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Abstract — Solvation effects of imidazolium salts that contain alkyl side chains in
the 1 and 3 positions have been analyzed using multi-linear regression equations.
The major contribution for the solvation of these compounds comes from the
solvents’ hydrogen bond acceptor basicity contribution, in which there is an
interaction between the solvent and H2 hydrogen of the imidazolium cation.
Another solvation effect, which is minimal, comes from the solvents’ hydrogen
bond donor acidity contribution, which serves to solvate the anions. The nature of
the anion plays a role in the solvation of the anions. Salts with hard anions are
solvated to a lesser extent via the solvents’ hydrogen bond acceptor basicity;
whereas, salts with softer anions are solvated to a larger extent via this mode.
There is not much discrimination in the solvation of imidazolium salts that contain

the same anion and different alkyl groups in positions 1 and 3.

INTRODUCTION

Due to the unique combination of properties of rt ionic liquids (RTILs), they have become promising
candidates as solvents for a wide variety of organic reactions.' Compared to conventional solvents, RTILs
are recyclable, thermally stable over a very wide temperature range, and some maintain their liquid state
at temperatures as high as 200 °C.2 Due to these properties, they have become ideal “green solvents™ for a
wide array of reactions.” RTILs consist of cations and anions counterparts; cations are typically
imidazolium or pyridium species and anions normally include halogen anions, AlX4", BF4~, PF¢,
CF3SOs™ or (CF3S0;),N-. A very important property of RTILs is that they are relatively polar compounds,
and as a result are able to dissolve a wide variety of polar reactants and stabilize polar reaction
intermediates.” Tonic liquids have been shown to influence the outcome of reactions in a number of ways,
such as higher reaction rates and better reaction control.” By varying the structure of the cation or the
anion of ionic liquids, their properties can be altered to influence the outcome of various organic

. 6 - . . . 7
reactions,’ including asymmetric reactions.
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The ability of solvents to influence the outcomes of reactions depends to a large extent on significant
solute/solvent interactions that exist. An important property of solvents is their ability to be involved in
various types of interactions with reactants, reaction intermediates and products; and various relationships
have been developed over the years to better understand the nature of solvent/solute interactions.® These
relationships are often referred to as quantitative structure-property relationships (QSPR). The Hammett
equation is one such relationship and it is based on the assumption that linear free energy relationships
(LFER) exist between the structure and the property of compounds.’

The general LFER developed by Kamlet, Taft and co-workers to examine the effects of various

solute/solvent interactions and how they affect property changes is shown in Equation 1."

Property = bulk/cavity term + dipolarity/polarizability term(s)
+ hydrogen bonding term(s) + constant 1

The bulk/cavity term is a measure of the energy that is needed to overcome the cohesive solvent/solvent
interactions to form a cavity for the solute molecule. The dipolarity/polarizability terms are measures of
the energies of solute/solvent dipole and induced dipole interactions that contribute to solvation.
Hydrogen bonding terms measure specific interactions between solvent and solute. They reflect the
ability of the solvent to accept a hydrogen bond(s) from the solute, which is described as the hydrogen
bond acceptor basicity (HBAB), and the ability of the solvent to donate a hydrogen bond(s) to the solute,
which is described as the hydrogen bond donor acidity (HBDA).

Over the years, a number of descriptors have been developed to quantify the various solute/solvent
interactions, but those developed by Taft and co-workers are used routinely in LFER.!' These descriptors,
developed from thermodynamic and spectroscopic data for solvents and solutes, have been used in
Equation 2 to successfully correlate the chemical, physical and biological properties of more than 200

compounds. '
Property = st* + aa+ bp + ¢ 2)

For the multi-linear regression (MLR) equation 2, the solvatochromic parameters, n* represents the
dipolarity/polarizability contribution, a and B represent the solvents' hydrogen bond donor acidity
(HBDA) and the hydrogen bond acceptor basicity (HBAB) properties, respectively. For Equation 2, linear
statistical fitting between the variables is used; the goodness of the 'fit' is reflected by the regression
coefficient (R), standard deviation (SD) and the ability of the equation to predict accurately the
experimental values. The coefficients of the MLR equations, s, a, and b, indicate the significance of the
different solute/solvent interactions for the property being analyzed. In this study, the nature of the
interactions that exist between conventional solvents and imidazolium salts, which contain different alkyl
groups and anions is examined using LFER analysis by examining the 'H NMR chemical shift change of

H2 of the imidazolium cation in different solvents. Solute/solvent interactions that increase the chemical
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shift values (further downfield) result in negative coefficients; whereas, interactions that decrease the

chemical shift values (further upfield) result in positive coefficients. Significant interactions manifest

themselves in larger coefficients, compared to interactions that are minimal, which exhibit smaller

coefficients.

