar properties to ionic liquids. Herein is the exploration of the reported Kamlet-Taft

parameters, Gutmann Acceptor numbers and the investigation of chelating effects

through NMR spectroscopy of multiple atomic nuclei. These properties are related to

the application of SILs as reaction media for organic reactions. This area is also reviewed

here, including the implication in catalysis for the Aldol and Kabachnik-Fields reactions

and electrocyclization reactions such as Diels-Alder and [2+2] cycloaddition. Solvate

ILs exhibit many interesting properties and hold great potential as a solvent for

organic transformations.
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INTRODUCTION/CONTEXT

The context of this review is to examine the application of solvate ionic liquids as a reaction media.
This extends to encompass the relevant physical parameters of hydrogen bonding characteristics,
polarity and Lewis acidity. The use of these solvates as electrolytes for lithium ion batteries (Ueno
et al., 2013; Kido et al., 2015; Nakazawa et al., 2016; Kawazoe et al., 2017), their microstructure
(Murphy et al., 2016; Saito et al., 2016; Cook et al., 2017; Li H. et al., 2017) or indeed their
thermoelectrochemical properties (Black et al., 2018) are not covered here. In addition to these
applications, it may be of interest to note that they have also been evaluated as sizing agents for
carbon fiber in resin composites, with good success (Eyckens et al., 2018).

It is important to note that while this review focusses on the use of SILs in organic and materials
chemistry there has been substantial use of traditional ILs in both of these fields. There has been
considerable work in the use of ionic liquids in the modification of graphene with imidazolium
ionic liquids, one reporting a one-step functionalization procedure from graphite (Liu et al., 2008).
The use of these materials has also seen a great amount of application in sensors of biological
species such as NADH (Shan et al., 2010; Atta et al., 2017), hydrogen peroxide (Chen et al., 2018),
bisphenol A (Wang et al., 2018), and glucose (Zhang et al., 2011). These materials have also seen
use in nanocomposites still as electrodes for detection of chemical or biological species (Krampa
et al., 2017; Li J. et al., 2017; Zad et al., 2018).
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The work in materials science is also not limited to
imidazolium-derived ionic liquids and interesting works in
graphene exfoliation have been conducted in pyridinium and
pyrrolidinium cation based ionic liquids (Chaban and Fileti,
2015). Examination of the difference between molecular liquids
and ionic liquids has been reported (Bordes et al., 2018) and
followed by exploring the difference between N-butylpyridinium
bis(trifluoromethanesulfonyl)imide and 1-butyl-1-
methylpyrrolidinium bis(trifluoromethanesulfonyl)imide
(Chaban et al., 2017). Both of these ionic liquids were
superior to the imidazolium-derived ionic liquid 1-ethyl-
3-methylimidazolium tetrafluoroborate by ∼20 kJ mol−1

nm−1. Complementing this work is other investigations into
pyridinium and pyrrolidinium-derived ionic liquids in various
fields such as heat transfer processes (Musiał et al., 2017), super
capacitors (Chee et al., 2016; Chaban et al., 2018), and graphene
nanostructures (Atilhan and Aparicio, 2014).

Solvate Ionic Liquids
A recently reported (Tamura et al., 2010) class of ionic liquids
known as solvate ionic liquids (SILs) is an area of study
in its infancy, though investigations into to the field are
rapidly increasing. Typically, SILs exist due to the diffusing
of a cationic charge via the sequestering of a hard cation,
often in an ethereal solvent (Austen Angell et al., 2012). The
most prominent in the literature is the dissolution of lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI) in either triethylene
glycol dimethyl ether or tetraethylene glycol dimethyl ether
([Li(G3)]TFSI (1) or [Li(G4)]TFSI (2), respectively, Figure 1).

The use of ionic liquids for organic transformations (Welton,
1999; Hallett and Welton, 2011), and their physical properties
(Forsyth et al., 2002; Angell et al., 2007; Lee et al., 2008;
Ferrara et al., 2017) have been well studied, though these solvate
counterparts have a relatively low representation in the literature.
Also well-established is the effect on reaction kinetics the use
of ILs convey (Keaveney et al., 2017; Butler and Harper, 2018;
Hawker et al., 2018), an area that has had, at the time of
publishing, not been investigated in SILs.

The LiTFSI salt has been incorporated into polymer
electrolytes for batteries, with good success (Watanabe and
Nishimoto, 1995; Mary Sukeshini et al., 1996; Watanabe and
Mizumura, 1996; Nishimoto et al., 1998), and the addition of
boric acid ester monomers have assisted the solubility of the salt
in these networks (Hirakimoto et al., 2001; Tabata et al., 2003).
Henderson et al. first identified and characterized the chelation

FIGURE 1 | Simplified structure of Lithium in G3 ([Li(G3)]TFSI, 1), G4

([Li(G4)]TFSI, 2), and the TFSI− anion (3).

of Li+ salts in triglyme and tetraglyme (Henderson et al., 2003)
but the salts studied in that work didn’t include LiTFSI.

Both [Li(G3)]TFSI and [Li(G4)]TFSI satisfy the following
criteria for solvate ILs outlined by Mandai et al. (2014): (1) A
solvate compound is formed between an ion and a ligand(s) in
a certain stoichiometric ratio (in this instance, 1:1). (2) Consist
(almost) entirely of complex ions (solvates) and their counter
ions in the molten state. (3) Show no physicochemical properties
based on both pure ligands and precursor salts under using
conditions. (4) Have a melting point below 100◦C (which satisfies
the criterion for typical room temperature ILs). (5) Have a
negligible vapor pressure.

In relation to the third criterion, the equimolar mixture of
LiTFSI and glyme forgoes any evaporation due to the lithium
chelation, an effect not present when lesser concentrations of
LiTFSI in glyme were assessed (Mandai et al., 2014).

The solvation occurs when the lone pairs on the oxygen atoms
of the ether moieties act as a Lewis base, donating electrons
to the Lewis acid (lithium) cation, chelating it (Scheme 1).
This multidentate sequestration enables the dissolution of alkali
metals, such as LiTFSI or lithium perchlorate (LiClO4). In
the case of LiTFSI, electron density of the nitrogen atom
(of the anion) is attenuated due to the strongly electron
withdrawing flanking groups [sulfur(VI)], heavily delocalising
the anionic charge. This allows the oligo-ether groups to
coordinate the lithium cation. The combination of these effects
relieves the strong coulombic interactions of the naked LiTFSI
salt, reducing the previously high melting point (234–238◦C) to
below room-temperature.

