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a b s t r a c t

The potassium 3-furoyltrifluoroborate salt has been experimentally characterized by means of FT-IR, FT-
Raman and UVeVisible spectroscopies. Here, the predicted FT-IR, FT-Raman and UVevisible spectra by
using theoretical B3LYP/6-31G* and 6-311þþG** calculations show very good correlations with the
corresponding experimental ones. The solvation energies were predicted by using both levels of calcu-
lations. The NBO analyses reveal the high stability of the salt by using the B3LYP/6-31G* level of theory
while the AIM studies evidence the ionic characteristics of the salt in both media. The strong blue colour
observed on the K atom by using the molecular electrostatic potential mapped suggests that this region
act as typical electrophilic site. The gap values have revealed that the salt in gas phase is more reactive
than in solution, as was reported in the literature while, the F13/H6 interaction together with the KeO
bond observed by the studies of their charges could probably modulate the reactivities of this salt in
aqueous solution. The force fields were computed with the SQMFF methodology and the Molvib program
to perform the complete vibrational analysis. Then, the 39 vibration normal modes classified as 26 A’þ 13
A00 were completely assigned and their force constants are also reported.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

Heteroaryl compounds containing different rings in their
structures have very diverse properties according to their nature,
number and different substituent groups to which they are
attached. Thus, these derivatives are used in numerous syntheses,
as intermediates and/or end products and are widely studied from
different points of view. In particular, organometallic reagents are
of interest in synthetic organic chemistry because they provide
conjugation reactions by generating a new approach to the syn-
thesis of conjugated molecules such as protein-proteins and
protein-polymer [1e7]. On the other hand, the incorporation of F
atoms in their structures makes these compounds can be used
mainly in the pharmaceutical industry because they allow their
rapid incorporation into the human body. Structural changes
obviously produce changes in their properties that are of interest
for the design of new drugs with fewer side effects. Here, we pro-
pose the study of the potassium 3-furoyltrifluoroborate salt, with
nd�an).
molecular formula: C5H3O2(BF3K), because their structural, elec-
tronic, topological and vibrational properties were not reported yet
and their crystalline and molecular structure was not experimen-
tally determined and only their synthesis and characterizations by
using NMR andmass spectroscopies were recently published [3e7].
The chemical properties of this salt are of importance due to that
many studies suggest that there are steric and conformational
factors that modulate the reactivities of these salts especially in
aqueous solution [3e7]. Thus, in this medium, it was observed that
in the amide formationwith hydroxyl amines, there is considerable
dependence on reactivity depending on the structure of the ligand
[3]. Hence, the study of the nature of the different bonds and their
interactions are important taking into account those experimental
observations. As in the powerful laxative sodium picosulphate [8],
possibly the ionic interactions in the potassium furoyltri-
fluoroborate salt play an important role in their structure and in
their biological properties. Thus, the purposes of this work are the
structural, electronic, topological and spectroscopic study of this
salt in gas phase and in aqueous solution combining DFT calcula-
tions with their experimental infrared (FTIR), Raman and electronic
spectra. Here, the knowledge of the coordination modes of the B
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Fig. 1. Potential energy surfaces (PES) described by the dihedral C1eC2eC9eO10 (Top)
and C2eC9eB11eK15 (Bottom) angles for the potassium 3-furoyltrifluoroborate salt in
gas phase by using the B3LYP/6-31G* level of theory.

Fig. 2. Molecular structure of the most stable C4 conformer of the potassium 3-
furoyltrifluoroborate salt and atoms numbering.

M.A. Iramain et al. / Journal of Molecular Structure 1158 (2018) 245e254246
atoms with the three electronegative F atoms linked to the K atom
is very important to understand the mechanisms of all reactions
where this salt is involved. These studies were performed by using
the hybrid B3LYP method with the 6-31G* and 6-311þþG** basis
sets in gas phase and aqueous solution [9,10]. Especially in solution,
the self consistent force field (SCRF) calculations were performed
considering the integral equation formalism variant polarised
continuum model (IEFPCM) to analyze the solvent effects [11,12]
while the solvation model was used to predict the solvation en-
ergies with both levels of theory [13]. Also, the scaled mechanical
force field (SQMFF) approach [14] was employed to perform the
complete assignments of their vibrational spectra while to predict
the reactivities and the behaviors of the salt in both media the
frontier orbitals [15,16] and some useful descriptors were also
computed [17e21]. Here, the obtained values were compared with
data reported in the literature for halogenated compounds with
different biological properties [17e21].

2. Experimental

The infrared spectrum of the pure potassium 3-
furoyltrifluoroborate salt (FTFB) in solid state was recorded in KBr
pellets on a Perkin Elmer Spectrum GX spectrometer in the 4000 to
400 cm�1 range. The Raman spectrum of FTFB in solid state at room
temperature was recorded between 3600 and 100 cm�1 with the
optical module of the Perkin Elmer Spectrum GX Raman equipped
with an yttrium aluminum garnet crystal doped with triply-ionized
neodymium laser (excitation line of 1064 nm, 1900mW of laser
power). The Raman spectrum was recorded with 100 scans and a
resolution of 4 cm�1. The ultraviolet spectrum was recorded in
aqueous solutionwith a Beckman spectrophotometer between 200
and 800 nm.

