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We report the structural characterization of vanadyl acetylacetonate in imidazolium room temperature
ionic liquids—bbimNTf,, bmimNTf,, C;OmimNTf,, bmyimNTf,, bmimPF4, bmimOTf, bmimBF,,
bmimMeCO,, bmimMeSO,, bmimMe,PO4 and bmimN(CN),—and organic solvents. The complex was
characterized by visible electronic (Vis) and EPR spectroscopies. VO(acac), shows solvatochromism in

the selected ionic liquids and behaves as in organic solvents, evidencing coordination of the ionic liquid
anion in the solvents with higher coordinating ability. The Lewis basicity order obtained for the IL
anions was: PFg~ < NTf,” < OTf™ ~ MeCO, < MeSO, < BF; ~ N(CN),” < Me,PO,".
The solvent effect on the spectroscopic data was tentatively examined using linear solvation energy

relationships based on the Kamlet-Taft solvent scale (x, # and 7*), however no suitable correlation was
found with all data. The EPR characterization showed the presence of two isomers in bmimOTf,
bmimMeCO, and bmimMe,POy,, suggesting coordination of the ionic liquid anions in both equatorial
and axial positions. The full geometry optimization of cis-/trans-VO(acac),(OTf)™ and cis-/trans-
VO(acac),(OTf)(mmim) structures was done at the B3P86/6-31G* level of theory. The calculations
confirm that the anion OTf ™ is able to coordinate to VO(acac), with the trans isomer being more stable

than the cis by 4.8 kcal mol ™.

Introduction

Room temperature ionic liquids are solvents composed entirely
of ions." Over more than a decade they have been attracting
the attention of the scientific community due to their unique
properties and applications. One of the many advantages of
ionic liquids is the tunability of their solvent properties
through the choice of a cation/anion combination.'? Different
combinations lead to a huge number of ionic liquids with
different properties. One of the most important fields of ionic
liquids application is catalysis, in which the focus has been on
how well the catalyst is retained in the ionic liquid phase and
whether or not it can be recycled. Many times this implies
modifications in the catalyst structure, however this does not
mean that the modified catalyst will perform as well as the original
one. Moreover, there is the question on which ionic liquid to
choose in order to maximize the catalyst performance. While it
is frequently assumed that ionic liquids are non-coordinating
polar solvents, the ease with which the anion of the ionic liquid
is displaced from the transition metal complex has been shown
to be an important factor in the catalyst’s performance.**
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So, understanding the behavior of transition metal ions in ionic
liquids is a key issue in the determination of the process efficiency
and it may lead to the development of more valuable systems.

It was initially thought that a highly polar medium like an
ionic liquid, which consists of charged ions, would easily dissolve
other salts. However, it has been shown that ordinary metal
salts have sometimes very low solubility in many ionic liquids.
Solvent—solute interactions take place at a molecular level and
a variety of different interactions have to be taken into account.
Solvent-solute interactions can be either specific or non-
specific. Non-specific interactions are dipole forces (dispersion,
London, induction or Debye, orientation or Keesom forces) and
ion/dipole forces (Coulomb forces). Specific interactions include
hydrogen bond donor and/or hydrogen bond acceptor inter-
actions, electron pair donor/electron pair acceptor or charge-
transfer interactions, and solvophobic interactions (which can
become important in highly structured solvents like ILs).>

The coordinating ability of an ionic liquid is a very important
parameter if we consider a catalyst that has to coordinate to a
substrate in order for a reaction to occur. This has been shown
to depend on the anion.*® Several methods have been used to
evaluate the coordination ability of ionic liquid anions, the
simplest one being the measurement of the Vis spectra of
solvatochromic dyes. Solvatochromic dyes are substances that
are sensitive to specific and/or non-specific interactions with
the solvent. Their electronic spectrum changes considerably
with the solvent’s polarity and several probes have been used
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to determine the interactions with ionic liquids, particularly tran-
sition metal complexes: [Fe(phen),(CN),]ClO,,” [Cu(acac)(tmen)]-
[B(Ph),],*° [Ni(acac)(tmen)][B(Ph)4]® and [Mn(NTf),],” are some

