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Abstract: lonic liquids (ILs) are receiving increasing interest
for their use in synthetic laboratories and industry. Being
composed of charged entities, they show a complex and widely
unexplored dynamic behavior. Chiral ionic liquids (CILs)
have a high potential as solvents for use in asymmetric
synthesis. Chiroptical methods, owing to their sensitivity
towards molecular conformation, offer unique possibilities to
study the structure of these chiral ionic liquids. Raman optical
activity proved particularly useful to study ionic liquids
composed of amino acids and the achiral 1-ethyl-3-methyl-
imidazolium counterion. We could substantiate, supported by
selected theoretical methods, that the achiral counterion adopts
an overall chiral conformation in the presence of chiral amino
acid ions. These findings suggest that in the design of chiral
ionic liquids for asymmetric synthesis, the structure of the
achiral counter ion also has to be carefully considered.

I onic liquids (ILs) are subject of high interest owing to their
potential applications, for example, as electrolytes, in catal-
ysis, and as green solvents, and experience a revival that began
more than two decades ago.'® The main difference with
respect to conventional organic solvents is their almost non-
existent vapor pressure as a result of the strong interactions
between anions and cations. The characterization of ILs and
understanding the consequences of the strong interactions on
the structural properties is a challenge, both experimentally!”!
and theoretically."]

Chiral ionic liquids (CILs) play an important role, for
example, in asymmetric synthesis.'>"*) Herein, we focus on
such CILs consisting of L or D enantiomers of the amino acid
anions alanine (Ala), valine (Val), or leucine (Leu) in
combination with the widely used positively charged 1-
ethyl-3-methylimidazolium (Emim) as counterion. These
CILs have been obtained from ion exchange synthesis of
a [Br][Emim]| salt™ and will be referred to as [Ala][Emim],
[Val][Emim], and [Leu][Emim], respectively. Vibrational
spectra have been obtained with IR and Raman spectroscopy
and the optical activity of the CILs has been recorded for
these methods exploiting the differential absorption AA by
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means of vibrational circular dichroism (VCD), and the
differential scattering Ado, by means of Raman optical
activity (ROA), of circularly polarized radiation.’ Figure 1
shows the recorded spectra.

For the principle of ROA see the Review article of
Parchansky et al.’! IR and VCD spectra have been recorded
with a Bruker Tensor 27/ PMA 50 combination for a thin CIL
layer of maximal 6 um thickness. For Raman and ROA
spectra, a self-made spectrometer®” was utilized and spectra
have been recorded in backward scattering geometry. For the
scattering experiments, the CILs were contained in a spinning
capillary to reduce artefacts. Compared to routine measure-
ments of, for example, small organic molecules as neat liquids
or in solution, the acquisition for CILs was challenging. In the
case of IR/VCD, difficulties arose because of the strong
absorption of the CILs around 1600 cm~'. High laser powers
were chosen for Raman/ROA because of the weak scattering
of the CILs. The samples were moved slightly off-focus to
reduce artefacts.

Careful and slow pipetting was necessary to prohibit the
formation of small air bubbles in the sample; which can
otherwise easily occur as a result of the CILs’ high viscosities.
Successful acquisition with both techniques was achieved and
the spectra are discussed in more detail below.

It can be seen from Figure 1 that IR and VCD spectra only
marginally differ for the three CILs in the small spectral
window available. The IR technique VCD is able to discrim-
inate between the two absolute configurations of each amino
acid used in the CILs, but its use to differentiate between the
CILs is limited. Raman spectra for the CILs differ clearly,
especially in the region between 200 and 1200 cm™', even
though the common counterion, Emim, dominates because of
its strong scattering cross-sections. Clearly distinct spectra for
the three CILs can be obtained by analyzing the differential
scattering of left and right circularly polarized light with the
ROA setup. As a consequence, we base our discussion on the
ROA spectra.

There are several differences between the ROA spectra of
the CILs and the corresponding solvated amino acids (see
Supporting Information), which provide highly valuable
information about the structure and the dynamics of the
system. To analyze these spectra in more detail, we applied
a combination of high-level calculations encompassing both
static and dynamic methods.