3. Computational details

The potassium 3-furoyltrifluoroborate salt was easily modeled
with the GaussView program [22] because it salt structurally has a
furane ring linked to the trifluoroborate group (BF3K). Then, this
initial structure was optimized in gas phase by using the hybrid
B3LYP and the two 6-31G* and 6-311þþG** levels of theory [9,10]
with the Gaussian 09 program [23]. Later, with these optimized
structures were performed the potential energy surfaces (PES)
considering the three dihedral C1eC2eC9eO10, C2eC9eB11eK15
and F13eB11eC9eO10 angles and both levels of theory. The two
first curves mentioned are presented in Fig. 1. In each curve we
observed two stable structures with the same energies, named in
the first case C1 and C2, while in the other one C3 and C4where one
of them, C4 presents the lowest energy. Hence, it is easy to see that
C4 is the most stable structure of FTFB which can be seen in Fig. 2.
When the F13eB11eC9eO10 dihedral angle is also considered two
stable structures were obtained which correspond to C2 and C4
and, for this reason, this curve was not presented here. In solution,
these stable structures were optimized with the PCM/SMD models
[11e13] and the Gaussian 09 program [23]. In this opportunity the
atomic Mulliken and natural populations (NPA) charges were
studied with both basis sets and in the two media. The NBO pro-
gram [24] was used to calculate the bond orders, expressed as
Wiberg indexes and the donor-acceptor interactions while the
AIM2000 programwas used to compute the topological properties
[25]. To perform the vibrational analysis of FTFB in both media,
their normal internal coordinates, the SQMFF approach [14] and the
Molvib program [26] were employed to calculate the force fields
with both levels of theory. The normal internal coordinates corre-
sponding to the BF3K group were building taking into account a C3v
symmetry, as in species with similar groups [8,17e19,21] while the
C4 structure was optimized with Cs symmetry. The assignments of
all vibration modes were performed using the potential energy
distribution (PED) contribution� 10%. In addition, the
ultravioletevisible spectrum of FTFB in water was predicted by
using Time-dependent DFT calculations (TD-DFT) with both levels
of theory and the Gaussian 09 program [23]. Finally, taking into
account that steric and conformational factors could modulate the



Table 2
Calculated solvation energies (DG) for the most stable C4 conformer of the 3-
furoyltrifluoroborate salt by using the B3LYP/6-31G* and B3LYP/6-311þþG**
methods.

Solvation energies (kJ/mol)

METHOD DGu
# DGne DGc

B3LYP/6-31G* �51.93 23.86 �75.79
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reactivities of these salts especially in aqueous solution [3e7] we
have calculated the frontier orbitals for FTFB in both media in order
to predict their reactivities and behaviours by using the chemical
potential (m), electronegativity (c), global hardness (h), global
softness (S), global electrophilicity index (u) and nucleophilicity
indexes (Е) descriptors [17e21] which were posterior compared
with other substances with different biological properties [27e30].
B3LYP/6-311þþG** �58.23 23.32 �81.55

DGu
#, uncorrected; DGne, non electrostatic terms; DGc, corrected.
4. Results and discussion

4.1. Structural study in gas phase and in aqueous solution

Table 1 shows the properties calculated for FTFB in gas and
aqueous solution phases by using both levels of theory. Hence, the
total and relative energies, dipolar moments molecular volume and
volume variations together with their populations and dihedral
angles for the different structures can be seen in Table 1. The results
show clearly that the C4 structure has the lower energy values by
using both methods for which it is the most stable conformer of
FTFB in both media. Thus, C4 contain the major populations and
low dipole moment values in the two media and, where these
values increase slightly in solutionwith both basis sets. Fig. 2 shows
the optimized C4 structure by using the B3LYP/6-31G* level of
theory. Hence, obviously we have considered only C4 to analyze all
properties in gas phase. The dipole moment vector for C4 of FTFB in
gas phase is given in Fig. S1 where we can see that the direction of
this vector is clearly oriented from the F atoms toward the K atom.
TheMoldraw program [31] was used to compute the volume values
for all conformers in both media, later, the differences observed
between the values in gas phase in relation to the values in solution
are calculated as volume variations. Note that the values of the
dihedral C1eC2eC9eO10, C2eC9eB11eK15 and F13eB11e
C9eO10 angles in C4 are respectively, 180, 180 and 0�. These results
Table 1
Calculated total (E) and relative energies (DE), dipole moments, molecular volume and v

B3LYP/6-31G*method

GAS PHASE

Conformers E (Hartrees) m (Debye) V (Å3) DE (KJ/mol) DV (

C1 �1267.2621 11.85 225.2 70.03
C2 �1267.2636 11.39 224.9 66.10
C3 �1267.2788 8.61 228.4 26.22
C4 �1267.2888 7.61 228.4 0.00

AQUEOUS SOLUTION/PCM

C1 �1267.2966 16.0 221.0 31.48 �4.2
C2 �1267.2997 15.72 233.6 20.33 8.7
C3 �1267.2998 14.23 234.0 23.08 5.6
C4 �1267.3086 8.78 229.9 0.00 1.5

B3LYP/6-311þþG**method

GAS PHASE

Conformers E (Hartrees) m (Debye) V (Å3) DE (KJ/mol) DV (

C1 �1267.5075 11.42 227.2 67.44
C2 �1267.5148 12.19 226.0 64.74
C3 �1267.5294 7.79 223.9 26.22
C4 �1267.5394 7.79 229.0 0.0