Changing the glyme or anion combination can produce highly
variable results, exemplified by the crystal structure produced
when LiClO4 is dissolved in G3 (melting point = 103◦C)
compared with the room-temperature IL formed when dissolved
in G4 (Ueno et al., 2012). The greater the ionic association of
the salt in aprotic solvents, the less likely that chelation will
occur, supported by the previous example by the greater Lewis
basicity (association with cation) of the anion ClO−

4 compared
to TFSI− (Henderson, 2006). Further to this, employing a PF−6
anion may catalyze the decomposition of polyethylene oligomers
to alkenes, with concimmitant HF and phosphorous containing
by-products, according to Scheme 2 (Abraham et al., 1997).

Background
Similar structures of Li+ cations with oligoether-containing
structures were investigated by Fujinami and Buzoujima (2003)

SCHEME 1 | Addition of Lewis acid and Lewis base to give a solvate ionic

liquid. Anion not shown.
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SCHEME 2 | Mechanism of decomposition of Glyme-like groups (R2O)

through reaction with the PF6 anion (Abraham et al., 1997).

which consisted of two ethereal units and two electron
withdrawing units attached to an aluminate anionic center (4)
according to Scheme 3.

Comparatively, Shobukawa et al. demonstrated an analogous
structure, though with a borate anionic center (5, Figure 2)
(Shobukawa et al., 2004). The main difference here is that the
latter example was fully characterized as an ionic liquid, and
the former (aluminate solvate), was not formally characterized,
though was referred to as a liquid salt in the manuscript
(Fujinami and Buzoujima, 2003). Both structures exhibit similar
glass transition states, far below 0◦C (average Tg ≈−50◦C across
different length PEG groups) and the reduction in Lewis basicity
of the anionic component of these solvates allow the Li+ cation
to be chelated by the ethereal units (Shobukawa et al., 2004).

Although these examples are similar in concept to the solvate
ionic liquids explored here, Pappenfus et al. was the first to
report the equimolar mixture of LiTFSI and tetraglyme as a room
temperature (solvate) ionic liquid (Pappenfus et al., 2004). This
was closely followed by the analysis of different length glyme
oligomers with lithium salts (Henderson, 2006).

The chelation of the lithium cation by the glyme molecule
characterizes the mixture as a solvate ionic liquid, not just
a concentrated solution, as identified by Ueno et al. (2012)
by exploring anion-dependent properties. It was determined
that a weakly Lewis basic anion (TFSI-type anions and ClO4)
was required to allow the glyme-Li+ chelation to dominate
over the competitive cation-anion interactions. When anions of
greater Lewis basicity were employed, the result was concentrated
solutions of salt in glyme (Table 1, entries with asterisks).

In contrast to the concentrated solutions, the solvate ILs
showed high thermal stability, high ionic conductivity, high
viscosity, low volatility, low flammability as well as a wide
electrochemical window, just like traditional ILs (Tamura et al.,
2010; Seki et al., 2011; Ueno et al., 2012).

Table 1, below, shows the difference in melting point and
density of equimolar mixtures of tri- or tetraglyme and lithium
salts with a variety of anions.

As may be seen in the table, altering the anion has large
effects on both melting point and density. The solvate ionic
liquids explored in this work are in bold, and worth noting is the
outcome that not all lithium salts present as liquids in both tri-
and tetraglyme, and may only exist as such in one or the other
with the alternative being a solid complex. These combinations
are not shown in Table 1, but an example is [Li(G3)]ClO4 which
is solid above 100◦C, whereas [Li(G4)]ClO4 has a melting point
of 28◦C.

Raman spectroscopy of both [Li(G3)]TFSI and [Li(G4)]TFSI
indicates a very negligible percentage of free glyme in these

equimolar mixtures (Figure 3), which is to be expected of solvate
ILs (Ueno et al., 2015).

As identified earlier, some combinations of lithium salt and
glyme do not result in solvate ionic liquids, only concentrated
solutions, further confirmed by the large percentage of free glyme
(not-chelating) in those examples (Ueno et al., 2015).

PHYSICAL CHEMICAL PROPERTIES

Kamlet-Taft Parameters
Sometimes referred to as solvatochromic parameters, the Kamlet-
Taft parameters are determined spectrophotometrically via the
addition of different dyes to solvents and subsequent UV-
visible spectroscopy (Kamlet et al., 1977). The scale is based
on linear solvation energy relationships (LSER) consisting of
three complimentary solvent characteristics. These are the
hydrogen-bond donating and accepting abilities (α and β values,
respectively) and polarity/polarizability (π∗ values). It is also
possible to determine the ET(30) (solvent polarity) and the ENT
(solvent polarity normalized against water) from one of the dyes
used (Reichardt’s dye).

This technique has previously been employed in molecular
solvents (Kamlet and Taft, 1976; Taft and Kamlet, 1976; Kamlet
et al., 1977), in non-aqueous binary mixtures of organic solvents
(Reta et al., 2001), as well as for ionic liquids (Muldoon et al.,
2001; Lee et al., 2008; Padró and Reta, 2016). In addition to
the key characteristics that can be investigated through this
technique, is the reactivity of anionic nucleophiles in ionic liquids
(Crowhurst et al., 2006). All solvents must be appropriately
anhydrous when employing these techniques, to reduce any
augmentation of results.

The determination of the physical parameters of SILs is still
in its infancy, though in regard to the Kamlet-Taft parameters,
there have been three reports in the literature (Dolan et al.,
2016; Eyckens et al., 2016b; Black et al., 2018). Each have had
some slight difference in detection method, be it different dyes
or different mole ratio of solvating glyme to LiTFSI salt. Due to
this fact, the reported values have some slight variation from one
another, though it is important to note that the trend of these
parameters is of most importance when comparing these values,
which is largely consistent.

The dyes used to determine the Kamlet-Taft parameters
are traditionally N,N-diethyl-4-nitroaniline, 4-nitroaniline and
Reichardt’s dye. Burgess’ dye may be used in place Reichardt’s
dye (Figure 4), if the latter is not sufficiently soluble in the given
solvent, as was the case for Dolan et al. except for the glyme
solvents (Table 2) (Dolan et al., 2016).

