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1 | INTRODUCTION

Ionic liquids (ILs) are salts with outstanding properties,
such as melting temperatures below 100°C, negligible
vapor pressure, and high thermal and electrochemical
stability.?! A wide variety of organic and inorganic
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Abstract

The effect of the ionic liquid (IL), 1-ethyl-3-methylimidazolium acetate ([emim]|
[AcO]) on the oxidation of (E)-phenylmethyl-3-(3,4-dihydroxyphenyl)-2-
propenoate (commonly known as caffeic acid benzyl ester [CABE]) was analyzed
through experimental and theoretical methods, such as cyclic voltammetry (CV)
and density functional theory (DFT) calculations. The obtained results demon-
strated that the AcO™ anion promotes the oxidation of the caffeic ester; this is
because of the basic character of AcO™, which plays an important role to reduce
the amount of energy required for the removal of one electron from the IL-
CABE complex. This suggests that a strong hydrogen bond is formed between this
anion and the phenolic H—O. Even the presence of water in the mixture of CABE-
IL does not have a significant effect on the electrooxidation of the complex.
Hence, it is possible to infer that CABE is more attached to [emim][AcO] than
to the water molecules in the solvation sphere under the experimental conditions
evaluated here. Other intermolecular interactions between CABE and IL also con-
tribute to stabilize the resulting complex, e.g., van der Waals and cation-7 interac-
tions, which were evidenced through the theoretical noncovalent interactions
(NCI) methodology. The relevant role of basic anions in the extraction of phenolic
compounds, using ILs, has been documented in the literature; it should be consid-
ered that the strength of the hydrogen bond formed between the phenolic H—O
and the IL should not contribute to the oxidation of target compounds.
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compounds as well as polymers are soluble in ILs, hence
they are currently recognized as a new class of “green sol-
vents.” In addition, a huge number of organic cations and
either organic or inorganic anions are potential candi-
dates for preparing ILs, which allows the possibility to
tune their viscosity, toxicity, biodegradation ability, or
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hydrophobicity, among other physicochemical properties.
Because of their unique characteristics, ILs are applied in
synthesis,>*! catalysis and extraction processes.**! The
use of ILs in the extraction of value-added compounds
from natural sources has attracted the attention of several
research groups.[®® For example, since ILs can dissolve
cellulose, they allow an easier access to a wide range of
bioactive compounds present in plants such as terpenes,
alkaloids, fats, and phenolic compounds.'®~®!

1-alkyl-3-methylimidazolium is, by far, the most inves-
tigated cation used in the extraction of phenolics with
ILs; however, the efficiencies of the processes are highly
dependent of the anion chosen to form the ionic pair.
Guo et al.l! examined the solubility of flavonoids in a
set of 1888 ILs based on COSMO-RS calculations and
found that hydrogen bonding is the dominant interaction
between solute and solvent, followed by van de Waals
interactions. The general trend showed that ILs with
basic character anions, such as those containing acetate,
decanoate, and chlorine, were better solvents for flavo-
noids than those containing BF,~, PFs~, or TL,N™, regard-
less of the structure of the cation.

In order to go into detail about the underlying mecha-
nism of ILs—solute interactions at a molecular level, DFT
has been used as a valuable tool. For example, Dong
et al.l’ performed a theoretical-experimental study on
the interaction between 1-butyl-3-methylimidazolium
hexafluorophosphate ([bmim|[PF4]) and three isoflavone
aglycones: genistein, daidzein, and glycitein. The results
obtained through DFT calculations showed that in the
aglycone-IL complexes, there are hydrogen bonds
between the phenolic compounds (except glycitein) and
the ion pair; in addition, the authors found a relationship
between the experimental distribution coefficients of the
isoflavones, in [bmim][PFg], and the strength of the bind-
ing energies of PFs-aglicone, which is consistent with a
predominant effect of the anion in the stabilization of
the aglycone-IL complexes, through an F---H—O hydro-
gen bond, and with the selectiveness of ILs toward the
three solutes. Similar conclusions were reported by Yang
et al'l with respect to intermolecular interactions
between a series of 1-alkyl-3-methylimidazolium-based
ILs and three tocopherols; thus, an anion ---H—O hydro-
gen bond (where the anion is C17, Br™, BF,, AcO™, Gly™
or Ala™), as well as weaker interactions of the 7-7, o-m,
and van der Waals types were also found between ILs
and the phenolic compounds, through NBO analysis.

It is known that 1-ethyl-3-methylimidazolium acetate,
[emim][AcO], has low toxicity, low corrosiveness, favor-
able biodegradability, and it can strongly coordinate
hydrogen bond donor groups.[m Therefore, possible
applications of [emim][AcO] have been investigated in
the last years, particularly with respect to the extraction