AQUEOUS SOLUTION/PCM

C1 �1267.5512 17.51 218.9 272.8 �8.3
C2 �1267.5522 19.21 237.8 24.67 13.9
C3 �1267.5562 12.69 227.8 14.16 3.9
C4 �1267.5616 9.20 230.7 0.00 1.7
can be observed in Table 1 where the C4 conformer presents vol-
ume expansion having the lowest volume variation in solution (1.5
and 1.7Å3 by using the 6-31G* and 6-311þþG** basis sets,
respectively) with solvation energy values of�75.79 and�81.55 kJ/
mol, by using the 6-31G* and 6-311þþG** basis sets, respectively,
as indicated in Table 2. If these values are compared with those
obtained for the picosulphate salt [8] (solvation energy value
of �254.38 kJ/mol and volume variation of 13.3Å3), here, probably
their high dipole moment value of 15.14 D in solution could explain
the great difference observed between both salts due to their major
hydration. Here, the solvation energy value due to the non elec-
trostatic termswere calculated from the PCM calculations [11,12] by
using the Solvation model [13] while the uncorrected values were
computed from the difference between the energy values in solu-
tion than the corresponding in gas phase.

The FTFB structure was not experimentally determined and, for
this reason, the geometrical parameters for C4 were comparedwith
those reported in the literature for 4-methylbenzoylboronate (E)-1-
(((4-Bromophenyl)imino)methyl)naphthalen-2-o [32], 4-
methylbenzoylboronate(E)-2-(((2-(Hydroxymethyl)phenyl)imino)
methyl)phenol [33] and the furonic acid [34] by using the root-
mean-square deviation (RMSD) values which can be seen in bold
olume variations (DV) and populations (%) for the 3-furoyltrifluoroborate salt.

Å3) Population
(%)

Dihedral angles (º)
C1C2C9O10 C2C9B11K15 F13B11C9O10

0 72.3 44.1 48.6
0 �165.4 44.1 48.6
0 179.9 �179.9 �179.9
100 180.0 180.0 0.0

0 25.8 28.5 32.9
0 �173.2 �142.3 41.4
0 176.1 87.1 82.4
100 180.0 180.0 0.0

Å3) Population (%) Dihedral angles (º)
C1C2C9O10 C2C9B11K15 F13B11C9O10

0 33.0 24.3 28.7
0 �160.2 36.0 39.4
0 �179.9 �179.9 179.9
100 180.0 180.0 0.0

0 31.6 20.9 23.0
0 �176.0 59.4 125.2
0 178.5 122.2 122.8
100 180.0 180.0 0.0



Table 3
Comparison of calculated geometrical parameters for the 3-furoyltrifluoroborate salt.

B3LYP methoda Experimental

Parameters 6-31G* 6-311þþG** EXPb EXPc EXPd

Gas PCM Gas PCM

Bond lengths (Å)
C1eC2 1.373 1.373 1.371 1.371 1.391 1.402 1.345
C2eC3 1.444 1.447 1.444 1.447 1.487 1.398 1.411
C3eC4 1.353 1.352 1.350 1.348 1.382 1.393 1.339
C4eO5 1.376 1.387 1.375 1.387 1.359
C1eO5 1.351 1.356 1.349 1.353 1.366
C1eH6 1.077 1.078 1.076 1.076
C4eH8 1.079 1.079 1.076 1.077
C3eH7 1.080 1.080 1.077 1.078
C2eC9 1.466 1.463 1.463 1.459 1.487 1.497 1.456
C9¼O10 1.253 1.254 1.247 1.249 1.225 1.235 1.255
C9eB11 1.650 1.642 1.649 1.641 1.635 1.646
B11eF12 1.437 1.429 1.446 1.439
B11eF13 1.380 1.393 1.382 1.400 1.384 1.389
B11eF14 1.438 1.429 1.446 1.439
K15eF14 2.555 2.662 2.585 2.727
K15eF12 2.557 2.660 2.584 2.726
K15eB11 2.930 3.036 2.973
K15eO10 2.597 2.684 2.595 2.676
RMSDb 0.025 0.025 0.025 0.026
RMSDc 0.029 0.030 0.030 0.032
RMSDd 0.020 0.021 0.019 0.020
Bond angles (º)
C1eC2eC3 105.5 105.7 105.6 105.8 119.2 118.8 106.3
C2eC3eC4 106.2 106.5 106.2 106.5 120.8 120.5 106.3
C3eC4eO5 110.4 110.2 110.3 110.0 110.8
C4eO5eC1 106.9 106.9 107.1 107.1 105.7
O5eC1eC2 110.7 110.5 110.5 110.4 110.5
O5eC1eH6 116.9 116.1 117.0 116.2
C2eC1eH6 132.3 133.2 132.4 133.3
C2eC3eH7 126.0 126.5 126.2 126.8
C4eC3eH7 127.6 126.8 127.4 126.6
C3eC4eH8 134.3 134.6 134.1 134.5
O5eC4eH8 115.1 115.1 115.4 115.4
C1eC2eC9 126.8 126.8 126.9 126.8 119.2 120.2 131.9
C3eC2eC9 127.5 127.4 127.4 127.2
C2eC9eO10 117.9 118.2 118.5 118.9 117.9 118.3 117.3
C2eC9eB11 123.2 123.9 123.7 124.6
O10eC9eB11 118.7 117.8 117.6 116.4 116.7 121.2
C9eB11eF14 106.7 107.5 106.8 107.8
C9eB11eF13 115.0 114.9 116.0 116.3 116.4 113.1
C9eB11eF12 106.7 107.5 106.8 107.8
F14eK15eF12 53.2 50.9 52.5 49.6
F14eK15eB11 29.3 28.0 29.1 27.5
F14eK15eO10 69.1 66.1 68.1 64.8
B11eK15eF12 29.3 28.0 29.1 27.5
B11eK15eO10 53.5 28.0 52.5 49.7
F12eK15eO10 69.0 66.1 68.1 64.8
RMSDb 8.8 8.6 8.7 8.6
RMSDc 8.5 8.4 8.6 8.6
RMSDd 2.0 2.0 2.0 2.1
Dihedral angles (º)
O10eC9eB11eF14 �56.2 �57.0 �55.8 �56.7
O10eC9eB11eF13 �179.9 57.0 179.9 179.9 166.9 �113.2
O10eC9eB11eF12 56.2 57.0 55.7 56.6
C2eC9eB11eF14 123.7 122.8 124.2 123.2
C2eC9eB11eF13 0.04 �0.00 �0.04 �0.04 �14.4 69.1
C2eC9eB11eF12 �123.6 �124.2 �122.9 �123.3
C1eC2eC9eB11 �0.03 0.01 0.00 �0.01
C3eC2eC9eB11 179.9 179.9 �179.9 179.9
C1eC2eC9eO10 179.9 �179.9 179.9 179.9
C3eC2eC9eO10 �0.02 �0.01 �179.9 �0.01
RMSDb 245.4 78.4 13.7 13.7
RMSDc 67.9 129.9 212.9 212.9