The solvents examined here are the neat glymes (tri- and
tetraglyme, G3 and G4, respectively), LiTFSI versions of
these ([Li(G3)]TFSI and [Li(G4)]TFSI), the LiBETI (lithium
bis(pentafluoroethanesulfonyl)imide) versions ([Li(G3)]BETI
and [Li(G4)]BETI), and for comparison to a traditional
ionic liquid, [Bmim]TFSI (1-butyl-3-methylimidazolium
bis(trifluoromethanesulfonyl)imide). For greater investigation of
anion combinations, please refer to the literature (Dolan et al.,
2016). Solvates consisting of the LiBETI salt are presented as
the G4 varietal is reported to have a very low percentage of free
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SCHEME 3 | Production of an aluminate-based lithium solvate salt (Fujinami and Buzoujima, 2003).

FIGURE 2 | Borate-based solvate ionic liquid produced by Shobukawa et al.

(2004).

TABLE 1 | Properties of a range glyme-lithium salt mixtures.

Glyme-Li+ salt mixture Tm
(◦C)

ρ

(g cm−3)

[Li(G3)]TFSI 23 1.42

[Li(G3)]FSI 56 1.36

[Li(G3)]OTf* 35 1.30

[Li(G3)]NO*
3 27 1.18

[Li(G3)]TFA* n.d. 1.20

[Li(G4)]TFSI n.d. 1.40

[Li(G4)]CTFSI 28 1.40

[Li(G4)]FSI 23 1.32

[Li(G4)]BETI 23 1.46

[Li(G4)]ClO4 28 1.27

[Li(G4)]BF4 39 1.22

[Li(G4)]NO*
3 n.d. 1.17

[Li(G4)]TFA* n.d. 1.19

Entries in bold are those most relevant to this review. *denotes concentrated solutions,

not solvate ILs. TFSI, bis(trifluormethansulfonyl)imide; FSI, bis(fluorosulfonyl)imide;

OTf, trifluoromethylsulfonate; NO3, nitrate; TFA, trifluoroacetate; CTFSI, cyclic-

TFSI derivative 1,2,3-dithiazolidine-4,4,5,5-tetrafluoro-1,1,3,3-tetraoxide; BETI,

bis(pentafluoroethanesulfonyl)imide; ClO4, perchlorate; BF4, tetrafluoroborate; Adapted

from Ueno et al. (2012).

glyme (Table 1) (Ueno et al., 2015), and though this hasn’t been
reported for [Li(G3)]BETI (potentially due to the higher melting
point, mp= 74◦C) it has been included here for consistency.

The Kamlet-Taft parameters are measured on a scale
generated by examining the wavelength exhibited by solvents
of differing hydrogen bond characteristics in response to the
presence of different dyes. Due to this, the values are measured
in reference to a strongly hydrogen bond donating or accepting

FIGURE 3 | Estimated amount of free glyme in solution for equimolar mixtures

of tri- or tetraglyme with various lithium salts.

FIGURE 4 | Structures of Reichardt’s and Burgess’s dyes.

solvent, which is given the arbitrary value of 1.00. It is possible
that a solvent of unknown hydrogen bonding properties may
have a value of <1.00, meaning for example that it is a greater
hydrogen bond donator than the given reference.

α-Values
Looking first at the α values (hydrogen bond donating), the
tri- and tetraglyme both exhibit negligible values across all
reports, as is anticipated judging from their structures and lack
of acidic protons.

An unexpected result is the high α values for the SILs
consisting of all glymes. This is attributed to the Lewis acidity

Frontiers in Chemistry | www.frontiersin.org 4 April 2019 | Volume 7 | Article 263

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Eyckens and Henderson Solvate Ionic Liquids: A Review

TABLE 2 | Reported Kamlet-Taft parameters of solvate ionic liquids.

Solvent α β π*

(i) (ii) (iii) (i) (ii) (iii) (i) (ii) (iii)

G3 0.10 0.04 −0.01 0.62 0.66 0.71 0.74 0.66 0.67

G4 0.03 0.02 −0.05 0.72 0.66 0.72 0.68 0.66 0.69

[Li(G3)]TFSI 1.03a 1.08 1.32 0.30 0.26 0.31 0.96 1.00 0.94

[Li(G4)]TFSI 0.77a 1.22b 1.35 0.24 0.27b 0.28 0.92 0.99b 0.91

[Li(G3)]BETI 0.88a - - 0.32 - - 0.84 - -

[Li(G4)]BETI 0.80a - - 0.36 - - 0.86 - -

[Bmim]TFSI - - 0.55 - - 0.22 - - 0.97

(i) (Dolan et al., 2016) (ii) (Black et al., 2018) (iii) (Eyckens et al., 2016b).
aValues determined with Burgess’ dye in place of Reichardt’s dye.
bMole ratio of 4:5 (LiTFSI:G4) used instead of 1:1.

FIGURE 5 | Typical configuration predicted for the dye—Li+ complex,

showing additional coordination of three oxygen atoms provided by two TFSI

molecules, taken from the [Li(G4)]TFSI liquid simulation. Remainder of the

liquid not shown for clarity. Cyan = carbon, white = hydrogen,

blue = nitrogen, red = oxygen, green = fluorine, yellow = sulfur and

purple = Li+ (Eyckens et al., 2016b).

of the chelated lithium cation, which is acting as a surrogate
hydrogen bond. This phenomenon was confirmed by molecular
dynamics, simulating the interaction between the chelated
lithium cation of [Li(G4)]TFSI and Reichardt’s dye (Figure 5)
(Eyckens et al., 2016b).

The α values of the LiBETI derivatives of SILs are lower
than those with the TFSI− anion. This suggests there may be
some greater attenuation of the cation in the presence of BETI−,
or possibly the relative increase in size of BETI− from TFSI−

(pentafluoroethyl vs. trifluoromethyl) suppressing the interaction
of cation and dye. Note also, the determination of the α values
of the by Dolan et al. (2016) were performed using Burgess’ dye
rather than Reichardt’s, and all SILs exhibit lower values than
those reported by others (Eyckens et al., 2016b; Black et al., 2018).

The Kamlet-Taft parameters for a traditional, imidazolium-
based ionic liquid, [Bmim]TFSI (1-butyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide) have been included here to
give context to the values of the SILs. The α value for this IL is
a little under half of that of the SILs with the same anion, which
may be due to the diffusion of the positive charge around the
imidazolium ring, the acidic hydrogens or a combination of both
(Eyckens et al., 2016b). In any event, the α value suffers from the
absence of the hard lithium cation.

β-Values
The β values (hydrogen bond accepting ability) of the solvents
also demonstrated the effect of chelation of lithium by the
glyme/glycol units, in that the observed values of the SILs
are comparatively lower than those of the glyme solvents on
their own. This reduced hydrogen bond accepting ability of the
solvents is caused by the electrons of the ethereal oxygens being
engaged with the lithium-glyme chelate, and therefore limited for
other hydrogen bonding entities. This is true across all SILs from
all reports.