RESULTS AND DISCUSSION

Table 1 shows the results obtained in various deuterated solvents.

Table 1. Solvatochromic parameters,” along with the H2 'H chemical shift values of
1,3-dialkylimidazolium salts (Figure 1) in different deuterated solvents at 298 K. Solution concentrations

are 0.45(x0.01) molL™" for all compounds.

Entry Solvent =* A B O0H2 O0H2 o0H2 X
R= C2H5 R= C4H9 R= C8H17
1 HOAc 0.62 1.09 0.60 8.583 8.611 8.620 SbF¢
8.650 8.639 8.702 PF¢
‘ 8.767 ‘ BF4
2 MeOH 0.60 098 0.62 8.804 8.817 8.800 SbF¢
8.782 8.776 8.817 PF¢
8.856 8.880 ‘ BF4
3 Acetone 0.72 0.07 0.48 9.001 9.015 8.987 SbF¢
8.924 8.953 9.012 PF¢
8.999 9.009 ‘ BF4
4 DMSO 1.00 0.00 0.76 9.157 9.169 9.175 SbFe
9.136 9.152 9.170 PF¢
9.123 9.131 ‘ BF4
5 DMF 0.88 0.00 0.69 9.300 9.316 9.319 SbF¢
9.240 9.268 9.334 PF¢
9.257 9.248 ‘ BF4
6 CDCl; 0.76 034 0.00 *° : 8.460 SbF¢
‘ ‘ 8.588 PF¢
a a a BF4-
7 NM 0.85 0.23 030 8.525 8.516 8.735 SbFe
8.518 : ‘ PF¢
a a a BF4-
8 CD,Cl, 0.80 0.22 0.00 8.395 8.409 ‘ SbF¢
‘ 8.501 ‘ PF¢
8.886 8.897 ‘ BF4
9 i-PrOH 046 0.78 090 9.001 8.819 9.067 SbF¢
8.912 8.832 9.139 PF¢
9.027 8.998 ‘ BF4
10 EtOH 0.54 086 0.77 8.819 8.866 9.045 SbF¢
8.878 8.839 9.076 PF¢
8.993 9.017 ‘ BF4

“Insoluble or partially soluble in the deuterated solvent. HOAc, Acetic acid; MeOH, methanol, DMSO,
dimethyl sulfoxide; DMF, dimethyl formamide; NM, nitromethane; i-PrOH, iso-propanol; EtOH, ethanol.
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Figure 1. Structure of imidazolium salts considered in this study.
R = CyHs, C4Hg and CgH17; and X = SbFg, PFg and BF4.

It is obvious from Table 1 that the chemical shift changes are solvent dependent. For example, the H2
chemical shift values for 1,3-diethylimidazolium hexafluoro-antimonate vary between 8.395 ppm in
CDCl; and 9.300 ppm DMF. Table 2 shows the coefficients and statistics for the MLR equations in
which the chemical shift change for H2 and the solvatochromic parameters (shown in Table 1) were
considered. A larger data set would have been desired, but owing to the limited solubility of these
compounds in a wide variety of deuterated solvents, our study was restricted to the solvents shown in
Table 1. Even with this limited data set, a standard deviation of <0.15 and 0.966> R >0.906 were
obtained for these relationships. For the MLR equations, the solvent dipolarity/polarizability effect was
not of statistical significance and as a result was excluded in these correlations. This observation is

reasonable because it is known that ionic liquids are relatively polar compounds,'* and as a result they do

not require significant stabilization via this mode from the solvent.

Table 2. Coefficients and Statistics for the MLR for the Individual sets;

Ad=sm* + ao+bB+c

Salt a(¥) b(+) c(x) N R SD

1) R=C,Hs; X=SbFs -0.44(0.09) 1.02(0.15) 8.47(0.09) 9 0.947 0.11
2) R=C4Hy; X=SbFs -0.44(0.12) 0.94(0.20) 8.51(0.12) 9 0.906 0.15
3) R=CsH,7; X=SbFs -0.39(0.07) 0.92(0.11) 8.58(0.07) 9 0.966 0.15
4) R=C,;Hs; X=PF¢s -0.37(0.09) 0.99(0.23) 8.43(0.15) 8 0.919 0.11
5) R=C4Hq; X=PF6  -0.42(0.08) 0.72(0.14) 8.65(0.09) 8 0.945 0.10
6) R=CsH,7; X=PFs -0.35(0.07) 0.79(0.12) 8.68(0.08) 8 0.957 0.09
7) R=C,Hs; X=BFs  -0.25(0.07) 0.34(0.10) 8.92(0.07) 7 0.907 0.07
8) R=C4Hq; X=BF4 -0.28(0.06) 0.33(0.1) 8.94(0.06) 8 0.921 0.07