a This work.
b From Ref [32].
c From Ref [33].
d From Ref [34].
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letters in Table 3. It is necessary to clarify that the most stable C4
structure was optimized with Cs symmetry, where the B11 and K17
atoms are in the same plane than the furane ring and, where the B
atom has coordination five, as also was observed in the K5[B(SO4)4]
salt [17] while the K atom present coordination four, as can be seen
in Fig. 2. In Fig. S2 we can see the common part compared among
those three structures by using circles. Here, we can clearly see that
the better correlations for bond lengths and angles (between 0.019
and 0.021 Å and 2.1e2.0�) are obtained when the values for both
basis sets are compared with the furonic acid [34]. In relation to the
dihedral angles only for two experimental values from Refs. [32]
and [33] can be compared where, in the first case the correlation is
very bad for FTFB in gas phase while notably improve when their
values are compared with that experimental obtained from
Ref. [33]. Here, Table 3 shows that when increase the size of the
basis set we observed that decrease the bond lengths while for a
same basis set the values slightly increase in solution.

4.2. NPA and Mulliken charges, MEP and bond orders

For FTFB, we investigate two charge's types because it is very
important to know the characteristic of the different bonds present
in both media and by using the two basis sets. Hence, the Mulliken
and atomic natural population charges values are presented in
Table S1 while their comparisons in gas phase by using B3LYP/6-
31G* method are represented in Fig. S3 because it is easy to see
graphically the positive and negative values and their differences.
Thus, both charges predicted negative values on the C2, C3, O5, O10,
F12, F13 and F14 atoms, where clearly the more negative values are
observed on the O10, F12 and F14 atoms, having the O10 atom the
lowest value. On the other hand, the more positive values are
observed on the C1 and C4 atoms, on all H atoms, and on the B11
and K15 atoms, presenting the higher value the B11 atom. Note that
the Mulliken charges predicted lower values on all atoms than the
corresponding to the NPA ones. The changes in the values of the
two charges and in both media can be observed in Fig. S4. Few
changes are observed in the NPA charges in both media and by
using the two basis sets while theMulliken charges values are most
negative on the O10 atoms in relation to the other negative atoms.
The NPA charges in bothmediawith the 6-311þþG** basis set show
the proximities in the values on the O10 atoms with those observed
on the three F atoms while the Mulliken charges with this basis set
show great differences among them including positive values are
observed on the C2 and C3 atoms while on the C1 atoms in both
media are observed negative values.

The studies of the nucleophilic and electrophilic regions are of
great importance in this salt with potential pharmacological
properties because it presents strong electronegative and electro-
positive atoms, such as are the F and K atoms, respectively. Hence,
two different positions corresponding to the molecular electro-
static potential surface mapped for FTFB in gas phase by using the
B3LYP/6-31G* method are presented in Fig. S5. These figures show
on the F and O atoms slight red colours indicating that these are
nucleophilic sites while on the K atoms strong blue colours can be
observed typical of electrophilic sites. These regions are important
reaction sites that confer to FTFB a higher electrophilic character, as
revealed by their surfaces mapped.

The bond order (BO) expressed as Wiberg indexes were calcu-
lated for FTFB in both media and by using the twomethods in order
to analyze the characteristics of the different bonds and to verify
the different coordination numbers predicted for the F and B atoms.
The values can be seen in Table S2 including the values for some
bonds taken from the bond order matrix while their behaviours in
both media by using 6-31G* basis set are represented in Fig. S6. The
results show that the B atoms in both media and by using the two
methods have coordination number five while the K atoms present
coordination number four. On the other hand, analyzing exhaus-
tively the graphic we observed that the C atoms belong to the ring
present the higher values, as expected because they have double
bond characters while the lower values are observed for all the H
atoms having the lowest values the K atoms in both media. Note
that practically there are not observed changes in solution. Here,
the low values observed for the K atoms of 0.099 in gas phase and of
0.064 in solution by using the 6-311þþG** basis set show clearly
their ionic characteristics. When the other basis set is used a same
behaviour it is observed in both media.