A similar value is exhibited by [Bmim]TFSI, though slightly
lower. The hydrogen bond accepting characteristic of this IL is
due to the anion. In the case of the SILs the accepting ability of
the anion is bolstered with that of the chelating glyme, giving the
slightly increased β values.

π-Values
Finally, the π∗ (pi-star) values (polarity/polarizability) are the
ability of the solvent to stabilize charge or become polarized.
It would then follow that ionic compounds, like SILs, should
have higher values than the solvating agents themselves. This
observation is consistent across all reports with the introduction
of either LiTFSI or LiBETI increasing the π∗ values by about
a third when compared to the glymes. A high π∗ value is also
observed for [Bmim]TFSI, which is typical for traditional ILs (Lee
et al., 2008; Padró and Reta, 2016).

ET(30) and EN
T
–Solvent Polarity and Normalized

Solvent Polarity
The determination of the ET(30) and the ENT (solvent polarity and
normalized solvent polarity, respectively) does not require any
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further measurements, only calculations using the data already
obtained. The solvent polarity, ET(30), is referred to as such due
to the betaine (Reichardt’s dye) in the original report simply
being the 30th dye investigated. This parameter is calculated
using the maximum absorption of Reichardt’s dye in the solvent
which is then substituted into Equation 1 (Reichardt, 1994;
Lee et al., 2008).

ET (30)
(

kcal mol−1
)

=
28591

vmax(nm) (1)

The ET(30) gives no real context to the polarity of the solvent,
so it is therefore necessary to normalize this value on a scale of
trimethylsilane (TMS, least polar, ENT = 0.000) to water (most
polar, ENT = 1.000). This is accomplished using Equation 2
(Reichardt, 1994; Lee et al., 2008).

ENT =
ET(solvent)−ET (TMS)
ET(water)−ET (TMS) =

ET(solvent)−30.7
32.4

(2)

The results of these calculations are summarized in Table 3

(Eyckens et al., 2016b).
The ENT gives a relative scale of the polarity of solvents

compared to water as the most polar, ENT = 1.000 (Entry 1,
Table 3). [Li(G3)]TFSI and [Li(G4)]TFSI have ENT values of 1.028
and 1.033 (Entry 2 & 3, Table 3), greater than that of water. Given
the nature of ionic liquids comprising entirely of ions, it is not
unexpected that they would have a high degree of polarity. This
is due to the full cationic and anionic charges present in the IL,
rather than the dipolemoment experienced by water. The tri- and
tetraglyme compounds are both around a third of the polarity of
water with ENT values of 0.301 and 0.284, respectively (Entry 4 & 5,
Table 3). These ethereal solvents are expected to have a degree of
polarity associated with them, due to the electronegativity of the
oxygen atoms, and decreased ENT values compared to the solvate
ILs is due to the absence of ions. [Bmim]TFSI has a markedly
reduced ENT value compared to the solvate ILs, with 0.590 (Entry
6, Table 3), which is consistent with the higher α and β values of
the solvate ILs.

NMR Studies
Investigations into the electronic effects on the chelation of the
lithium cation have been conducted by Black et al. using nuclear
magnetic resonance (NMR) spectroscopy of 7Li, 17O, 1H and 13C
nuclei (Black et al., 2018).

TABLE 3 | The ET (30) (solvent polarity) and ENT (normalized solvent polarity) of

solvents (Eyckens et al., 2016b).

Entry Solvent ET(30) ENT

1 Water 63.1 1.000

2 [Li(G3)]TFSI 64.0 1.028

3 [Li(G4)]TFSI 64.2 1.033

4 Triglyme 40.4 0.301

5 Tetraglyme 39.9 0.284

6 [Bmim]TFSI 49.8 0.590

When examining 7Li in DMOS-d6, there is a reduction in
chemical shift (moving to the right) of the signal from LiTFSI
compared to the reference (9.7mol kg−1 LiCl in H2O) (Black
et al., 2018). This is due to the electron donation of the TFSI−

anion to the lithium cation. The introduction of the G1 and G2
glyme solvents initially results in the largest change (upfield) in
ppm of the 7Li signal. This is attributed to the additive effect of
the electron donation of the ethereal oxygens and the anion. This
is true for both concentrations examined; 0.025 lithium atoms per
oxygen atom, and 0.25 lithium atoms per oxygen atom.

Interestingly, the combination of the G3 and G4 solvents with
LiTFSI demonstrated a less significant reduction in chemical
shift, compared to that of the smaller glyme solvents. This is
consistent with the chelation of the cation by the glyme having
a greater effect, which may in part be due to the resulting steric
bulk limiting anion-cation interaction.

A similar result is observed in the case of 17O NMR, though
only the lesser concentration of LiTFSI in glyme was able to
accurately be examined. The larger concentration (0.25 lithium
per oxygen) resulted in only a broad signal that was unable to be
deconvoluted. Nonetheless, the lesser concentration gives a good
indication of the trend that is likely occurring in both scenarios.

With the introduction of the LiTFSI salt, the ethereal oxygen
signals exhibit an upfield shift due to the chelation of the
cation, resulting in an electron-poor oxygen atom (Peng et al.,
2016). While this effect is initially counterintuitive, it has
been demonstrated previously in aliphatic ether systems, that
withdrawal of electron density from the oxygen results in a
more shielded system, manifesting as a lower chemical shift
(Béraldin et al., 1982).

A point of difference is observed between the terminal oxygen
atoms (closest to the methyl group) and those of the ethylene
linker, where the former exhibit a smaller change in chemical shift
in the presence of the lithium cation. This can be ascribed to the
lower degree of coordination of lithium by the terminal oxygens
and this effect is exacerbated with larger glymemolecules, as there
are more “non-terminal” oxygens available for chelating.

In determining the changes in the 1HNMR shifts of the glyme
compounds, there is a trend of a decrease in chemical shift with
the introduction of LiTFSI. Further, a greater change in ppm
of the methyl protons than the signals corresponding to the
methylene protons (relative to the pure glyme values) is observed.

This is again counterintuitive, as a coordination of the oxygen
atoms to lithium should draw on electrons, shifting the signals
of the relative protons downfield, and the draw of two oxygen
atoms should have a greater effect on methylene protons than
methyl. The effect is credited to interaction of protons with the
TFSI− anion, effectively negating the electron withdrawing effect
by donating electron density to these protons.