examples.
The lowest energy d-d band of the square planar
cation [Cu(acac)(tmen)][B(Ph)4] {acac = acetylacetone and

tmen = N,N,N',N’'-tetramethylethylenediamine, B(Ph), = tetra-
phenylphosphine} correlates well with solvent donor numbers.'°
The observed shift results from the d-orbital splitting of
copper(i1) as the complex becomes five or six coordinated.
The results for ionic liquids revealed that the spectroscopic
shift was completely independent of the nature of the cation
and was only dependent on the anion.® The basicity order
obtained for the IL anions was PFs~ < NTf,” < OTf . With
[Ni(acac)(tmen)][B(Ph)4] again no substantial influence from
the IL cation was observed,® and the basicity order was:
PFs~ < BF, < NTf;” < OTfT « HCOO™ « DCA™ «
TFA™ « PO,(OEt),” « CI7,in agreement to the one obtained
with the Cu?" complex. The application of the d° transition
metal complex Mn(NTf,),’ resulted in the same basicity order.

A transition metal complex that has been applied as a catalyst
in many organic reactions is VO(acac),. Its properties have
been studied by several researchers,'™'7 and the crystal structure
was published in 1962.'% In the solid state VO(acac), is five-
coordinated; however, upon dissolution in organic solvents,

the vanadium may coordinate to a donor molecule in the
vacant position, generating [VO(acac),S] (where S = solvent
donor molecule). Several spectroscopic techniques have been
employed to determine the coordination number, the geometry
of the complex, and whether the incoming ligand is trans or cis
to the oxo group.'>'71%20 However, the literature is not in
complete agreement since several authors propose equilibrium
between cis and frans structures'>?! and others state that only
the trans isomer is observed in solution.'®*

In this report we use this transition metal complex to study the
solvation process in ionic liquids, to evaluate the coordination of
the ionic liquid anion, and the existence of specific and non-
specific interactions. To do so, we will present spectroscopic
studies in selected ionic liquids and organic solvents and the
correlation of the spectroscopic data with solvent parameters.
The solvent effect on the structure of the vanadium complex
VO(acac), is examined using linear solvation energy relationships
(LSER) based on the Kamlet-Taft solvent scale («, 5, and 7*).

Results and discussion
Characterization of the ionic liquids

The ionic liquids chosen for this study are depicted in
Scheme 1. Syntheses of the ionic liquids were performed under

Formulae of the ionic liquid’s cations and anions
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anaerobic conditions using standard Schlenk techniques.
The preparations and spectral data of the ionic liquids have
been described elsewhere®® and are collected in the ESL.T The
procedure used in their preparation and purification (washing
with water, addition of charcoal, and filtration through alumina)
afforded colorless liquids, suitable for spectroscopic studies.
The analytic characterization showed the absence of impurities,
such as residual chloride, which might change considerably
their solvation properties. Before using the ILs were dried
for at least 48 h under vacuum at 50 °C. The water content
of the dried ionic liquids was measured by Karl Fischer
coulometer analysis. For the hydrophobic ILs the values
did not exceed 350 ppm but for the most hygroscopic they
are ca. 1500 ppm, which in terms of water concentration
corresponds to 0.08 M.

Solvatochromism in organic solvents

VO(acac), has long been used as a solvatochromic probe.!”*

It is stable, soluble in a wide range of organic solvents and its
visible absorption spectrum (Vis) is strongly solvent dependent.
The five coordinated square pyramidal VO(acac), may become
six coordinated, with the addition of a solvent molecule in the
axial position.’**” The d-d absorption spectra of vanadyl
complexes are interpreted considering Cy4y symmetry for the
square pyramid, and three transitions are expected, considering
the following energy levels:*®

bZ(dxy) < e(dx:a d_v:) < bl(dxz—yz) < al(dzz)

Since it is considered that b, is an almost pure vanadium 3d,,
orbital and e(d.., d,.) is a combination of vanadium and
oxygen orbitals, the lowest energy transition (4;)—from
by(dy,) to e(d,., d,.)—should be sensitive to axial perturbations
from the solvent.?