of phenolic compounds. Since [emim][AcO] is one of
the most efficient ILs for obtaining cellulose, hemicellu-
lose, and lignin from biomass;!**'*! very recently, it was
used to recover phenolic compounds dissolved in this salt
after being used in a wheat straw pretreatment. Vanillin,
vanillic acid, and p-coumaric acid, among other phenolic
compounds, were identified after a subsequent CO,
extraction from a [emim][AcO] solution.!*> In addition,
a series of aqueous two-phase systems (ATPS) were tested
to extract hydroxycinnamic acid derivatives; the one pre-
pared with [emim][AcO] and potassium phosphate was
the most efficient for extraction of 3,5-O- and 4,5-O-
dicaffeoylquinic acids from stressed carrot tissue, and it
was better than ethanol-ammonium sulfate and butanol
ammonium sulfate for recovering chlorogenic acid.!*®!
On the other hand, through a computational analysis,
Zeindlhofer et al.l'”'®! investigated the solvation mecha-
nism for the main constituents of coffee (gallic acid as a
representative compound of chlorogenic acid, quercetin,
and caffeine) in [emim][AcO]; in that work, the authors
proposed that imidazolium cations are close to the solute
surface and, at the same time, they remove water mole-
cules, thus diminishing the interaction between the anion
and the coffee constituents due to the hydrophilic charac-
ter of AcO™.

The solvation and extraction of phenolic compounds
with ILs are still under study. These processes require
the use of experimental and theoretical methods to get
a better understanding of the phenomena, in order to
be more efficient than those using organic solvents.
High selectivity and null degradation of the target com-
pounds are crucial parameters to consider in the devel-
opment of alternative extraction methods using ILs.
Hence, extraction of phenolic compounds requires a
careful selection of the ion pairs to achieve a strong
enough intermolecular interaction without altering the
compound structure.

In this work, we apply electrochemical experiments
and DFT calculations to describe how [emim][AcO] pro-
motes the oxidation of the (E)-phenylmethyl-3-(3,4-
dihydroxyphenyl)-2-propenoate, also known as caffeic
acid benzyl ester (CABE, in Figure 1) in acetonitrile
(ACN) or gas phase, as well as the role that intermolecu-
lar interactions, between the IL and the ester, play in this
process. CABE was chosen as the model compound since
it is known that caffeic acid and its natural ester deriva-
tives are found in numerous plants and vegetables,!'9~2%
and all of them have strong antioxidant capacity and
interesting biological properties.'*>*! It must be noticed
that the labeling used in the figures and tables of this
work does not follow the IUPAC rules, however, the pro-
posed labeling is more useful for the corresponding
discussion.



PANTOJA-HERNANDEZ Er AL.

FIGURE 1 Structures of CABE and
[enim][AcO] and atom labelling used in
the work

2 | METHODS

2.1 | Instrumentation

'H and >C NMR spectra were obtained on an Agilent
Technologies 400/54 Premium Shielded (400 MHz) spec-
trometer, using deuterated ACN (CD;CN) as solvent.
Chemical shifts were recorded in & (ppm) values from
CD;CN. Signal patterns are indicated as: s, singlet; d,
doublet; dd, double doublet; m, multiplet; and br, broad
signal. Coupling constants (J) are given in Hertz.

Cyclic voltammetry experiments were performed in a
radiometer PGZ-301 (Radiometer Copenhagen) with pos-
itive feedback resistance compensation at 25°C, under a
high purity nitrogen atmosphere. A Pyrex glass three-
electrode cell and a working electrode with a 3-mm diam-
eter glassy carbon disk (Sigradur G from HTW, Germany)
were used. Before each run, the polishing of the electrode
was made with 1 pum alumina powder, followed by a rinse
in an ultrasound bath with distilled water and ethanol.
The counter electrode and the reference were a platinum
mesh and Ag/AgCl, respectively. A salt bridge containing
the same supporting electrolyte concentration, as the
working solution, was used to connect the reference elec-
trode to the cell. ACN was bubbled with nitrogen before
preparing all the solutions.

2.2 | Chemicals

1-Ethyl-3-methylimidazolium acetate more than or equal
to 95%, caffeic acid more than or equal to 98%, benzyl
bromide of 98%, tetrabutylammonium hydroxide of 1.0
M, and tetrabutylamonium hexafluorophosphate (n-
BuyNPF) of 99%, were purchased from Sigma-Aldrich.

ACN (H,O content less than 0.1%) spectra grade
(Merck Uvasol) was used as solvent during the electro-
chemical experiments. The IL was dried at a reduced
pressure using a high vacuum pump at 80°C during 8
hours before use.

Caffeic acid benzyl ester (CABE) was prepared as fol-
lows: in a three-necked 100 mL flask fitted with a
dropping funnel, stir bar, and rubber septa, 1.0 g (5.5
mmol) of caffeic acid and 40 mL of ACN under nitrogen
atmosphere were placed. Thus, 5.5 mL (5.5 mmol) of
tetrabutylammonium hydroxide 1.0M were dissolved in
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5 mL of ACN and slowly added through the dropping
funnel, followed by a solution of 0.68 mL (5.5 mmol) of
benzyl bromide in 10 mL of ACN. Stirring was main-
tained during three more hours at room temperature.
After that, the solution was concentrated under vacuum.
Purification of the crude product was accomplished by
flash chromatography on silica gel using a mixture of
80:20 hexane/EtOAc as eluent. The identity of CABE
was determined by NMR spectroscopic data: "H NMR
(400 MHz) (CD5CN) & (ppm): 5.20 (2H, s), 6.35 (1H, d,
3Jun = 16 Hz), 6.84 (1H, d, *Jyy = 8 Hz), 7.02 (1H, dd,
“Tyn = 2 Hz and *Jgg = 8 Hz), 7.11 (1H, d, “Jgy = 2
Hz), 7.32-7.44 (5H, m), 7.59 (1H, d, *Ji; = 16 Hz), 8.33
(2H, s, OH). *C NMR (100 MHz) (CD5CN) & (ppm):
66.7, 115.4, 116.0, 116.4, 118.3, 123.0, 128.0, 129.0, 129.5,
137.8, 145.8, 145.9, 148.2, 167.7.