The more withdrawn the protons, as is the case with those of
the methylene, the greater the susceptibility to anion interaction.
These two processes effectively cancel each other out, resulting
in the negligible change in shift for the methylene protons. In
the case of the methyl protons however, the balance between
effects is not as evenly matched, resulting in a more prominent
change in signal resonance, albeit a small one. It may also be
possible that the electron withdrawn nature of the protons with
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the chelation of the lithium cation contributes to some degree to
the unanticipatedly large α value exhibited by the SILs.

Notably, this phenomenon is somewhat reversed when
exploring the effects through 13C NMR. The carbons of the
methyl groups show no significant change in chemical shift in
the solvate ILs with respect to the pure glyme. For the methylene
carbons however, there is a decrease in shift resulting from
the balance of interaction with both the lithium cation and
TFSI− anion.

This investigation clearly demonstrates the significant role
played by the anion on the electronics of the SIL complex. These
interactions between glyme ligand and cation become more
significant with increasing glyme length, causing a reduction in
cation-anion interaction.

The correlation of these observations with molecular
modeling would potentially compliment these studies and
provide potential insight into the intricacies of this system.

Gutmann Acceptor Number
Given the high α values of the SILs and the confirmation of this
effect with molecular dynamics, the pseudo-hydrogen bonding
may be attributed to Lewis acidity, which can be examined using
a phosphorous-based probe, and it analysis via 31P NMR. The
Gutmann Acceptor Number is a measurement of the Lewis and
measures the interaction of the desired solvent and a Lewis base,
triethylphosphine oxide (Et3PO) in a 3:1 ratio (solvent:base)
dissolved in deuterated benzene (Mayer et al., 1975;
Gutmann, 1976).

The Acceptor Number (AN) is determined by monitoring the
shift of the phosphorous atom when introduced to a Lewis acid
by polarization of the P=O bond. The greater the strength of the
Lewis acid, the more electron withdrawn the phosphorous atom
becomes, shifting the resonance of that atom in the 31P NMR
spectra downfield (to the left, Figure 6).

To accurately ascertain the degree of shift of the phosphorous
resonance, the Lewis base must first be measured in relation to a
non-Lewis acidic solvent, as a control measurement (n-heptane
was used in this case).

The Acceptor Numbers of solvents are summarized in Table 4

(Eyckens et al., 2016a).
It was of interest to determine the AN of the naked LiTFSI salt,

to quantify the effect chelation had on the lithium cation. The
salt exhibited an Acceptor Number of 41.84 (Entry 3, Table 4),

FIGURE 6 | Representation of the effect of a Lewis acid on the chemical shift

of phosphorous in the 31P NMR spectrum.

almost double that of the solvate ILs. Lithium has been shown
to be a strong Lewis acid, often used as an additive for organic
reactions (Springer et al., 1999), so in the non-chelated form, it
is logical to expect this increase in Lewis acidity. [Li(G3)]TFSI
and [Li(G4)]TFSI demonstrated identical AN with 26.53 each
(Entry 4 & 5, Table 4). This represents the effect of chelation,
as the lithium cation is not as free to interact with the Lewis
base, the effect may be due to a combination of electronic
and steric effects. The tri- and tetraglyme molecules showed
the expected very low AN with 0.24 and 0.21, respectively
(Entry 6 & 7, Table 4). The negligible Lewis acidity exhibited
by these compounds, is to be expected due to the absence
of electron-accepting functional groups. [Bmim]TFSI shows
reduced Lewis acidity when compared to the solvate ILs with AN
values of 11.90 and 3.10 (Entry 8, Table 4). The two chemical
shifts are due to the nature of the cation, as Lewis acids are
typically metal-based and the amine cation is not as efficient at
accepting electrons. Presumably, the observed Lewis acidity of
[Bmim]TFSI is dominated by hydrogen-bonding effects between
the phosphine oxide and the acidic hydrogen atom at C2, and
the pair at C4/C5 on the imidazolium ring (Figure 7), giving the
two values.

In summary, solvate ionic liquids represent a unique class
of liquids which possess interesting Lewis Acidic properties,
with the typical features of ionic liquids being negligible
vapor pressure and high polarity. These unique properties,
in addition to their cryogenic melting points and absence
of acidic protons, opens the potential of these liquids to be
used as media for organic chemical transformations which
are typically inaccessible using imidazolium-derived or protic
ionic liquids. The first reports of SILs as reaction media

TABLE 4 | Acceptor Number (AN) of Solvate ILs (Eyckens et al., 2016a).

Entry Lewis acid Et3PO AN

δ(31P) 1δ(31P)

1 n-heptane 46.66 0.00 0.00

2 LiTFSI (salt) 64.48 17.82 41.84

3 [Li(G3)]TFSI 57.96 11.30 26.53

4 [Li(G4)]TFSI 57.96 11.30 26.53

5 Triglyme 46.76 0.10 0.24

6 Tetraglyme 46.75 0.09 0.21

7 [Bmim]TFSI 51.68, 47.94 5.07, 1.30 11.90, 3.10

FIGURE 7 | Acidic protons of [Bmim]TFSI shown in red.

Frontiers in Chemistry | www.frontiersin.org 7 April 2019 | Volume 7 | Article 263

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Eyckens and Henderson Solvate Ionic Liquids: A Review

and their effect on reaction outcome are reported in the
following section.

APPLICATIONS IN
SYNTHETIC CHEMISTRY

Ionic liquids as reaction mediums for organic transformations
are already well-established in the literature, with many reviews
available detailing their use (Welton, 1999; Wasserscheid and
Keim, 2000; Hallett and Welton, 2011; Qureshi et al., 2014). In
comparison, solvate ILs have seen very little representation in the
literature, though the examples that do exist are reported here.

Organocatalysis
Juaristi and co-workers report a highly efficient, and
stereoselective asymmetric aldol reaction when using (S)-
proline in conjunction with solvate ionic liquids (Table 5, below)
(Obregón-Zúñiga et al., 2017). The solvates explored are both
the [Li(G3)]TFSI and [Li(G4)]TFSI, as well as the perchlorate
versions; the [Li(G3)]ClO4 and [Li(G4)]ClO4. It should be noted
that [Li(G3)]ClO4 is reported as a solid (mp 103◦C) (Ueno
et al., 2012, 2015; Mandai et al., 2014; Obregón-Zúñiga et al.,
2017), and [Li(G4)]ClO4 is considered a concentrated solution,
rather than a solvate ionic liquid, due to the excess of free glyme
(∼20%) in the system (Ueno et al., 2015).