4.3. Stability studies by using NBO and AIM calculation

The stability of this salt was investigated in both media by using
the contributions energetically observed with the NBO calculations
[20] and from the intra-molecular interactions with the Bader's
theory of atoms in molecules (AIM) [35] by using the AIM2000
program [25]. The donor-acceptor energy interactions in both
media and by using the two 6-31G* and 6-311þþG** basis sets are
shown in Table S3. The analysis of these results show that: (i) with
the 6-31G* basis set in both media only three interactions are
observed which are the DЕp/p*, DЕn/p* and DЕn/s* interactions,
where the more important are those located from the lone pairs
corresponding to the O and F atoms toward the anti-bonding CeC,
CeB and BeF orbitals, (ii) for FTFB in both media with the 6-
311þþG** levels of theory only are observed the DЕp/p* and
DЕn/s* interactions and, finally, (iii) the higher contributions to the
total energies are observed for the 6-31G* basis set. Here, in this
study we observed clearly the influence of the size of the basis set
on the total energies. The 6-311þþG** basis set decrease notably
the energy values in both media.

The topological properties are essential parameters to investi-
gate the different interactions existent in amolecule, as reported by
Bader [35]. In particular, the presence of both electropositive and
electronegative atoms in the potassium 3-furoyltrifluoroborate salt
probably generates ionic or H bonds interactions which could
confer important properties to this salt. For these reasons, the
AIM2000 program [25] was used to calculate, in accordance with
the Bader's theory, the electron density distribution, r(r) and the
Laplacian values, V2r(r) together with the eigenvalues (l1, l2, l3) of
the Hessian matrix and the l1/l3 ratio in the bond critical points
(BCPs). These parameters calculated for both basis sets and in both
media can be seen in Table S4. Here, the values observed of l1/l3 <
1 and V2r(r)> 0 in the BCPs and ring critical points (RCPs) predicted
in both media by using the 6-31G* basis set a intra-molecular F
bond and three ionic interactions which are respectively, F13eH6,
F14eK15, K15eF12 and K15eO10 where the latter interaction
present the more high densities. These are named closed-shell in-
teractions and the details of the molecular model for FTFB in gas
phase by using 6-31G* basis set can be seen in Fig. S7. Here, possibly
the different electronegativities of both K15 and O10 atoms clearly
justify that observation despite the distances between both atoms
are higher than the other ones (2.597 Å in gas phase). When the
topological parameters calculated in both media with the 6-31G*
basis set are compared with those calculated by using the 6-
311þþG** basis set we observed that the F13eH6 interactions
observed in both media disappear and, besides an increasing in the
parameters values it is observed. Here, when the topological
properties for all RCPs are compared we observed that, obviously,
the furane ring has the higher values in both media and by using
the two basis sets, as expected because it is properly a ring of FTFB.

The AIM analyses evidence the high stability of this salt due to
the four intra-molecular interactions observed. The ionic nature of
this salt is elucidated by the AIM analysis.



Fig. 3. Experimental infrared in the solid state of the potassium 3-furoyltrifluoroborate
salt compared with the corresponding predicted for the C4 conformer by using B3LYP/
6-31G* and B3LYP/6-311þþG** levels of theory.
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4.4. Frontier orbitals and descriptors

The prediction of reactivities and the behaviours of the FTFB salt
is the great importance taking into account the different studies
reported for this salt where suggest that there are steric and
conformational factors that modulate the reactivities of these salts
especially in aqueous solution [3e7]. Thus, the frontier orbitals in
both media and with the two basis sets were calculated to compute
the gap values [15,16] and with these gap values were later calcu-
lated the chemical potential, electronegativity (c), global hardness
(h), global softness (S), global electrophilicity index (u) and global
nucleophilicity index (Е) [19e21,27e30]. All parameters can be
seen in Table S5 compared with those reported for the sodium
picosulfate salt [8] and for the thiol tautomer of 1,3-benzothiazole
[30] because these compounds have laxative and antimicrobial
activity in aqueous solution, respectively. Very interesting results
are obtained when the gap values are first analyzed for FTFB in both
media. Thus, we observed that FTFB in gas phase is more reactive
than in solution and, that by using the 6-31G* basis set the reac-
tivity increase. Hence, effectively as reported by those experimental
results the salt is less reactive in solution. A possible explanation
could be justified by the following studies. Probably, the decreasing
in the BO value observed for the F13 atom in solution with both
basis sets is due to increasing in the Mulliken and NPA charges on
this atom. Besides, both charges on the K atoms increase in solution
for which increase the BO of the O10 atom and, for this reason, the
lone pairs on this atom can be easily shared in solution by H bonds
formation with water molecules. This way, the F13/H6 interaction
together with the KeO bond observed for this salt could probably
modulate their reactivities in aqueous solution.

On the other hand, when the gap values for FTFB are compared
with the laxative sodium picosulfate [8] and with the antimicrobial
thiol 1,3-benzothiazole [30] (Fig. S8) we observed that both are
more reactive than FTFB but picosulfate is most reactive probably
because this salt has three rings, two sulfate groups and two so-
dium atoms in their structure while that the thiol tautomer has
only two rings and the SeH group. Evidently, the presences of these
different groups increase the reactivities of these compounds.
When the descriptors are first compared for FTFB we observed that
in solution increase the nucleophilicity (E) with both basis sets,
then, it implies that FTFB has most capability of H bonds formation,
as above was explained while the electrophilicity decrease by using
the 6-31G*basis set but increase in solution with the other one.
Thus, there is not a defined tendency. Fig. S9 shows proximity
among the descriptors of all compared species where the differ-
ences are clearly observed in the nucleophilicity and electrophi-
licity values showing the thiol tautomer the most different values.
These results also could explainwhy the reactivity of the FTFB salt is
modulated in solution.
Fig. 4. Experimental Raman in the solid state of the potassium 3-furoyltrifluoroborate
salt compared with the corresponding predicted for the C4 conformer by using B3LYP/
6-31G* and B3LYP/6-311þþG** levels of theory.
4.5. Vibrational analysis