2.3 | Density functional theory
calculations

Initial geometry preoptimizations of the IL, CABE, and
the IL-CABE complex were carried out in gas phase
employing the B3LYP exchange-correlation functional of
the density functional theory (DFT) and the DGDZVP2
basis set.!?"! For the optimization of the IL, different
positions of the anion with respect to the cation were
proved; thus, the initial positions were selected by
employing the electrostatic potential surfaces of both ions
as a reference (electrostatic potential surfaces are shown
in Figures S1-S3). In contrast, CABE was optimized using
its crystal structure obtained via X-ray diffraction as
starting point.?!

The CABE-IL complex was then optimized employing
the lower energy structures (those with AE,, < 5 kcal
mol ™, where AE,,; is the relative energy of the structure)
of the IL and CABE. Different initial positions of the IL
with respect to CABE were proved, and they were
selected by using their electrostatic potential surfaces as
a reference. Vibrational frequency calculations were car-
ried out to obtain the zero point energy (ZPE) correction
and to ensure that the optimized structures are minima
on the potential energy surface. B3LYP calculations for
the isolated IL and CABE were performed employing
the Gaussian09 soft\Nare,[33] whereas calculations for the
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complex was carried out using the NWChem 6.6 code!**
because of the size of the system.

The lowest energy structures of the IL-CABE complex,
obtained with B3LYP, were reoptimized at the PBE-D3/6-
31++G** level of theory,?>™*" in order to improve the
geometrical and energetic description of the system. The
third version of the Grimme dispersion correction was
applied to the PBE functional with the aim to obtain a
better description of the weak van der Waals interac-
tions.*!! All the optimizations were followed by fre-
quency calculations. The interaction enthalpies,
entropies, and Gibbs energies at 298 K of the complexes
were also calculated; in this case, the structures of the iso-
lated IL and CABE were re-optimized at the PBE-D3/6-
31++G** level. The basis set superposition error (BSSE)
of the interaction energies were corrected applying the
counterpoise method.!*?) All the PBE-D3 calculations
were performed using the NWChem 6.6 code.

The analysis of the noncovalent interactions was car-
ried out in the optimized complex, as well as in the iso-
lated IL and CABE; in this case, atoms in molecules
(AIM) and noncovalent interactions (NCI) methodologies
were used.***! These analyses were performed by the
GPU-based code, GPUAM,[45] with input wave functions
obtained from Gaussian09. The search for hydrogen bond
interactions was obtained by the getting HB program,“®)
which uses the information obtained from the AIM anal-
ysis (i.e., bond critical points).

The vertical and adiabatic ionization potentials (IP,
and IP,, respectively) were calculated for the IL-CABE
complex and the isolated CABE. The electron removal
reactions were as follows.

CABE—CABE'" + ¢, (1)

Complex—Complex' " + . 2)
The IP can be obtained by applying the equation:
IP = Erc_Eneutr; (3)

where E,. is the electronic energy of the radical cation
that results from the removal of one electron and Epcur
is the electronic energy of the neutral system. For the
IP,, only a single-point calculation was performed to
obtain E,.. In contrast, the IP, considers the geometry
optimization of the system when the electron is removed;
therefore, the radical cation must be optimized. In addi-
tion, frequency calculations were performed in the cases
where an optimization was needed. All IP values were
calculated in gas phase, at the PBE-D3/6-31++G** level
of theory, using the NWChem 6.6 code.

3 | RESULTS AND DISCUSSION

3.1 | Electrochemical study of the [emim]
[AcO]/CABE interaction

Cyclic voltammetry is an important tool for the antioxi-
dants research since the oxidation potential values
obtained through this technique can be used to analyze
the electron donating capacity of the studied compounds.
It has been shown that there is a relationship between
less positive oxidation potentials (i.e., greater capacity to
transfer electrons) and higher antioxidant activities.[47~4!

Figure 2 shows the voltammograms of CABE and a
series of [emim][AcO]/CABE mixtures in ACN, where
the ratio (R) between both species was varied from 0.49
to 3.70 (IL concentration was varied from 0.98 mM to
7.4 mM, whereas CABE remains at 2 mM in the solu-
tion); the black continuous line corresponds to the elec-
trochemical behavior of the neat ester. As it can be
observed, a typical chemically irreversible oxidation peak
(I) and the corresponding broad reduction wave (II) were
registered at 1.08 V and 0.77 V vs Ag/AgCl, respectively.

Similitudes between the voltammogram of CABE and
those reported before, for caffeic acid and for some of its
ester and amides derivatives in aprotic media,’**~>*! allow
us to infer that the oxidation of CABE follows an
electrochemical-chemical-electrochemical (ECE) mecha-
nism, which involves the loss of an electron from the cat-
echol moiety, followed by a fast deprotonation reaction
and the subsequent loss of a second electron.