Nevertheless, these particulars are of little consequence due to
the greater performance exhibited by the TFSI− anion varietals
compared to the ClO−

4 versions (Table 5). It was found that an
equimolar mixture of SIL and (S)-proline employed at 3 mol%
with 1 equivalent of water was the optimal conditions for the

aldol reaction to take place, at ambient temperature for 14 h
(Obregón-Zúñiga et al., 2017).

Employing [Li(G3)]TFSI with (S)-proline exhibits an excellent
yield (94%), dr (94:6) and er (98:2) in the aldol reaction
between cyclohexanone 6 and 4-nitrobenzaldehyde 7 (Entry
1, Table 5). The yield is slightly improved (96%) with the
use of the tetraglyme counterpart, [Li(G4)]TFSI, though both
the diastereomeric ratio and enantiomeric ratio suffer (Entry
2, Table 5). this leads to the conclusion that, despite a slight
reduction yield, [Li(G3)]TFSI is the better performing SIL.

[Li(G3)]ClO4 gives the lowest yield of all the additives (84%,
Entry 3, Table 5), though does see an improvement in dr (93:7)
when compared to [Li(G4)]TFSI (90:10), and the same er as
[Li(G3)]TFSI (98:2). This may suggest some conformational
benefit of the triglyme over the tetraglyme, as [Li(G4)]ClO4

lead to worse dr and er, but a slight increase in yield (87%,
Entry 4, Table 5).

To give these results context, the reaction was repeated
without the addition of any SILs or water (Entry 5, Table 5).
This instance shows, as expected, the lowest yield (18%),
diastereomeric and enantiomeric ratios (64:36 and 88:12,
respectively), and an increase in reaction time to 24 h. Immediate
improvement is observed with the addition of 1 equivalent of
water, with higher yield (67%) and better dr and er (82:18 and
92:8, respectively, Entry 6, Table 5).

The stereoselective advantage of [Li(G3)]TFSI in this aldol
reaction is proposed to be the formation of a supramolecular
aggregate between the SIL and (S)-proline (Obregón-Zúñiga
et al., 2017).

This structure is supported by both 7Li NMR and IR
spectroscopic methods (Obregón-Zúñiga et al., 2017), and the

TABLE 5 | Evaluation of various SILs and blanks in the model aldol reaction (Obregón-Zúñiga et al., 2017).

Entry SIL Yield (%)a dr (anti:syn)b er (anti)c

1 [Li(G3)]TFSI 94 94:6 98:2

2 [Li(G4)]TFSI 96 90:10 96:4

3 [Li(G3)]ClO4 84 93:7 98:2

4 [Li(G4)]ClO4 87 89:11 94:6

5d - 18 64:36 88:12

6 - 67 82:18 92:8

a Isolated yield.
bDetermined by 1H NMR from the crude reaction.
cDetermined by HPLC with chiral stationary phase.
dNo water added, 24 h of reaction.
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transition state of the supramolecular ensemble containing
ketone, aldehyde, water and the (S)-proline-[Li(G3)]TFSI
complex was also modeled (Obregón-Zúñiga et al., 2017). The
complex shows the 1 equivalent of water acting as a bridgehead
between the carbonyls of the ketone and aldehyde.

The effect of [Li(G3)]TFSI in this aggregation is observed
to be specific for SILs, as a comparison is conducted with a
traditional IL; [Bmim]PF6 and one without any ionic species
present (Obregón-Zúñiga et al., 2017). This is also explored in
the context of electron withdrawn, neutral and electron donating
aldehydes with cyclohexanone.

In every case examined, [Li(G3)]TFSI was the best performing
example with higher yields and diastereomeric and enantiomeric
ratios. The best results obtained of the three types of aromatic
aldehydes were those that are electron withdrawn, as may be
expected. Further demonstrating the requirement for the SIL
complex, is the poor result obtained when using the lithium
carboxylate of (S)-proline as the catalyst, or just the LiTFSI.

This work demonstrates the advantage of SILs in an organic
transformation, over a traditional IL ([Bmim]PF6), [Li(G3)]ClO4

or [Li(G4)]ClO4. The latter proves the requirement for the
solvation of the lithium cation, as it has been defined as a
concentrated solution (Ueno et al., 2015).

Diels-Alder Reactions
To utilize the Lewis acidity of [Li(G3)]TFSI and [Li(G4)]TFSI,
both SILs were assessed in their application as solvents for Diels–
Alder reactions (Eyckens et al., 2016a). The [4+2] cycloadditions
of a series of reactants are summarized in Table 6.

A similar solvent, 5.0M Lithium Perchlorate in Diethyl
Ether (5.0M LPDE) saw good application for electrocyclization
reactions in the 1990s to 2000s (Grieco et al., 1990; Forman and
Dailey, 1991; Grieco and Moher, 1993; Heydari, 2002), but soon
fell out of favor due to a lack of handleability and stability of the
ClO−

4 anion at elevated temperatures. It has been included here as
the closest point of comparison to the SILs in terms of a reaction

TABLE 6 | Diels–Alder reactions in solvate ionic liquids (Eyckens et al., 2016a).

Entry Solvent Time Temp. (◦C)a Yield (%)b

1 5.0M LPDE 7h r.t. 94c

2 [Bmim] PF6 2 h 80d 96e

3 [Li(G3)]TFSI 30min 100 73

4 [Li(G4)]TFSI 30min 100 81

aMicrowave irradiation.
b Isolated yield.
cReported yield (Grieco et al., 1990).
dNo microwave irradiation.
eReported yield (Earle et al., 1999).

medium. The limitation of not being able to heat 5.0M LPDE due
to potential explosion is not relevant to the solvate ILs, and thus
this fact was exploited during reaction optimization.

The Diels–Alder reaction between isoprene and 9 is reported
to proceed well at ambient temperature in 5.0M LPDE (94% in
7 h, Entry 1, Table 6). It has also been shown to be successful
in [Bmim]PF6, with the addition of heat (96% in 2 h, Entry 2,
Table 6). The reported conditions for the Diels–Alder reaction
in ionic liquids use 5 equivalents of the diene, and this was
kept consistent in this study to allow for greater comparison.
However, isoprene was observed to be only sparingly soluble
in the solvate ILs, forming a biphasic solution when added
to the reaction vessel. This suggests that a much lower
effective concentration was required to complete these reactions
than in the instances of other ionic liquids, meaning fewer
equivalents may have been able to be used to produce the
same result.