Table 1 Kamlet-Taft parameters for the ionic liquids used in this
study

Ionic liquid o p n*

bmimPF 0.63 0.21 1.03
bmimBF, 0.63 0.38 1.05
bmimOTf 0.63 0.46 1.01
bmimNTf, 0.62 0.24 0.98
C30mimNTf, 0.63 0.23 0.99
bm,imNTf, 0.38 0.24 1.01
bmimN(CN), 0.54 0.60 1.05
bmimMeCO, 0.47 1.20 0.97
bmimMeSO, 0.55 0.67 1.05
bmimMe,PO, 0.45 1.12 0.97

A particularly successful approach when attempting to
quantitatively understand solvent-dependent data is the linear
solvation energy relationship (LSER). One example is the
equation, developed by Kamlet and Taft,?*? which relates
the variation of any solute property in terms of three solvent
parameters (x,  and n*). o is a quantitative scale of the
hydrogen-bond acidity of a solvent, or its ability to donate a
hydrogen bond; f is a scale of the hydrogen-bond basicity of a
solvent, or its ability to accept a hydrogen bond; and n* is the
solvent dipolarity/polarizability, which is a scale of the ability
of the solvent to stabilize a charge or dipole. Each of the
parameters is empirically obtained and has been measured for
a wide range of solvents, including ionic liquids. These scales
have been used in multi-parameter equations to fit a number
of different solvent-dependent observations, with the most
useful form shown in eqn (1), where (XYZ), is the intercept
term which is the XYZ value in the absence of the solvent
(i.e. the gas phase or a non-polar solvent).

XYZ = (XYZ)y + ax + bff + sn* 1)

This methodology was applied to our spectroscopic data and
the Kamlet-Taft parameters determined previously for the
ionic liquids and used in this study>*>° are reported in Table 1.
For the organic solvents the parameters used were the ones
published by Marcus.>¢

The results of these LSER fits for the solvation of VO(acac),
in organic solvents (ca. 5 mM solutions), along with the
associated statistical data, are shown in Table 2. We found
that the wavenumber of the lowest energy transition decreases
with f3, the solvent basicity. The correlations made from data
reported by other authors in the literature?**>%” also show the
same trend.

The LSER equations obtained in each case present good
correlations and the p-values obtained for each coefficient
show that they are statistically significant. However, the
analysis of the data from Guzy ef al.*” shows that the inclusion
of the solvent hydrogen-bond acidity, «, in the LSER equation
increases considerably the fit. Comparison of the 4; obtained in
the same solvent by different authors evidences the discrepancy
in the collected data: pe. in benzene the values found were
683,24 671°” and 660 nm,? the difference being 25 nm.

Solvatochromism in ionic liquids

Since one of our goals was to evaluate the behavior of the
acetylacetonate vanadium complex in ionic liquids, the ILs
were chosen in order to allow the comparison of cationic and

Table 2 LSER fits for VO(acac),. LSER correlation coefficients vmax 0, @, b and s of the Kamlet-Taft parameters «, f and 7*, respectively, with
standard deviation (in brackets) and p-values (in square brackets); number of solvents (1), significance (F), coefficient of determination (R*) and

standard deviation (SD)

Vmaxo (1073 cm™) a b s n F R SD  Ref.

152 (£0.3)[6 x 1074 — —2.8 (£0.5) [1 x 1074 12 1.4 x107* 0.781 0.427 This report—organic solvents
14.9 (£0.2) [4.0 x 1071¢] — —2.8 (£0.4)[9.8 x 1079] 13 9.8 x 107° 0.827 0.307 24

14.8 (£0.2) [1.5 x 1077]  — —2.6 (£0.5) [0.002] — 8 0.0017 0.796 0.394 37

14.8 (£0.2) [4.8 x 1077]  —0.7 (£0.3) [0.05] —2.1 (£0.4) [0.004] — 8 0.0014 0.896 0.280 37

159 (£0.5)[6.7 x 107°] — —4.3 (£1.0) [0.02] — 5 0.024 0.809 0.459 25

14.0 (£0.4) [4.0 x 107'9] —1.5 (£0.6) [0.04] — 10 0.038 0.435 0.671 This report—ionic liquids
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Fig. 1 Electronic absorption spectra of VO(acac), in the visible region measured in different ionic liquids.

anionic effects—several ILs contain the bmim cation and
several contain the NTf, anion.