The potassium 3-furoyltrifluoroborate salt was optimized with
Cs symmetry in both media and by using both basis sets, hence, 39
vibration normal modes active in both IR and Raman spectra are
expected for this salt. These modes are classified as, 26 A’þ 13 A00

where the A0 modes are planar while the A00 are out-of-plane. The
experimental IR and Raman spectra of FTFB in the solid state are
given in Figs. 3 and 4, respectively which are compared with the
corresponding predicted in gas phase by using the two basis sets.
Very good correlations are observed among the experimental and
theoretical IR and Raman spectra. Obviously, the transformation of
both Raman spectra from scattering activities to intensities by
means of well-known equations [36,37] generate, better
correlations in the bands, as can be seen in Fig. 4. The observed and
calculated wavenumbers together with the assignments for the
most stable C4 conformer of the salt by using both methods and, in
the two studied media are presented in Table 4. Modifications in
the assignments are observed principally with the increase in the
size of the basis set that when the medium change of gas phase to
solution. The complete vibrational analyses with their corre-
sponding assignments were performed by using the SQMFF
approach [14], the internal normal coordinates and the Molvib
program [26]. Observed and calculated wavenumbers, potential
energy distributions and assignment for the most stable conformer
for the potassium 3-furoyltrifluoroborate salt in both media by
using the two methods can be seen in Tables S6eS9. In this work,
the normal internal coordinates were not presented because they



Table 4
Observed and calculated wavenumbers (cm�1) and assignments for the most stable C4 conformer of the potassium 3-furoyltrifluoroborate salt in gas and aqueous solution
phases.

Experimental B3LYP 6-31G*a B3LYP 6-311þþG**a

Gas PCM Gas PCM

Modes IR Raman SQMb Assignmenta SQMb Assignmenta SQMb Assignmenta SQMb Assignmenta

A0 Symmetry
1 3160w 3161vw 3195 nC1eH6 3195 nC1eH6 3158 nC1eH6 3157 nC1eH6
2 3151w 3151vw 3170 nC4eH8 3178 nC4eH8 3147 nC4eH8 3150 nC4eH8
3 3134w 3133vw 3146 nC3eH7 3147 nC3eH7 3123 nC3eH7 3121 nC3eH7
4 1622vs 1623vs 1582 nC9]O10 1561 nC9]O10 1556 nC9]O10 1536 nC1eC2
5 1559s 1553 nC1eC2 1549 nC3eC4 1532 nC1eC2 1520 nC9]O10
6 1512m 1513vs 1502 nC3eC4 1497 nC1eC2 1484 nC3eC4 1477 nC3eC4
7 1385m 1383 nC2eC3 1380 nC2eC3 1366 nC2eC3 1363 nC2eC3
8 1306w 1304s 1299 nC2eC9 1295 nC2eC9 1287 nC2eC9 1282 nC2eC9
9 1238m 1235 bC1eH6 1234 bC1eH6 1224 bC1eH6 1225 bC1eH6
10 1159m 1163w 1163 naBF3 1129 nC1eO5 1139 nC1eO5 1109 bC3eH7
11 1133m 1116m 1159 nC1eO5 1105 naBF3 1111 naBF3 1062 nC1eO5
12 1071m 1081w 1090 bC4eH8 1076 bC4eH8 1070 bC4eH8 1030 bC4eH8
13 1028s 1031w 1052 nC4eO5 1039 bC3eH7 1035 nC4eO5 1011 naBF3
14 1002s 1004m 994 bC3eH7 984 nC4eO5 978 bC3eH7 967 nC4eO5
15 964s 967sh 967 bR2 959 bR2 904 naBF3 888 naBF3
16 873m 869w 879 bR1 871 bR1 880 bR1 873 gC3eH7
17 841s 848m 832 gC1eH6 833 gC1eH6 845 gC1eH6 845 gC1eH6
18 641w 644m 617 dsBF3 615 dsBF3 603 dsBF3 598 dsBF3
19 594m 561s 560 dB11C9C2 557 bC2eC9 554 dB11C9C2 550 bC2eC9
20 461vw 461m 467 daBF3 463 daBF3 459 da BF3 452 daBF3
21 393m 360m 373 bC9]O10 363 bC9]O10 368 bC9]O10 358 bC9]O10
22 304m 282 nC9eB11 284 nC9eB11 280 nC9eB11 280 nC9eB11
23 250m 244 rBF3 239 rBF3 243 rBF3 236 r0BF3
24 190sh 202 nF14eK15 165 nF14eK15 190 nF14eK15 162 gC2eC9
25 153vw 157 dK15B11C9 149 dB11C9C2 150 dK15B11C9 136 dB11C9C2
26 111vw 114 bC2eC9 92 dK15B11C9 108 bC2eC9 77 nF14eK15
A00 Symmetry
27 975s 974m 969 naBF3 968 naBF3 959 bR2 948 bR2