Performing the reaction for 30min at 100◦C, using
microwave irradiation (Entry 3 & 4, Table 6) gave good
yields for both [Li(G3)]TFSI and [Li(G4)]TFSI (73 and
81%, respectively). This demonstrated the advantages of
being able to heat these solvate ILs without limitation
(such as those outlined for 5.0M LPDE) as part of an
optimization process.

The Diels–Alder reaction between isoprene and dimethyl
maleate (11a) or dimethyl fumarate (11b) was also investigated.
Previous reports (Renninger and Mcphee, 2008) of the Diels–
Alder reaction between dimethyl maleate (11a) and isoprene
required the use of extremely high temperatures to obtain
good yields (cf. 195◦C and 66%, respectively). Attempting
the reaction in a molecular solvent (chloroform) proved the
difficult nature of this reaction when only traces of the desired
product 12 obtained (Entry 1, Table 7) despite relatively high
temperatures. Employing [Li(G3)]TFSI and [Li(G4)]TFSI (Entry
2 & 3, Table 7) showed greater promise, with isolated yields of
73 and 21%, respectively. Despite this, it was found that the
isolated product was 12b, possessing the trans configuration
of the esters and not the expected cis transfiguration of
12a. This is unusual as stereochemistry is typically retained
throughout the Diels-Alder reaction, and it was concluded
that while the product 12a may form initially, it is possible
for this product to convert to the more thermodynamically
stable 12b.

This epimerization is presumed to be due to the higher
temperature employed in this reaction. The dramatic reduction
in yield in [Li(G4)]TFSI is unknown, but may be due to a
slightly different solubility of isoprene in this IL compared to the
[Li(G3)]TFSI variation.

This reaction was then repeated with 11a at room
temperature in [Li(G3)]TFSI overnight (Entry 4, Table 7)
to minimize possible epimerization. Unfortunately, the
reaction was unsuccessful and only starting material 11a

was isolated.
Dimethyl fumurate (11b) was then employed as the

dienophile, and a much less pronounced improvement in yield
was obtained in the solvate ILs, when compared to the molecular
solvent (Entry 5, Table 7 vs. Entry 6 & 7, Table 7). When
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TABLE 7 | Diels–Alder reactions in solvate ionic liquids (Eyckens et al., 2016a).

Entry Reactant Solvent Time Temp. (◦C)a Yield (%)b

1 11a CHCl3 20min 100 <5

2 11a [Li(G3)]TFSI 20min 100 73c

3 11a [Li(G4)]TFSI 20min 100 21c

4 11a [Li(G3)]TFSI 16 h r.t. 0

5 11b CHCl3 20min 100 45

6 11b [Li(G3)]TFSI 20min 100 74

7 11b [Li(G4)]TFSI 20min 100 65

aMicrowave irradiation.
b Isolated yield.
cOnly trans product isolated.

compared to previous reports (Lee et al., 2009) however (cf. 36 h,
70◦C), the reaction required considerably less time to occur.

[2+2] Cycloaddition Cascade Formation
of Dienes
Another electrocyclisation reaction attempted in the solvate ILs
was the [2+2] reaction of dimethyl ketene (13) (generated in situ
from isobutyryl chloride) and (E)-cinnamaldehyde (14) giving
15 after CO2 extrusion (Eyckens et al., 2016a). This reaction
is reported not to proceed in the absence of LiClO4 and has
been reported in 5.0M LPDE, therefore is an obvious choice to
compare the application of the solvate ILs.

Conducting the reaction in chloroform resulted in trace
amounts of product formed, as was expected (Entry 1, Table 8).
When repeating the literature conditions (Arrastia and Cossío,
1996), the high yield (95%) originally reported in 5.0M LPDE
was unable to be reproduced (Entry 2, Table 8). Employing
freshly prepared 5.0M LPDE, from extensively dried LiClO4

and diethyl ether, saw highly variable yields at best. The yield
of 15 in 5.0M LPDE varied between 5–40%, with <20%
being typical for repeated attempts. Despite the complete
consumption of the aldehyde 14, a complex mixture of
products was typically observed in the 1H NMR spectra of the
crude mixture.

The complete consumption of the aldehyde 14 was also
observed in the 1H NMR spectra of crude mixtures of the
reactions carried out in [Li(G3)]TFSI and [Li(G4)]TFSI, though
the isolated yields were greatly improved; 56% and 41%,
respectively (Entry 3 & 4, Table 8). It was hypothesized that
atmospheric water may be affecting the reaction outcomes. In
an attempt to remedy this and improve yields, 4 Å molecular
sieves were added to the reaction in [Li(G4)]TFSI to remove
adventitious water, improving the yield to 60% (Entry 6, Table 8).
Further to this, heating for the final hour of the reaction to 80◦C
in [Li(G3)]TFSI increased the yield to 70% (Entry 7, Table 8).

TABLE 8 | Comparison of solvents in [2+2] cascade formation of dienes (Eyckens

et al., 2016a).

Entry Solvent Time (h) Temp. (◦C) Yield (%)a

1 CHCl3 6 r.t. <5

2 5.0M LPDE 6 r.t. ∼20

3 [Li(G3)]TFSI 6 r.t. 56

4 [Li(G4)]TFSI 6 r.t. 41

6b [Li(G3)]TFSI 6 r.t. 60

7 [Li(G3)]TFSI 6c 80 70

a Isolated yield.
bActivated molecular sieves (100mg) were used throughout the reaction.
cThe reaction mixture was heated for the finally hour of the specified time.

These reactions highlight the ease with which these SILs can
be handled. The use of molecular sieves and heated using 5.0M
LPDE is not possible, due to precipitation of lithium perchlorate
if taken out of inert atmosphere, and again the limitations of
heating in this system.

α-Aminophosphonates
α-Aminophosphonates are small, phosphorous containing
molecules, structurally analogous to naturally occurring
α-amino acids.

Replacement of the carbonyl component of the
amino acid with phosphorous has been shown to
inhibit enzymes of receptors to which the natural amino
acids bind (Cherkasov and Galkin, 1998). This lays the
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TABLE 9 | Scoping of aniline derivatives to produce α-aminophosphonates in SILs (Eyckens and Henderson, 2017).