The spectra of VO(acac), in the different ionic liquids are
shown in Fig. 1 and general spectroscopic data are collected
in Table 3. Analysis of the data shows that VO(acac), is
solvatochromic, with a shift in 4; of 143.5 nm when going
from bmimPFg4 to bmimMe,PO,.

In most ionic liquids the complex shows three bands in the
Vis range of the absorption spectra and axial symmetry in the
EPR spectra. It has been proposed? that a distortion from
square planar towards a trigonal bipyramid geometry breaks
the degeneracy of the e(d.., d,.) orbitals resulting in the
appearance of four bands in the Vis absorption spectra (bands
I, Iy, IT and III) and rhombicity in the EPR spectra of vanadyl
compounds. The distortion of the geometry may be evaluated
by analysis of the wavelength difference between the central
transitions in the Vis spectrum, [A;,—4>| and also by the
difference between the EPR hyperfine coupling parameters
|4.—A,|. The results suggest that (see Table 3) in bbimNTf,,
bmimNTf,, bmimPF4, C;OmimNTf, and bmimN(CN), there
is a slight distortion of the geometry towards a trigonal
bipyramid in the five-coordinated complex and in the other
group of ILs the complex is six-coordinated and approaches
an octahedral geometry. The metal-proton distances deter-
mined by ENDOR spectroscopy by Mustafi and Makinen'®
for VO(acac), dissolved in methanol were best accounted
for by a complex of square-pyramidal geometry, essentially
identical to that determined by X-ray'® with a solvent molecule
coordinated frans to the vanadyl oxygen and an axially positioned
solvent molecule hydrogen-bonded to the vanadyl oxygen. We
can therefore expect that solvents with high coordinating
power will assume the same type of geometry as in methanol,
presenting the same spectroscopic fingerprint.

The application of the LSER methodology with the Kamlet—
Taft parameters determined for the ionic liquids (included
in Table 1) did not provide a reasonable fit—see Table 2.
However, the p-value obtained for the solvent basicity, f, is
very low, showing that it is statistically relevant. The low value
obtained for the correlation parameter R> may be due to
uncertainties in the values determined for the f parameter
for some ionic liquids, which depend on the dyes selection.

Overall, we can conclude that the solvation of VO(acac), in
ionic liquids is similar to what occurs in organic solvents, in
which the solvent basicity plays a dominant role. The other
specific forces might be important but may be masked under
the influence of this strong parameter.

In terms of anion basicity we can propose the following
order, taking into account the energy of the lowest energy
transition (4,): PFs~ < NTf,” < OTf =~ MeCO, <
MeSO, < BF4 ~ N(CN),” < Me,POy4 . This is in agree-
ment with the results obtained with the other transition metal
complexes, except for BF,~.*%7 Since bmimBF, is the IL
with the highest affinity for water, its different position on the
basicity scale in the several studies may be explained by the
presence of different amounts of residual water in the ionic
liquid used. In order to clarify the water effect upon the
spectroscopic data obtained for bmimBF,4, an experiment
was done in which different amounts of water were added to
the ionic liquid: 5, 20 and 50%. Neither the Vis nor the EPR
spectra show any substantial differences (see ESIY), and thus
we can conclude that the coordinating ability of the neutral
water molecule and the charged BF,~ anion is very similar,
and should have similar electronic effects on the central metal
ion. Another possible explanation for the discrepancy found
for BF4~ in the various studies is the presence of residual
chloride in the IL, since due to the miscibility of bmimBF,
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Table 3 Electronic absorption characterization of the complexes. Low energy absorption band (/,), difference in the Ist and 2nd absorption
bands (4,,-4>), EPR anisotropy and difference in hyperfine coupling constants 4,~A4,,
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Tonic liquid bbimNTf, bmimNTf, C30mimNTf, bm,imNTf, bmimOTf bmimBF,
Ala/nm 683 706.5 707 773 779.5 794
Ala—/o/nm 103.5 125.5 119.5 192 213.5 223
Anisotropy Rhombic Rhombic Rhombic Axial Axial Axial
|A~A,| (x10* cm™) 12.7 12.6 12.2 — — —