28 863w 860 gC3eH7 864 gC3eH7 873 gC3eH7 871 bR1

29 818w 819w 829 nsBF3 821 nsBF3 815 nsBF3 802 nsBF3
30 796vw 773w 734 gC4eH8 733 gC4eH8 741 gC4eH8 733 gC4eH8
31 712m 694m 707 gC9]O10 708 gC9]O10 712 gC9]O10 709 gC9]O10
32 597w 603 tR1 592 tR1 597 tR2 583 tR1

33 590sh 590 tR2 583 tR2 585 tR1 578 tR2

34 414vw 418w 414 daBF3 417 daBF3 403 daBF3 405 daBF3
35 238m 238 r0BF3 232 r0BF3 242 r0BF3 234 rBF3
36 175vw 174 gC2eC9 162 gC2eC9 175 gC2eC9 148 nF12eK15
37 120vw 130 nF12eK15 100 nF12eK15 117 nF12eK15 88 dK15B11C9
38 69 twC2eC9 55 twC2eC9 66 twC2eC9 40 twC2eC9
39 37 twBF3 30 twBF3 37 twBF3 21 twBF3

Abbreviations: n, stretching; b, deformation in the plane; g, deformation out of plane; wag, wagging; t , torsion; bR, deformation ring tR, torsion ring; r,rocking; tw, twisting; d,
deformation; a, antisymmetric; s, symmetric.

a This work.
b From scaled quantum mechanics force field.
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are in accordance with those reported for compounds with similar
ring [18e21,27e30]. The force fields were calculated with both
methods and levels of theory and considering the potential energy
distribution (PED) contributions� 10%. The assignments for some
groups are briefly discussed below.

4.5.1. Band assignments

4.5.1.1. CH modes. For FTFB, only three C1eH6, C3eH7 and C4eH8
stretching modes are expected which are predicted by the two
levels of theory and in bothmediawith A0 symmetries and between
3195 and 3121 cm�1. Hence, these modes are easily assigned to the
IR and Raman bands observed between 3161 and 3133 cm�1. The
in-plane deformation or rocking modes are predicted in different
regions by using bothmethods and with A0 symmetries, thus, the IR
and Raman bands between 1238 and 1002 cm�1 can be clearly
assigned to these vibration modes. Two out-of-phase modes are
predicted with A00 symmetries between 873 and 733 cm�1 while
the other one with A0 symmetry around 845 cm�1, hence; these
modes are assigned to the IR and Raman observed in these regions,
as indicated in Table 4.
4.5.1.2. BF3 modes. These modes by using the two methods are
predicted in different regions and with different symmetries. Thus,
the SQM/B3LYP/6-31G* calculations predicted only one of the two
antisymmetric stretching modes with A0 symmetry at 1163 cm�1 in
gas phase and at 1105 cm�1 in solution while the other antisym-
metric and symmetric stretching modes are predicted with A00

symmetries between 969 and 821 cm�1, as detailed in Table 4. On
the other hand, the SQM/B3LYP/6-311þþG** calculations predicted
the two antisymmetric stretching modes with A0 symmetries at
1111 and 888 cm�1 while the symmetric stretching modes in both
media are predicted with A00 symmetries at 815 and 802 cm�1. For
these reasons, these stretching modes are assigned to the IR and
Raman bands in these regions, as predicted by the calculations. In
relation to the antisymmetric and symmetric deformation modes
expected for these groups, both levels of calculations predicted one
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antisymmetric mode and the corresponding symmetric mode with
A0 symmetries between 617/598 and 467/452 cm�1 while the other
antisymmetric modes are predicted with A00 symmetries between
417 and 403 cm�1. Hence, these modes are assigned as predicted by
the SQM calculations and, as indicated in Table 4.

The two expected BF3 rocking modes were predicted with
different symmetries by using both levels of calculations at 244/236
and 242/232 cm�1. Consequently, they were assigned according to
the calculations. Both methods predicted the twisting modes for
FTFB in the two media with A00 symmetries between 37 and
21 cm�1, hence, these modes could not be assigned because the
Raman spectrum was recorded only up to 100 cm�1, as shown in
Table 4.

4.5.1.3. Skeletal modes. The C9¼O10 stretching modes are easily
assigned to the very strong IR band at 1622 cm�1 because the two
methods predicted these modes with A0 symmetries in gas phase
between 1582 and 1556 cm�1 while in solution the bands un-
dergoes a shifting toward lower wavenumbers probably due to the
hydration of these groups with water molecules. The C1¼C2 and
C3¼C4 stretching modes belong to the furane ring are assigned to
the two strong Raman bands at 1559 and 1513 cm�1, as predicted by
calculations and as reported for furoic acid [34]. The two F14eK15
and F12eK15 stretching modes are predicted by using the 6-31G*
and 6-311þþG** basis sets with A0 and A00 symmetries, respectively
and, hence, both modes are assigned to the Raman bands and
shoulders at 190,111 and 120 cm�1, respectively. The SQM/B3LYP/6-
31G* calculations predicted the two deformation ring modes with
A0 symmetries in bothmediawhile the expected torsion ringmodes
are predicted with A00 symmetries. Later, the other method used
predict one deformationmodewith A0 symmetry and the other one
with A00 symmetry while the two torsion modes are predicted with
A00 symmetries. Therefore, they were assigned accordingly. In
Table 4 is observed the assignments for the remaining skeletal
modes which were performed in accordance to the calculations.