100+
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FIGURE 2 Cyclic voltammetry of CABE at 2 mM in ACN + 0.1
M n-BuyNPF, on glassy carbon electrode (3 mm ®) at 0.1 Vs~ and
different concentrations of [enim][AcO]: (A) 0 mM, (B) 0.98 mM,
(C) 1.96 mM, (D) 3.98 mM, and (E) 7.4 mM
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In the case of caffeoyl derivatives, a further deproton-
ation has been proposed from experimental evidence, as
the last step; this is shown in Scheme 1.1°%!

The voltammogram of a 2 mM solution of neat [emim]
[AcO] in ACN is shown in Figure 3. In the range between
0 and 2.0 V vs Ag/AgCl, an irreversible oxidation peak I’
was observed at 1.37 V vs Ag/AgCl, as well as a broad
pre-wave II' just before peak I'. This electrochemical
behavior is typical of carboxylate ions (Kolbe reaction)
and it has been described in the literature.’**%! The oxi-
dation mechanism for this type of anions implies an elec-
tronic transfer followed by a decarboxylation (EC). Since
the oxidation peak of [emim][AcO] in ACN is 285 mV,
which is beyond the oxidation potential of CABE, an

0 o
I ’)
HO g HO
c l e

o o
HOO/\© - HOO/\©
o* g 07

|

O
(@)
SCHEME
electrochemical (ECE) for the electrochemical oxidation of CABE

1 Mechanism electrochemical-chemical-

50-
40
30-

204

-20 —7r - r r 1 1 1t 1 *r 1T r T 7
-2.5 -20 -15 -1.0 -05 0.0 05 1.0 15 2.0
E /V vs Ag/AgCI

FIGURE 3 Cyclic voltammetry of [enim][AcO] at 2 mM in ACN
+ 0.1 M n-BuyNPF, on glassy carbon electrode (3 mm ®) at 0.1 Vs™*

Organic Chemistry

overlap of the anodic peaks during the analysis of the
mixtures is discarded.

Addition of [emim][AcO] to the CABE solution pro-
duced changes in the electrochemical response, which
were dependent on the [emim][AcO]/CABE ratio
(Figure 2). Clearly, the peak intensities of I and II drop
when R is 0.49; in addition, two new peaks, III and IV
(at 0.13 and -0.02 V vs Ag/AgCl, respectively), appear at
less anodic potentials. The voltammogram of the solution,
with equimolar amounts of both species (Figure 2C),
shows that the current intensity of wave I is decreased
by a third of the initial value, whereas IIT and I'V became
the most important peaks.

A higher concentration of IL (R = 1.90) produced the
complete disappearance of the electrochemical response
of CABE (Figure 2D), a decrease and shift of the reduc-
tion wave IV, and the appearance of a new pre-wave III
" (-0.04 V vs Ag/AgCl), which becomes more intense
when R is 3.70 (Figure 2e). All these changes suggest a
strong interaction between CABE and [emim][AcO],
even when the amount of IL is substoichiometric with
respect to the ester.

Although the acetate ion presents a basic character, it
is not strong enough to remove protons from the ester,
considering the pK, values of acetic acid (23.51) and phe-
nol (29.14) in ACN,®*>7! which would be closer to that of
CABE. Even in an aqueous media, the proton transfer
between both species is not possible, since pK, values
are 4.75 and 8.24 to 8.35 for acetic acid and several caffeic
acid esters, respectively.!>3-¢"!

The electrochemical results of this study provide evi-
dence on the interaction of CABE with [emim][AcO] by
strong hydrogen bonds between the OH groups of the cat-
echol moiety and the acetate ion, thus yielding CABE-IL
complexes whose stoichiometry is defined by the
[emim][AcO] concentration. In all these complexes, the
anodic peak has a lower value with respect to that of
CABE, which means that they are more susceptible to
oxidation. The acetate anion can participate also as an
acceptor of the proton during the ECE mechanism
described in Scheme 1. In addition, waves III and IV
would be related to complexes where the two OH groups
of the ester interact with AcO™. That is consistent with
the dependence observed between the current intensity
of IIT and IV as a function of the acetate ion concentra-
tion. On the other hand, the pre-wave III’, observed at
R = 3.70, can be related to the oxidation potential of com-
plexes where each molecule of CABE interacts with more
than two [emim][AcO] ionic pairs.

A similar behavior was observed by Astudillo et al.°!!
in the analysis of the concentration effect of
tetrabutylammonium acetate on the electrochemical oxi-
dation of p-hydroxyphenol. Interestingly, the authors
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were able to perform an X-ray analysis of crystals
obtained from a stoichiometric mixture of p-
hydroxyphenol and the ammonium salt. They found that
each acetate ion interacts with two phenol molecules in
the solid state by strong O—H---O hydrogen bonds, which
reinforces the conclusions achieved from electrochemical
data.