2o gy (0T g1) 1.980, 1.975 1.979, 1.974 1.979, 1.975 1.979 1.979 1.980 1.979
Ay, A, (or A1) (x10* em™! 54.8, 62.2 54.6, 61.9 54.6, 61.7 59.7 57.4 59.6 59.7
g-or (g)) 1.948 1.948 1.947 1.947 1.947 1.949 1.947

A. (or A)) (><104 cm’l) 168.5 168.4 168.3 167.4 167.7 162.7 166.8
Ionic liquid bmimPF¢ bmimMeSO, bmimMe, PO, bmimN(CN), bmimMeCO,
Ala/nm 682.5 786.5 826 793.5 780

Ala—/o/nm 97 204 190.5 203 190.5

Anisotropy Rhombic Axial Axial Rhombic Axial

|44, (x10* cm™! 12.2 — — 6.9 —

gy gy (01 g y) 1.980, 1974 1.979 1.976 1.976 1.977, 1.979 1.977 1.977
Ay, A, (or A1) (x10* cm™ 552, 62.2 59.5 60.6 63.7 62.1, 55.2 56.0 60.2
g.or(g)) 1.948 1.947 1.945 1.938 1.947 1.945 1.940
A. (or Ay) (><104 cm’l) 168.5 167.4 169.7 173.8 168.2 167.2 170.5

with water it is more difficult to “wash” this IL. However, this
was not evaluated since it was beyond the scope of this report.
It might seem unexpected, since the anions that are used to
make ionic liquids are usually described as non-coordinating,
that any difference between the ILs is seen. However, since the
anions are in the neighbourhood and there is no other source
of potential electron pairs as the solvent is in huge excess, they
will interact with the metal centre to some extent. Hence,
anions of ILs are more likely to coordinate to a transition
metal centre than the same anions in a molecular solvent.

EPR spectroscopy

The VO*>* ion is one of the most stable diatomic cations
known. When VO™ is in a site of exact or near square-pyramidal
symmetry, the principal directions of its g matrix are readily
related to molecular axes, with the g. (or g;) component
coincident with the V=0 bond.*

The EPR spectrum of VO(acac), in different organic solvents
has been studied in detail by several authors.?>?>3* Many
tried to correlate the experimental g values with solvent
parameters, however the results suggest that coordination to
the apical position is not the main influence and that solvation
of the vanadyl oxygen must also be considered. It has been
shown®’ that the magnitude of g, is dependent upon the energy
difference by(dy,) — bi(dy2,2), which varies little with the
solvent. Hence, the major contribution to g comes from g,
which depends upon the energy difference between b,(d,,) and
e(dy-, d,.) levels. These are the levels involved in the lowest
energy transition, and hence the greater the energy difference
between these levels, the higher the absorption energy and the
smaller the magnitude of g.

The measurement of vanadium EPR spectra in ionic liquids is
unexplored, however this technique is a fingerprint for equatorial
coordination since the presence of different complexes in solution
is detected due to the different coupling contributions of each
equatorial donor group. Thus, the analysis of anisotropic EPR
spectra will give detailed information on the number of species
present in solution; the symmetry and coordination geometry

of the vanadium complex; and the identity of the equatorial
ligands through the hyperfine coupling constant A, (or A4).

For the V'VO-systems Wiithrich* and Chasteen®® developed
an additivity rule to estimate the hyperfine coupling constant
AS[AS = TA.; (i = 1to 4)], based on the contributions of
A ; of each of the four equatorial donor groups. The estimated
accuracy of A%'is +3 x 107* em™!. The A% values can be
used to establish the most probable binding mode in solution,
however, the presence of axial donor groups isn’t usually taken
into account. For VO(acac), type complexes, the presence of
cis and trans isomers should result in two distinct sets of EPR
signals with different 4. values: three oxygens from two
deprotonated acac molecules and a solvent in the equatorial
plane of the vanadyl ion in the first case, and four oxygen
atoms in the second case.