As a first step towards a better understanding of the ROA
of CILs, calculations for the system with the smallest amino
acid for one enantiomer, that is, [L-Ala][Emim], were
performed. The resulting theoretical spectra (Figure S17)
indicate that a larger cluster of ions has to be considered to
obtain a meaningful insight into the system.
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Figure 1. Raman and ROA (left), and IR and VCD (right) spectra of
[Ala][Emim], [Val][Emim], and [Leu][Emim]. The spectra are shown as
recorded, no modifications have been applied to the data. ROA and
VCD spectra are shown for both the L (black) and b (gray) enantiomers
for each CIL. The measured ClLs were highly viscous and showed
fluorescence. During ROA measurements the spinning capillary wob-
bled slightly around its rest position. Baseline distortions and discrep-
ancies of relative intensities for L/D CIL pairs in those spectra are
most likely due to those measurement conditions.

Molecular dynamics (MD) simulations are a powerful tool
to investigate the nature and dynamics of the strong
interactions between the anions and cations, as well as
between the anions themselves through the formation of
hydrogen bonds in an ensemble of molecules.'*2! We
therefore performed a Born-Oppenheimer MD simulation
with Kohn-Sham density functional theory as the electronic
structure method (DFT-MD; see Supporting Information for
more information). The focus of the analysis of the DFT-MD
trajectory lay on the change of dihedral angles that describe
the ions’ conformation and are therefore accountable for
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changes in the ROA spectrum. Four dihedral angles were
selected, defining the orientation of: the ethyl and methyl
group with respect to the Emim’s ring plane, and the NH, and
COO™ group in the L-alaninate ions.

The orientation of the Emim’s ethyl group shows an
interesting behavior within this chiral environment. To
elucidate this in more detail, a dihedral angle was defined
such that the ethyl group is in the Emim’s ring plane at 0° and
180°. At £ 90° the ethyl group is oriented perpendicular to the
plane, and is pointing either downwards (—) or upwards (+).
Figure 2 (top) highlights this dihedral angle, as well as the
counts how often a specific angle was found throughout the
DFT-MD.
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Figure 2. Top: Counts (black line) for the dihedral angle (defined in the
Emim molecule shown) obtained from DFT-MD. The red line shows
the fitting of four Gaussian curves (green lines). Weightings of the
fitted curves are from left to right: 36.1, 9.6, 14.9, and 39.5%. Bottom:
2D plot of ROA spectra as a function of dihedral angle obtained for

a complete rotation of the ethyl group in Emim. Positive values are
shaded in green, negative values in violet.
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In the absence of a chiral environment the distribution of
angles is symmetrical around 0°. A fitting of the orientations,
the Gaussian curves (green in Figure 2), shows that on the
contrary, the distribution is uneven. Chirality is thus induced
into Emim, since different transiently chiral conformations
(specific ethyl group orientations) are preferred on either side
of the ring plane. A comparison between the experiment and
calculations of two bands in the Raman spectrum which are
very sensitive to the orientation of the ethyl group confirmed
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the distribution obtained from the DFT-MD (see Figures S9
and S12).

The simulation indicates that in the CIL, on average, the
Emim adopts a chiral structure, which should leave its trace in
the ROA spectra. Two spectral regions were therefore
investigated in more detail. The first encompasses the low-
wavenumber bands around 300 and 400 cm™' because they
were very pronounced in the experimental spectra of the
CILs, but not present in the ROA spectrum of the solvated
and deprotonated L-alanine (see Figure S1). The second
region of interest is the one between 1300 and 1600 cm™
because of its discrepancy between the [L-Ala][Emim] and
[D-Ala][Emim] spectra.

To analyze a potential impact of the Emim’s transient
chirality, we used snapshots of the DFT-MD simulation to
make an approximate mean spectrum.”” Due to the size of
the present system and the limited computational resources,
we had to restrict ourselves to a low number of frames.
Recently, considerable improvements have been made for the
snapshot selection of solvated systems.”**! In contrast to
solvated systems, where one molecule is surrounded by the
solvent, in the present system of interacting ions, all molecules
in the box have to be considered in the frame selection.
Nevertheless, a similar frame selection can be used. We
present a simplistic method to extend the weighting proce-
dure of frames.

The selection method consists of a few easily applicable
steps. After the definition of dihedral angles (d, as the four
defined above) present in the molecules (M) of the DFT-MD
simulation, the variation of these dihedral angles is analyzed
during the DFT-MD run.