Since the extraction processes using ILs are commonly
performed in an aqueous solution, the effect of water on
the electrochemical oxidation of CABE and CABE-IL
complexes was also investigated. Figure 4 shows a series
of voltammograms corresponding to the titrations of a
neat CABE solution with different concentrations of
water (from 0 to 532.9 mM). As it can be observed, a
slight decrease in the current intensities of peaks I and
II was noticeable when the H,O/CABE ratio increased;
this is consistent with a reduction of the diffusion coeffi-
cient for the electroactive species because of the forma-
tion of a complex involving CABE and molecules of
water, probably achieved by intermolecular hydrogen
bonds. In addition, both peaks move to less anodic poten-
tials when the water concentration reaches 57 mM; in the
case of peak I, it shifts by a difference of approximately 90
mV when the water concentration is 533 mM (H,O/
CABE ratio = 266).

Figure 5 shows the voltammograms of the H,O/CABE
mixture (ratio = 266) in the presence of different concen-
trations of [emim]|[AcO] (from 0.5 mM to 2.8 mM). The
electrochemical behavior is practically the same as the
one observed in Figure 2. Nevertheless, when water is

120
1 I
100‘_ [H,0] / mM .
r
8041 — o
1 — - 38 I
604 —._ 572 /i
b I 269.6 Vi
40 - '
—--- 5329
<§ |
~ 20+
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204 =
-40 1 I
-60

0.0 0.2 04 06 0.8 1.0 1.2 14
E /V vs Ag/AgCI

FIGURE 4 Cyclic voltammetry of CABE at 2 mM in ACN + 0.1
M n-BuyNPF on glassy carbon electrode (3 mm ®) at 0.1 Vs~ at
different concentrations of H,O

[emim][AcO]/ mM

-1.0 -0.5 00 05 1.0 15
E /V vs Ag/AgCI

FIGURE 5 Cyclic voltammetry of CABE at 2 mM in ACN + 0.1
M n-BuyNPFg + 0.532.9 M H,O0 on glassy carbon electrode (3 mm
®) at 0.1 V s~ at different concentrations of [enim][AcO]

present, peak IV increases as the amount of IL becomes
higher, and it does not disappear as described in the volt-
ammograms of CABE-IL mixtures. These results suggest
that water stabilizes the oxidation products of the
CABE-IL complexes, which allow them to remain close
to the electrode surface, for a longer time, before the
potential is inverted to register its electrochemical
reduction.

From the experiments shown in Figures 4 and 5, it can
be concluded that the electrochemical oxidation of CABE
and CABE-IL complexes are not significantly affected by
the presence of water since the hydrogen bonds formed
by H,O with both type of species are weak. Even more,
water is not able to replace the AcO™ anion around the
phenolic hydroxyl groups of CABE. Thus, under these
experimental conditions, it seems that CABE is closer to
[emim][AcO] than to the water molecules in the solva-
tion sphere.

3.2 | Theoretical results

In order to gain more insight into the noncovalent inter-
actions present in the CABE-IL complex, AIM!**/ and
NCI*! analyses were performed at the PBE-D3/6-31+
+G** level of calculation for the optimized structures.
Similarly, such analyses were applied to the optimized
structures of the isolated IL and CABE with the aim to
compare between the interactions in an isolated form
and the interactions in the complexes.
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The AIM methodology allows to determine if two
nuclei are bonded (either by a covalent bond or a
noncovalent interaction) by taking into account topologi-
cal features of the electron density (o(r)). The presence of
a bond critical point (BCP) and a bond path in the region
between two nuclei of a system, with a minimum energy
equilibrium geometry, indicates that the two atoms are
bonded. Thus, a BCP is a point where the electron density
gradient (Vpo(r)) becomes zero, whereas a bond path is a
line that connects two nuclei where p(r) is a maximum
with respect to any neighboring line.!? To determine
the nature of a bond, e.g., if it is covalent or noncovalent,
the properties of p(r) and its derivatives at the corre-
sponding BCP are considered.!*>?!

On the other hand, the NCI index uses p(r) and its
reduced gradient (s) to identify noncovalent interactions
in the real space.!**! Noncovalent interactions are charac-
terized as regions with low values of both p(r) and s, thus
they can be identified in the real space by mapping them
as low-s isosurfaces subject to the constraint of having
low values of p(r) (reduced density gradient s versus sign
(Ap)p profiles for the studied structures are shown in Fig-
ures S4-S7). To distinguish between attractive and repul-
sive interactions, the value of p(r) is multiplied by the
sign of the second eigenvalue (4,) of the density Hessian
(this multiplication is denoted as sign(4,)p), where sign
(A2)p < 0 indicates attractive interactions and sign(4,)p
> 0 indicates repulsive interactions.****! The NCI-
reduced gradient isosurfaces are colored according to
the value of sign(4,)p. For this work, a blue-green-red
color scale was used for the NCI isosurfaces (see
Scheme 2), where the blue-colored surfaces indicate
strong attractive interactions, the green-colored
isosurfaces describe weak attractive interactions, and the
red-colored  surfaces indicate strong  repulsive
interactions.

Figure 6 shows the results of AIM and NCI analyses
for the isolated IL. The BCPs are indicated as pink-
colored points, whereas the bond paths are shown as
pink-colored lines. Hydrogen bonds can be identified by
the presence of both a BCP and a bond path between
the H atom and the acceptor atom.