The EPR spectra of VO(acac), in some organic solvents were
measured at both room temperature and 77 K (in liquid nitrogen).
In a few cases aggregation resulted in a spectrum without
resolution (MeCN and benzene at 77 K), in others two species
were present (MeOH and EtOH). Simulation of the spectra®’
yielded the spin Hamiltonian parameters for both species found
in MeOH and EtOH. One shows 4, = 167.6 x 107> cm™! and
the other 169.9 x 107> cm™'. The 1st one is certainly the one
containing the two ligands in the equatorial position and the
other probably corresponds to a complex that has a water
molecule in the cis position—the solvents used were not
previously dried and thus may contain water.

Fig. 2 shows the spectrum measured at 77 K for VO(acac),
dissolved in bmimOTf (and the simulated spectrum) and clearly
two species are observed in solution. Thus, two complexes are
present. One is the six-coordinated frans complex with the
triflate anion occupying the 6th position, the other may be the
cis complex with the triflate in the equatorial position and one
of the CO groups axially coordinated. The cis isomer has been
proposed for VO(acac), in coordinating solvents'> and observed
by ENDOR for VO(maltol), in methanol.'¢

In bmimMeCO, and bmimMe,PO,4 two species were also
found in the EPR spectra—see Fig. 3. This is in agreement
with the high coordinating power of these anions and thus we
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Fig. 2 EPR spectra of VO(acac), in bmimOTf measured at 77 K (black) and simulated spectrum (gray).*’ Inset: high field region of the spectra
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Fig. 3 EPR spectra of VO(acac), measured in different ionic liquids at 77 K.

propose these to be cis and trans species. The EPR spectra
measured for VO(acac), in the other ionic liquids show the
presence of only one species. The simulation of the spectra®’
gave the spin Hamiltonian parameters, which are collected
in Table 3. The A{™ for the coordination of four CO™ groups
(A5 = 168.4 x 10~* cm™', the contribution for the carbonyl
oxygen donor is 42.1 x 107* cm™")* is in agreement with the
A obtained by simulation of the spectra in all ionic liquids and
for the outer species in bmimOTf (see experimental data
parameters in Table 3). The second species in this IL shows
a lower A4 value: 162.7 x 10~* cm™~!. We propose the following
binding mode for this species: (3 x CO~, OTf ).y, which is
corroborated by the DFT studies for the OTf anion (see below),
considering a hydrogen bond between the bmim cation and the
vanadyl oxygen.

In bmimMeCO, and bmimMe,PO, the second isomer shows
higher A4, values. The estimated contributions of the 4 ; for
the CO, and PO’ are 42.7 x 10 *and 42.5 x 10 *cm ™',

higher than for the CO™ group, and thus we propose the
following binding mode for this species: (3 x CO™, An")eq.

In some ionic liquids the EPR spectra show asymmetry in
the perpendicular region, presenting rhombic anisotropy. This
can be interpreted in terms of a higher distortion around the
metal center. The NTf,™ (and PF¢ ") ionic liquids are bulky and
have high charge distribution, showing very low coordinating
power, thus leaving the 6th position free. Consequently, the
donor groups may shift slightly from a square pyramid to a
trigonal bipyramid. In the ILs of the anions with the highest
coordinating power (OTf, BF;~, MeSO, , MeCO,  and
Me,PO,") the EPR spectra are axial, probably due to an
octahedral geometry, with the anion in the axial position.
Moreover, only three bands were detected in the Vis spectra,
as expected.

In bmyimNTf; ionic liquid VO(acac), shows axial symmetry,
and therefore we can assume the coordination of the NTf,™
anion in the apical position. BmyimNTTf; is the ionic liquid
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with the lowest hydrogen bonding ability, due to the absence
of the most acidic proton at the nitrogen ring of the bmyim *
cation. So, we can postulate that in the ionic liquids of the
other cations, which have an acidic proton, this proton is
interacting with the vanadyl oxygen, lowering its electronic
density. This can be compensated by coordination of an anion
in the apical position or by a distortion of the geometry in
order to increase the back donation from the trans position,
for the solvents with lower coordinating power. Since this
hydrogen bonding is not possible in bm,imNTf,, there is a
higher drive for the anion coordination.