Hydrogen bond donor acidity (HBDA): The solvent properties that are of statistical significance are the

solvents’ acidity (o) and basicity (B). It is known that the interaction of ionic liquids with acidic solvents

occurs primarily via solute-solvent interaction involving the anions." Both [bmim] [BF4] and [bmim]
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[PFs] are known to have the ability to form H-bonds to acidic sites.”> From Table 2, the relative
magnitudes of the “a” coefficients are smaller than those of the “b” coefficients. The indication is that
the solvation effect via the solvents’ acidity property is not as significant, compared to the solvation effect
via the hydrogen bond acceptor basicity mode, which is discussed in the next section. Even though
variation in the nature of the anions contributes to differences in their solvation (interaction a in Figure 2),

as reflected by the slight differences in magnitudes of the “a” coefficients, the dominant role is not played

by this mode.
R
/
e N ¢, X727 H-5al
Jos¥
Hy " b 50lH
R

Figure 2. Solvation of imidazolium salts, R and X represent the alkyl
groups and anions shown in Table 1, respectively. H-Sol represents the solvent.

Hydrogen bond acceptor basicity (HBAB): From Table 2, the coefficients for solvent hydrogen bond

basicity are larger than those of the hydrogen bond donor acidity contribution, except for entries 7 and 8,
which will be discussed later. The ability of imidazolium-derived ionic liquids to form hydrogen bonds
with a substrate is dictated primarily by the acidic hydrogens of the imidazolium cation; it has been
shown that 1-n-ethyl-3-methylimidazolium (EMI") salts are capable of forming hydrogen bonds to basic
solutes.'® Since H2 is bonded to a carbon of the imidazolium cation that is situated between two
electronegative nitrogen atoms, it has the greatest potential to hydrogen bond with solvents. Owing to the
acidity of H2, there is an interaction involving the counter anions (interaction C in Figure 2), and we have
shown that the strength of this interaction is dictated by the nature of the anion; the interaction is
strongest with the harder BF, anion, compared to the softer SbFs” and PFs anions.'”'® Owing to the
acidity of H2, imidazolium-derived ionic liquids when used as solvents to carry out reactions that require
basic conditions often yield undesired side products.'” This type ionic liquid/solvent interaction
(interaction b in Figure 2) contributes to the stabilization of these type ionic liquids. Since the
magnitudes of the coefficients for the salts with different alkyl groups are relatively the same, the
indication is that there is not much discrimination due to different alkyl groups bonded to the
imidazolium cation.

From Table 2, the coefficients for the solvents’ hydrogen bond acceptor basicity contribution show
differences as a function of the anion, the SbF¢ and PFg salts exhibit similar magnitudes, whereas the
magnitudes for the BF4 salts are different. The implication is that greater solvation by this mode

(interaction b in Figure 2) occurs for the SbF¢ and PF¢ salts, compared to the BF4 salts. This observation
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is consistent with our prior results, which show that solvation via this mode is more effective with softer
anions, compared to that involving the harder BF4 anion." For solvents however, that are not good
hydrogen bond acceptors and have low dielectric constants, such as CDCl; and CD,Cl,, most of the
imidazolium cations are expected to be associated with the anions.

In conclusion, solvation effects on imidazolium salts that contain alkyl side chains in the 1 and 3
positions of the imidazolium cation have been analyzed using multi-linear regression equations. The
major solvation contributions are from the solvents’ hydrogen bond donor acidity effect and hydrogen
bond acceptor basicity effects, with the latter effect being more significant. For imidazolium BF, salts, it
was observed that the relative strength of the H-bond interaction between H2 and the solvent is weaker
than that of the SbF¢ and PFg salts. For imidazolium salts with different alkyl groups in the 1 and 3
positions, there is not much discrimination for the solvation of these salts. These results confirm previous
observations that RTILs exist as polymeric hydrogen bonded supramolecules and the introduction of
other molecules, such as a solvent, disrupts that hydrogen bond network to form a network of solvated

ions.?°

EXPERIMENTAL

The synthesis, purification and characterization of all alkyl substituted imidazolium hexafluoroantimonate,
hexafluorophosphate and tetrafluoroborate salts of this study are described elsewhere.'® All NMR
solutions were prepared in a dry- atmosphere glovebox, and the residual solvent for each sample was used
as internal standard for the NMR data shown in Table 1. The concentration of all salts was 0.45 £0.01
mol L. The '"H NMR spectra were recorded on a Varian Gemini 500 MHz FT-NMR spectrometer.
The Minitab multi-linear regression analysis computer program was used to obtain the correlation

equations shown in Table 2.*'
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