The values of p(r) and its Laplacian (V2o(r)) at the BCP
are also important criteria for the identification of

Organic Chemistry
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FIGURE 6 Atoms
interactions (NCI) analyses for the isolated [enim][AcO]. The

in molecules (AIM) and noncovalent

bond critical points are shown as pink-colored points and the bond
paths as pink-colored lines. The cyan-colored points are ring critical
points. The blue-colored surfaces indicate strong attraction
interactions, whereas the green-colored surfaces indicate weak van
der Waals interactions. The red-colored surfaces indicate repulsive
interactions

hydrogen bonds, where p(r) should be in the range of
0.002 to 0.034 a.u., whereas V?o(r) should be positive
and in the range of 0.024 to 0.139 a.u., as proposed by
Koch and Popelier.!**!

The geometrical parameters of the hydrogen bond
interactions found in the isolated IL are shown in
Table 1.

The values of p(r), V>o(r) at their BCPs, as well as their
respective estimated energies, are shown in Table 2. The
hydrogen bond energies (Eyg) were calculated by consid-
ering the empirical relationship between Eyp and the
electronic potential energy density (or virial field) at the
corresponding BCP (V (rpcp)), as proposed by Espinosa
et al.l%! (see Equation 1).

Strong
attractive

SCHEME 2 Color scale employed for interactions

noncovalent interactions (NCI)-reduced
gradient isosurfaces

Weak Strong
attractive repulsive
interactions: interactions
van der Waals,
dispersion
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TABLE 1 Geometrical parameters of the hydrogen bond inter-
actions found in the isolated [emim][AcO]

Atoms
Involved Geometrical Parameters

H---A D---A D-H---A
Cation  Anion  distance, A  distance, A  angle, °
C2—H2 01 1.546 2.712 170.89
C8—HS8 03 1.974 3.071 168.64
C7—H7 01 2.373 3.371 149.69

Abbreviation: A, acceptor atom; D, donor atom.

TABLE 2 Values of p(r) and Vo(r) at the BCPs, and energies of
the hydrogen bond interactions found in the isolated [emim][AcO]

Atoms Involved

Energy,
Cation Anion p(r)au] VZo(r), au kcal mol™
C2—H2 01 0.0733 0.1449 -19.17
C8—HS8 03 0.0266 0.0701 -5.93
C7—H7 01 0.0110 0.0367 -2.40
Eyp =V (r8cp) /2, 4)

where V (rpcp) is obtained from the AIM analysis.

For [emim][AcO] (Figure 6), three hydrogen bond
interactions were found, each one of which involves one
of the O atoms of the acetate anion and either H2, H7,
or H8 of the [emim] cation (see labeling for the atoms in
Figure 1). Nevertheless, the strongest interaction is the
hydrogen bond between the anion and the H2 atom of
the imidazolium ring (see Table 2).

For the isolated CABE (Figure 7), an intramolecular
hydrogen bond interaction between H4 and O3 was
found (see labeling for the atoms of CABE in Figure 1).
This interaction presents an H-acceptor distance of 2.15
A and a donor-hydrogen-acceptor angle of 113.64°. The
estimated energy for this interaction is —4.80 kcal mol .

Figure 8 shows the results of AIM and NCI analyses
for the [emim][AcO]-CABE complex. In general, 11 BCPs
that correspond to noncovalent interactions, with their
corresponding bond paths, were found in this system.
For all these BCPs, the values of VZo(r) are positive,
which is typical of closed-shell interactions, such as
hydrogen bonds, van der Waals, and ionic
interactions.!®?

Considering the previously mentioned criteria for the
identification of hydrogen bonds, seven interactions of
this kind were found in the complex. Geometrical param-
eters of the identified hydrogen bond interactions, as well
as the values of V?o(r) and p(r) at their BCPs, as well as
their estimated energies, are shown in Table 3.

As it can be observed from Table 3, the strongest inter-
action in the complex is the hydrogen bond between one
of the O atoms of the anion (O3) and the H atom of one of
the hydroxyl groups of CABE (O3—H3). The estimated
energy for this interaction is -32.69 kcal mol™', which is
significantly stronger than the rest of the hydrogen bonds
in the system. On the other hand, the value of p(r) at its
corresponding BCP is 0.0962 a.u. which is higher than
the upper limit of the range proposed by Koch and
Popelier for hydrogen bonds (0.002-0.034 a.u.)!** and it
is close to the values corresponding to covalent bonds
(in the order of 107! a.u.).l%?

The two strongest hydrogen bond interactions
between the anion and the cation of the isolated
[emim][AcO] are also present in the formation of the
[emim][AcO]-CABE  complex, C2—H2---O1 and
C6—H6---03; in both cases, their strength decreases by
10.8 kcal mol™ and 1.84 kcal mol ™, respectively (see
Tables 1 and 3). The C2—H2---0O1 interaction is the sec-
ond strongest in the system and it is 24.32 kcal mol™
weaker than the previously mentioned O3—H3:--03
hydrogen bond between CABE and the anion (see
Table 3). In contrast, the intramolecular hydrogen bond
that occurs in the isolated CABE is also present in the
complex (O4—H4---03) and it is strengthened by 1.47
kcal mol™* when the complex is formed.