From the presented data we can propose that VO(acac),
behaves in ionic liquids much as in organic solvents. In
solvents of weak coordinating ability the complex adopts
a square planar geometry in which the specific forces are
dominant. This interaction is along the V=O bond and
therefore 1, and g, are sensitive to it. In the solvents with
higher power for coordination the complex adopts an octa-
hedral geometry with an anion coordinated. In the case of
bmimOTf, bmimMeCO, and bmimMe,PO, two isomers are
formed at 77 K, with one of them containing an anion
coordinated in the cis position.

It is interesting to note that while the Vis electronic
spectroscopy is mostly sensitive to the axial coordination,
EPR spectroscopy is mostly sensitive to equatorial coordi-
nation, and while both help us to understand the picture
they alone cannot explain the behavior of these complexes
when dissolved in different ionic liquids. Theoretical studies
by DFT were done in order to clarify the stability of the
proposed species and to understand the electronic features of
the system.

DFT studies

The geometry optimization of the complexes [V(=O)(acac),] (1),
trans-/cis-[V(=O)(acac),(OT)]”  (trans-/cis-[1-OTf]") and
trans-/cis-[V(=0)(acac),(OTf)|(mmim) (zrans-/cis-mmim-[1-OT1])
(mmim = N,N-dimethylimidazolium) as well as of the IL
associate [mmim]-OTf was carried out at the B3P86 level of
theory. The calculated structural parameters of 1 are in good
agreement with the experimental X-ray data.* The maximum
difference between the calculated and experimentally determined
bond lengths was found for the V=0 bond (0.04 A) and does
not exceed 0.017 A for other bonds, often appearing within the
3s interval of the X-ray data.

The initial structures of trans-/cis-mmim-[1-OTf] (before the
geometry optimization) were constructed so that the cation
[mmim] ™ was associated with the complex molecule only via
one H-bond with the oxo-ligand of the vanadyl group V—0
(Fig. 4A and B). However, as a result of the geometry
optimization, the cation was shifted significantly, and a complex
network of the H-bonds between [mmim] ™ and [1-OTf]~ was
created in the equilibrium structures (Fig. 4C and D). In
cis-mmim-[1-OTf], the oxo-ligand together with oxo-atoms of
the acac and SO;CF;™ ligands participate in the H-bonding.
However, in the case of trans-mmim-[1-OTf], the vanadyl
group V=0 does not form any H-bond with the cation-
[mmim] " situated at the lateral side of the complex in respect
to the V= O axis. The involvement of the V=0 group in the

ITMVwZ200LK

Fig. 4 Initial (A, B) and equilibrium (C, D) structures of zrans (A, C)
and cis (B, D) isomers of mmim-[1-OTf] and an equilibrium structure
of 1.

H-bonding in cis-mmim-[1-OTf] results in an elongation of this
bond to 1.597 A while that in trans-mmim-[1-OTf] it is 1.568 A,
which is similar to the value observed in complex 1 (1.561 A).
Another consequence of the association of [mmim]" to
trans-[1-OTf]” is that the V-O,,. bonds become non-
equivalent varying from 1.977 A to 2.022 A in trans-mmim-
[1-OTf] whereas those in 1 are equivalent (1.975 A for
the gas phase). The trans-O-V=—0 fragment in trans-mmim-
[1-OTH] is also slightly bent (the angle of 175.4° vs. 179.3° in
trans-|1-OTA] ).

The calculations indicate that the triflate anion OTf™ can
coordinate to the V atom, however, without consideration of
the cation [mmim] ™, the formed V-Oqr¢ bond is rather weak.
The calculated adiabatic V-Ogrs bond energies in trans-[1-OTf] ™
and cis-[1-OTf]™ (i.e., the energies of formation of [1-OTf]™
from 1 and OTf") are 15.4 and 9.1 kcal mol™!, respectively.
The consideration of the cation [mmim]” does not affect
significantly the energy of formation of the associate: the
reaction energies of the process 1 + [mmim]-OTF — mmim-
[1-OTF] are 13.7 and 8.6 kcal mol™! for the trans- and
cis-isomers, respectively. The trans-isomers of [1-OTf]” and
mmim-[1-OTF] are more stable than the corresponding
cis-isomers. The difference is 4.8 kcal mol™' (in terms of DG)
for [1-OTf]” but only 1.9 kcal mol™' for mmim:[1-OTF].
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The latter small value explains the experimental detection of
both isomers in solution.