Entry Solvent Aniline Ra
1 Yield (%)b Entry Aldehyde Ra

2 Yield (%)b

1 [Li(G3)]TFSI 16a 4-NO2 64 15 17h 4-Br 90

2 [Li(G4)]TFSI 25 16 91

3 [Li(G3)]TFSI 16b 4-OH 82 17 17i 4-Me 90

4 [Li(G4)]TFSI 92 18 86

5 [Li(G3)]TFSI 16c 4-F 84 19 17j 4-NO2 69

6 [Li(G4)]TFSI 68 20 59c

7 [Li(G3)]TFSI 16d 4-Cl 96 21 17k 4-F 77

8 [Li(G4)]TFSI 96 22 78

9 [Li(G3)]TFSI 16e 3-Cl 83 23 17l 2-OH 84

10 [Li(G4)]TFSI 59 24 76

11 [Li(G3)]TFSI 16f 3-CF3 86 25 17m 3,4-Cl 74

12 [Li(G4)]TFSI 81 26 79

13 [Li(G3)]TFSI 16g 3,5-CF3 54

14 [Li(G4)]TFSI 60

aAlternate R group is hydrogen.
b Isolated yield.
cThis material contained α-hydroxyphosphonate (17% by 1H NMR) resulting from direct attack of the phosphite on 4-nitrobenzaldehyde.

foundation for α-aminophosphonates to have medicinal or
therapeutic applications.

These compounds are typically accessed via the Kabachnik-
Fields reaction, discovered independently by both Kabachnik
and Ya (1952) and Fields (1952). The reaction proceeds through
condensing an amine with an aldehyde (either in situ or
preformed), before reaction with a phosphonate.

Conducting this reaction in SILs at room temperature for
5min demonstrated the broad scope of reactants suitable in these
conditions. The advantage of SILs is evident as other reports
of the synthesis of these molecules utilize increased reaction
time [up to 7 days (Pettersen et al., 2006)], temperature (Guo
et al., 2015), the use of boutique catalysts (Ambica et al., 2008;
de Noronha et al., 2011; Heo et al., 2012; Li et al., 2016) or
combinations thereof.

The success of the Kabachnik-Fields reaction in solvate
ILs is demonstrated through the application of a range of
substituted aldehydes and anilines with diphenyl phosphite
(Table 9), (Eyckens and Henderson, 2017).

The production of a range of α-aminophosphonates with
various electron withdrawing or donating functional groups on
either the aniline or benzaldehyde was rapidly achieved, with
overall excellent yields (Table 9). It was observed that, in general,
[Li(G3)]TFSI proved to be the better performing solvent of
the two SILs in most cases. This is consistent with previous
findings when using these SILs as reaction solvents, although the
difference between the two solvents is generally quite small.

In addition to the production of these mono-α-
aminophosphonates, is the synthesis of bis-versions, utilizing
arylenediamines (Table 10).

The synthesis of bis-α-aminophosphonates in SILs is
demonstrated with good success (Table 10), maintaining the
very concise reaction time and good substrate tolerance.

Unlike the earlier trend of [Li(G3)]TFSI outperforming
[Li(G4)]TFSI in the production of mono-α-aminophosphonates,
there seems a reversal in this trend when introducing
substituted aldehydes into the bis-versions of these
α-aminophosphonates 22b-c.

In addition to the successful synthesis of bis-versions
of α-aminophosphonates, the efficacy of producing a non-
C2-symmetric bis-α-aminophosphonate using two different
aldehydes was investigated (Scheme 4).

The non-C2-symmetric compound 24 was synthesized in
good yields in both SILs (43% in [Li(G3)]TFSI and 26% in
[Li(G4)]TFSI isolated yields), in only 10min of total reaction
time at room temperature. Each aldehyde was reacted for 5min
in a two-step, one-pot process. The use of 4-tolualdehyde served
as a simple 1H NMR handle to determine the incorporation of
both aldehydes through comparison of integration ratios of the
methyl signal and the protons attached to the tertiary carbon.

The use of SILs as solvents for organic reactions has shown
great success, even in the limited number of reports available.
The comparison to molecular solvents, other ionic liquids or
even the use of catalysts has advocated strong advantage in the
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TABLE 10 | Scoping of bis-α-aminophosphonates (Eyckens and Henderson, 2017).

Entry Product R Solvent Yield (%)a

1 22a Ph [Li(G3)]TFSI 64

2 [Li(G4)]TFSI 52

3 22b 4-BrPh [Li(G3)]TFSI 36

4 [Li(G4)]TFSI 65

5 22c 4-NO2Ph [Li(G3)]TFSI 18

6 [Li(G4)]TFSI 33

a Isolated yield.

SCHEME 4 | Synthesis of a non-C2-symmetric bis-α-aminophosphonate 24 from p-phenylenediamine and incorporating different aldehydes in the SILs (Eyckens and

Henderson, 2017).

use of synthesis. The ability to access products of cycloaddition
or condensation reactions using these solvents shows great
versatility and utility.

CONCLUSIONS AND OUTLOOK

The physical parameters of solvate ionic liquids have been
discussed here, as reported by a number of research groups.
Consist findings of high α values (hydrogen bond donating) are
recorded, despite the absence of acidic protons. This was largely
attributed to the lithium cation acting as a surrogate hydrogen
bond, which was confirmed by molecular dynamics simulations.
The high α values were also consolidated by the determination of
Lewis acidity (Gutmann Acceptor Number), revealing identical
values for both SILs (AN = 26.5). This value was reduced in
comparison to the naked LiTFSI salt and increased compared to
that of the pure glymes.

The β values were reduced in comparison to the pure glyme
solvents, anticipating the chelation of lithium by the ethereal
oxygens, thereby limiting their availability for hydrogen bond
accepting. This effect of chelation was also supported by NMR
studies of all relevant nuclei. Finally, the π∗ values demonstrated
the SILs’ polarizability which was expectedly high due to their
ionic character, and consistent with traditional ionic liquids. The
SILs were also observed to be as polar (if not slightly more so)
as water.

The application of SILs to effect reaction outcomes was
validated in conjunction with a proline organocatalyst with

excellent results in the aldol reaction. This success was further
echoed by the use as a solvent for Diels-Alder and [2+2]
cycloaddition reactions, with good yields reported.

The application to a different type of reaction in the
Kabachnik-Fields reaction further conveyed the advantage of
SILs, rapidly accessing α-aminophosphonates in excellent yields
at room temperature, with good scope and the ability to produce
bis-versions (including non-C2-symmetric) of these compounds.

The foundational research explored here serves as a good basis
for future investigations, and the use of these SILs as solvents
for organic transformations is a field with huge potential. The
potential to access molecules in less time, temperature or both
is enticing and offers great advantage over previous methods.
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