FIGURE 7 Atoms in molecules (AIM)
and noncovalent interactions (NCI)
analyses for the isolated CABE. The bond
critical points are shown as pink-colored
points and the bond paths as pink-colored
lines. The cyan-colored points are ring
critical points. The blue-colored surfaces
indicate strong attraction interactions,
whereas the green-colored surfaces
indicate weak van der Waals interactions.
The red-colored surfaces indicate repulsive
inteactions
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FIGURE 8 Atoms in molecules (AIM) and noncovalent interactions (NCI) analyses for the [emim][AcO]-CABE complex. The bond
critical points are shown as pink-colored points and the bond paths as pink-colored lines. The cyan-colored points are ring critical points.

The blue-colored surfaces indicate strong attraction interactions, while the green-colored surfaces indicate weak van der Waals interactions.

The red-colored surfaces indicate repulsive interactions

TABLE 3 Geometrical parameters, values of p(r) and Vo(r) at the BCPs and energies of the hydrogen bond interactions found in the

[emim][AcO]-CABE complex

Atoms Involved Geometrical Parameters

BCP Parameters

Cation Anion CABE

03 03-H3 1.416 2.479

C2—H2 O1 1.821 2.890
04-H4, O3 2.033 2.645

C6—H6 O3 2.165 3.193
C8—HS8 09 2.383 3.312
03 C2-H2 2.529 3.182

C4—H4 09 2.531 3.132

Abbreviations: A,acceptor atom; D, donor atom

On the other hand, Figure 8 shows the presence of a
wide green-colored NCI isosurface between the cation
and the caffeoyl moiety of CABE. This result suggests
an interaction of the aromatic ring and the conjugated
double bond with the imidazolium ion. In addition, the
analysis indicates that H4 and H8 of the imidazolium ring

H---A distance, A D---A distance, A D-H---A angle, ° p(r), a.u. Vo(r), a.u. Energy, kcal mol™

169.83 0.0962 0.1121 -32.69
159.02 0.0380 0.0962 -8.37
118.07 0.0238 0.0849 -6.27
154.05 0.0182 0.0513 -4.09
141.16 0.0108 0.0363 -2.31
117.26 0.0103 0.0346 -2.11
113.88 0.0093 0.0337 -1.83

interact with the carbonyl group of CABE because of the
presence of hydrogen bonds (see zoomed-in region in
Figure 8), with energies approximately 2 kcal mol™" in
both cases.

Four intermolecular BCPs that do not meet the criteria
for hydrogen bond interactions were found in the
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complex, two of which are C—H---C interactions between
CABE and the cation, and the other two are a C—H---N
interaction between the same two species and a C—H---O
interaction between the cation and the anion of the IL.
The BCPs for these interactions possess values of p(r) in
the order of 10~ a.u. and are associated to the green-
colored isosurface between CABE and the cation; this
indicates that in addition to the cation-m type, van der
Waals interactions could also be present./°>¢°!

The thermochemical parameters, at 298 K, for the for-
mation of the [emim][AcO]-CABE complex, applying the
PBE-D3/6-31++G** level of theory (including BSSE) in
gas phase are: AH,, = -32.22 kcal mol™!, AG,, = -8.93
kcal mol™, and AS,,, = -78.10 cal mol™* K™*. Theoretical
results predict that the formation process at 298 K is
spontaneous and it is close to the thermodynamic equilib-
rium (AG,, + 10 kcal mol™). This fact would be conve-
nient for the subsequent separation of the phenolic
compound from the IL since only low amounts of energy
must be applied to carry out the process. Nevertheless, in
the experimental conditions explored in this study,
[emim][AcO] promotes the oxidation of the caffeic ester
before that can be done.

In contrast, the removal of one electron from the com-
plex (Complex — Complex'* + €7), at the same level of
calculation and T = 298 K, is a very endothermic and
nonspontaneous process: AH,, = 141.82 kcal mol™" and
AG,, = 142.32 kcal mol™". As a comparison with the neu-
tral [emim][AcO]-CABE complex, Figure 9 shows the
results of AIM and NCI analyses for the [emim][AcO]-
CABE complex once one electron has been removed. In
this figure, it can be observed that nine BCPs that corre-
spond to noncovalent interactions, with their correspond-
ing bond paths, were found in this system; in addition, a

reduction of the green isosurface (see NCI results) can be
appreciated between the CABE structure and the
[emim]* ion.

The most drastic change between Figures 8 and 9 can
be seen in the strongest hydrogen bond found in both
structures. In Figure 8, the O3 atom of the anion is
forming a very strong hydrogen bond with H3—03 of
the CABE molecule (O3---H3—03); in contrast, this inter-
action is different in Figure 9 since the hydrogen is now
attached to the AcO™ anion, thus showing a proton trans-
fer from CABE, where the hydrogen-acceptor distance
(see Table 4) 03—H3---03 is of 1.623 A with a corre-
sponding interaction energy of —13.69 kcal mol™, i.e., 9
kcal mol™ weaker than the neutral structure. It must be
noticed that the value of p(r), at its corresponding BCP,
is 0.0561 a.u. which is higher than the upper limit for
hydrogen bonds (0.002-0.034 a.u.),!®* however, it is closer
to a hydrogen bond value than to those corresponding to
covalent bonds (approximately 10~ a.u.).[°?!