Figure 3 explains the procedure for one dihedral angle d.
A detailed description of the procedure can be found in the
Supporting Information.

If more than one dihedral angle d is analyzed in the
system under investigation—which is the case in the present
study where four dihedral angles of interest have been
defined above—it is sufficient to repeat this procedure for
each dihedral angle. A final vector v with weights is then
simply the sum of those four v¢ vectors. The method is
described in more details in the Supporting Information.

With this tool at hand, the three highest weighted
snapshots were selected. Figure 4 shows the Raman and
ROA spectra of [L-Ala][Emim] of the predictions and the
experiment. Two sets of predicted spectra are shown: for the
highest weighted snapshot alone, and for the mean spectra of
the three most relevant snapshots.

An overall very satisfying agreement with experiment
could be achieved, in particular in view of the minimal
number of snapshots taken into account.

The predicted and measured Raman spectra match
impressively well. ROA predictions are more delicate, none-
theless wide spectral regions could be reproduced down to
small pattern details. Three bands assigned to L-Ala around
780, 830, and 920 cm " have, with respect to the Emim bands,
too low intensity. It can be assumed that these bands related
to L-Ala gain in intensity, while others attributed to Emim
contributions or the Ala-Emim-interactions get more can-
celed out, the more snapshots are considered. The dihedral
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Figure 3. Calculation of weights (w?) from MD data of dihedral

angle d. Example for dihedral angle defining the NH, orientation in L-
Ala. The top plot shows the dihedral angles (o) of all L-Ala ions
throughout the DFT-MD. From the frequency of occurrence in a the
counts versus dihedral angle plot (c), in the middle, can be obtained.
A weighting (w?) is attributed to each frame by combining o and c®.
Finally, a vector v¥ is obtained. The vector elements are the summed
weights over all molecules m (12 in this example). A detailed descrip-
tion of the procedure can be found in the Supporting Information.

angles count plots for L-Ala (see Figure S19) show higher
confinement to certain orientations than the confinement of
the Emim’s ethyl group. This ethyl group is thus more easily
found to be in different positions and therefore cancels out
much more.

An astonishing correlation between predicted and mea-
sured ROA spectra can be seen around 400, and between 1200
and 1300 cm™".

As for the two regions of interest for potential influence of
the Emim’s induced chirality (at 300/400 cm™' and 1300-
1600 cm™), the snapshot calculations proved helpful as for
their decomposition into contributions originating from the L-
alaninate ions, the Emim ions, and their interaction (see
Figures S21 to S23). In the low-wavenumber region, all three
fractions contribute with roughly the same intensities.
Around 1300 to 1600 cm™' the L-alaninates give a small
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Figure 4. The experimentally observed (red) and predicted (blue and
green) Raman (bottom) and ROA (top) spectra of [L-Ala][Emim]. The
blue lines correspond to the most relevant snapshot and the green to
the arithmetic mean of the three most relevant snapshots according to
the method of selection described. Asterisks mark peaks where the
inclusion of two more snapshots improved the agreement to experi-
ment.

rather stable contribution, whereas the added intensities from
Emim ions and their interaction with L-alaninates are much
stronger and subject to large variation in the three snapshots.
To predict this region more accurately, a higher number of
snapshots would be necessary, which is out of the scope of this
work. The high impact of the ions’ interaction let us to assume
that observed discrepancies in experimental spectra between
[L-Ala][Emim] and [D-Ala][Emim] could be due to different
experimental conditions and/or sample composition (for
example, solvent residues).

In conclusion, we could doubtlessly evidence a perturba-
tion of equilibrium of the enantiomeric forms of the achiral
counterion Emim in the chiral environment of the L form of
alanine ions. ROA spectra proved to be a suitable technique
to clearly differentiate between CILs of different amino acids.
The combination of these kinds of optical activity measure-
ments in conjunction with selected computational methods
represents a powerful tool for the analysis of highly interact-
ing systems. Getting this kind of insight is crucial for the
understanding and design of novel CILs—also with respect to
the role of CILs in asymmetric synthesis. The present results
suggest that the choice not only of the chiral, but also of the
achiral ion is important for CILs used for asymmetric
synthesis.
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