5. Force field

In this work, we have calculated the force constants for FTFB
because the presence of ionic FeK bonds and of halogen FeH bonds
in the different media can also be useful to explain why the steric
and conformational factors modulate the reactivities of these salts,
in particular in aqueous solution [3e7]. Therefore, the force fields in
both media at the 6-31G* and 6-311þþG** levels of theory were
used to compute the force constants whose values are summarized
in Table 5 while in Fig. S10 are graphed their values in the two
Table 5
Comparison of scaled internal force constants for the most stable conformer for the
potassium 3-furoyltrifluoroborate salt in gas and aqueous solution phases by using
two levels of theory.

Force constants B3LYP/6-31G*a B3LYP/6311þþG**a

Gas PCM Gas PCM

f(nC-H)R 5.49 5.50 5.39 5.39
f(nC-O)R 5.59 5.22 5.41 5.01
f(nC-C)R 6.84 6.83 6.68 6.66
f(nC]O) 10.07 9.77 9.81 9.41
f(nC-B) 2.94 2.97 2.89 2.92
f(nBF3) 4.18 4.12 3.78 3.64
f(dC-CeB) 1.21 1.12 1.12 1.00
f(dBF3) 1.28 1.24 1.24 1.18
f(rBF3) 1.02 0.98 0.98 0.89

n, stretching; d, angle deformation.
Units in mdyn Å�1 for stretching and mdyn Å rad �2 for angle deformations.

a This work.
media and by using both basis set. Obviously, the higher values are
observed for the f(nC]O) force constants where the value in gas
phase calculated by using the 6-31G* basis set is higher than the
other ones. Note that the lower force constants values in solution
are observed with the B3LYP/6-311þþG** method. On the other
hand, the f(nBF3) force constants computed in both media by using
the B3LYP/6-31G* level of theory present the higher values while
the f(nC-O)R force constant computed to the furane ring in gas phase
by using the B3LYP/6-31G*method has the higher value. Hence, it is
easy to observe that the size of the basis set produce a decreasing in
the force constants values mentioned before but the f(nC-H)R, f(nC-
C)R, and f(nC-B) force constants do not change neither with the
media nor with the size of the basis set. Here, it is very important to
mention that the slight increase observed in the f(nBF3) force con-
stant in solution by using only 6-31G* basis set can be easily
explained because one of F atoms belong to the BF3 group present
in bothmedia the FeH bond formation due to their CS structure (see
Fig. 5. Experimental UVevisible spectrum of the potassium 3-furoyltrifluoroborate
salt in aqueous solution compared with the corresponding predicted in the same
media by using B3LYP/6-31G* and B3LYP/6-311þþG** levels of theory.
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Table S11) increasing the force of the other two bonds and, of
course, their corresponding force constants.

6. Electronic spectrum

The predicted UVevisible spectra for FTFB in aqueous solution
by using TD-DFT calculations with the B3LYP/6-31G* and B3LYP/6-
311þþG** methods and the Gaussian program [27] were compared
with the corresponding experimental one recorded in the same
medium in Fig. 5. The positions of the bands observed in both
theoretical and experimental spectra are summarized in Table S10.
Experimentally, four bands were observed at 210, 223, 252 and
344 nm where the two first are very intense while the other two
have strong and weak intensities. The numbers of the bands pre-
dicted by the theoretical calculations are different in gas phase than
in aqueous solution and with the different methods. Thus, the
spectra in gas phase by using the B3LYP/6-31G* method in aqueous
solution predict four bands and two shoulders at 126.3, 136.1, 164.9,
192.7, 208.4 and 255.4 nm where their intensities can be seen in
Table S10. Note that with the basis set of higher size the number of
bands is reduced to four and those two shoulders could not be seen.
The predicted spectra show a reasonable concordance with the
experimental ones, especially from the 200e400 nm region
because only in that regionwas recorded the spectra. Evidently, the
theoretical spectra are shifted toward lower wavelengths in refer-
ence to the experimental one. These bands can be easily assigned to
the p/p* transitions due to the C]C double bonds or to n/p*

interactions due to the C]O group which are expected in these
regions, as suggested by the NBO analysis (Table S3) and, as was
assigned in Table S11.

7. Conclusions

In the present work, the potassium 3-furoyltrifluoroborate salt
was characterized by means of FT-IR, FT-Raman and UVeVisible
spectroscopies. Theoretically the molecular structures in gas
phase and in aqueous solution were determined with CS symme-
tries by using the B3LYP/6-31G* and B3LYP/6-311þþG** methods.
Four conformers were found in the potential energy surface but
only one of them, named C4, presents the minimum energy and, for
this reason, is the most stable. The predicted FT-IR, FT-Raman and
UVevisible spectra show very good correlations with the corre-
sponding experimental ones. The predicted solvation energies for
the salt by using the B3LYP/6-31G* and B3LYP/6-311þþG**
methods are �75.79 and �81.55 kJ/mol, respectively. The NBO
analyses reveal the high stability of the salt by using the B3LYP/6-
31G* level of theory due to p/p* and n/p* interactions attrib-
uted to the C]C and C]O double bonds while the AIM studies
evidence the ionic characteristics of the salt in both media. The gap
values have elucidated that the salt in gas phase is more reactive
than in solution, as was reported in the literature while the studies
of the charges suggest that the F13/H6 interaction together with
the KeO bond could probably modulate the reactivities of this salt
in aqueous solution. The force fields were computed with the
SQMFF methodology and the Molvib program to perform the
complete vibrational analysis. Then, the 39 vibration normal modes
classified as 26 A’þ 13 A00 were completely assigned and their force
fields and force constants are also reported for the two media by
using both levels of theory.
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