In addition, the hydrogen bonds resulting from the
cation-anion interaction of the IL, C2—H2---O1, and
C6—HG6---03 diminish their strength by 2.58 and 2.15 kcal
mol ™, respectively; it must be noticed that the [AcO]” ion
is, actually, not an ion since the proton transfer turned it
into acetic acid. Finally, the complete stabilization of the
[emim][AcO]-CABE complex, once an electron is
removed, can be achieved if it is considered that the other
hydrogen bond interactions become slightly stronger by
less than 0.4 kcal mol™ (see Tables 3 and 4).

On the other hand, calculations of the ionization
potential (adiabatic and vertical, IP, and IP,, respectively)
for the removal of an electron were carried out in the iso-
lated CABE and the IL-CABE complex, these results are
shown in Table 5. As it can be observed, the complex

FIGURE 9 Atoms in molecules (AIM)
and noncovalent interactions (NCI)
analyses for the [emim][AcO]-CABE
complex once an electron was removed.
The bond critical points are shown as
pink-colored points and the bond paths as
pink-colored lines. The cyan-colored
points are ring critical points. The blue-
colored surfaces indicate strong attraction
interactions, while the green-colored
surfaces indicate weak van der Waals
interaction
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TABLE 4 Geometrical parameters, values of o(r) and Vo(r) at the BCPs and energies of the hydrogen bond interactions found in the
[emim][AcO]-CABE"* complex

Atoms Involved

Geometrical Parameters

BCP Parameters

H---A D---A D—H---A o(r), VZo(r), Energy,
Cation Anion CABE distance, A distance, A angle, ° a.u. a.u. kcal mol™
O3—H3(tp) 03 1.623 2.620 164.36 0.0561 0.1386 -13.69
04—H4, 03 2.030 2.643 117.57 0.0257 0.0834 -6.56
C2—H2 o1 1.977 3.040 161.60 0.0262 0.0681 -5.79
C8—HS8 09 2.366 3.329 145.24 0.0114 0.0367 -2.45
C4—H4 09 2.396 3.162 126.23 0.0105 0.0381 -2.22
03 C2—H2 2451 3.197 124.27 0.0105 0.0354 -2.19
C6—H6 03 2.493 3.354 134.08 0.0094 0.0314 -1.94

Abbreviations: A, acceptor atom; D, donor atom; tp, transferred proton.

TABLE 5 Values of IP, and IP, for the removal of an electron
from CABE and from the IL-CABE complex and IP, and IP, dif-
ferences between CABE and the complex in kcal mol™

AIP, (AIP,)

System IP, (IP,) (Complex vs CABE)
CABE

[emim][AcO]-CABE

168.07 (170.34)

141.09 (155.48)  -26.98 (-14.86)

has lower IP, and IP, than the isolated CABE, which
indicates that the amount of energy required to remove
an electron from the system decreases in comparison
with the neat caffeic ester. This result agrees with the
electrochemical data discussed above and predicts that,
in gas phase, the [emim][AcO] promotes the oxidation
of the phenolic compound because of the IL capacity to
interact with the electroactive unit of the caffeic ester.

4 | CONCLUSIONS

The caffeic acid benzyl ester (CABE) compound, belong-
ing to one of the groups of phenolic compounds ubiqui-
tous in the plant kingdom, interacts with [emim][AcO],
mainly through a strong hydrogen bond located between
one of the phenolic hydrogens of the ester and the anion
of the IL, nonetheless other noncovalent interactions are
also present, such as van der Waals and cation-w. Theo-
retical data suggest that, whereas the anions remain fixed
to the phenolic hydrogen, the imidazolium rings are
stacked over the caffeoyl moiety in the IL-CABE complex.
Even the carboxylic oxygen participates in the formation
of hydrogen bonds since it interacts with H4 and H8 from
the imidazolium cation in the [emim]|[AcO]-CABE com-
plex. Because of these stabilizing interactions, calcula-
tions predict that the formation of the complex is
slightly exergonic at 298 K and close to the

thermodynamic equilibrium, i.e., AG,, is approximately
10 kcal mol™ . From these results, it can be said that
[emim][AcO] might be a good candidate to be used in
the extraction of caffeic acid derivatives from natural
products. Nevertheless, the IL-CABE complex is more
susceptible to oxidation than neat CABE, particularly
because of the basic character of AcO™, at least in ACN,
and gas phase. Electrochemical experiments and theoret-
ical calculations coincide in the following: the strongest
hydrogen bond O—H---OAc, present in the complex, pro-
motes the removal of one electron from the electroactive
catechol moiety at a lower energy in comparison with
the neat ester. In addition, the presence of water in the
CABE-IL mixture, does not have a significant effect on
the electrooxidation of the complexes. Hence, it is possi-
ble to infer that CABE is closer to the IL, [emim][AcO],
than to the water molecules in the solvation sphere under
the experimental conditions evaluated in this work.

Thus, in the search of ILs for efficient extractions of
phenolic compounds, it must be taken into consideration
that the strength of the O—H---anion interaction must be
strong enough without contributing to the oxidation of
the target compounds. For this purpose, cyclic voltamme-
try and computational chemistry are excellent tools of
analysis. In the best of our knowledge, this is the first
time that the effect of ionic liquids on the oxidation of
phenolic compounds is reported.
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