The calculated values of the hyperfine coupling constants
|4-[, |A4,| and |A4,| for complexes trans-/cis-[1-OTF]” are
167.3 x 107% 66.1 x 10* and 59.4 x 10* cm™' for the
trans-isomer and 172.6 x 107%,71.7 x 10" *and 69.0 x 10 *cm ™"
for the cis-isomer. The consideration of the cation association in
complexes mmim-[1-OTF] results in the |4.], [4,|, and |4,| values
0f 166.3 x 107%,65.4 x 10~*and 58.8 x 10™*cm ™! (trans-isomer)
and 162.3 x 1074, 61.1 x 10~*and 56.7 x 10~*cm™! (cis-isomer).
The hyperfine tensor has an axial symmetry and the direction
of A. coincides with the V = O bond. The perpendicular
tensors are directed between the equatorial donor atoms. The
calculations indicate that in the case of mmim-[1-OTF] the
higher values of |A4.| correspond to the trans-isomers while
the situation is opposite for [1-OTF] . The computational data
obtained for mmim-[1-OTF] are in better agreement with the
experimental results. Indeed, two isomers were found by EPR
spectroscopy in bmimOTf with A, values of 167.7 x 107> and
162.7 x 107 cm™', which we tentatively assigned to trans
and cis isomers, respectively. In the other ionic liquids only
one species was observed which we assigned to the trans
isomer. The DFT studies corroborate these assignments and
show that the explicit inclusion of the mmim ™ cation in the
calculations is critical for the correct predictions of the EPR
parameters.

Conclusions

The spectroscopic studies presented in this paper show that
VO(acac), is a very good solvatochromic probe in ionic liquids
enabling the establishment of the following basicity order:
PF¢y < NTf27 < OTf ~ MGC027 < MCSO47 < BF; ~
N(CN),” < Me,PO, 7, in agreement with determinations of
other authors with different metal probes.

The EPR spectroscopic characterization showed the pre-
sence of two species coexisting in solution, in bmimOTTf,
bmimMeCO, and bmimMe,POy. The trans complex is the
most important one in all the studied ionic liquids except
bmimOTf, bmimMeCO, and bmimMe,PO, where coordination
of the anion in the equatorial position was also observed.
Although the LSER correlations done with the Vis data in ionic
liquids present a low correlation parameter, they evidence the
influence of the  Kamlet-Taft parameter on the solvation
of VO(acac),. The DFT studies show the higher stability of
the trans isomers (when compared to the cis) and confirmed
the importance of the hydrogen bond donating ability from
the cation, showing that the hyperfine coupling constant A, for
the cis isomer changes more than 10 x 107* cm™' upon
consideration of the cation association to the VO(acac),OTf
complex.

The results clearly show how the choice of ionic liquid may
lead to differences in the solvation forces and thus the structure
of the catalyst in solution. This may affect profoundly the
catalyst performance and activity.

Studies are underway in order to evaluate the reactivity of
these systems in the oxidative desulfurization of fuels. This might
lead to interesting structure/activity relationships that will help
us build more efficient and consequently sustainable processes.

Experimental
Materials and reagents

All chemicals used were of analytical reagent grade. 1-Methyl-
imidazole was purchased from Acros Organics and distilled
from potassium hydroxide; 1-chlorobutane was purchased
from Acros Organics and distilled from phosphorus pentoxide.
Lithium bis(trifluoromethylsulfonyl)imide [Li(NTf,)] and
lithium trifluoromethanesulfonate [Li(OTf)] were purchased
from Apollo Scientific and used as received. Bis(acetylacetonate)-
vanadium(iv) was also obtained from Acros Organics. All
syntheses and sample preparations were performed under
anaerobic conditions using standard Schlenk techniques. The
preparation and spectral data of the ionic liquids have been
described elsewhere.*

Instruments

"H NMR spectra were recorded on a Bruker 300 or 400 MHz
spectrometer. UV-vis spectra were recorded on a Perkin-Elmer
UV-visible Lambda 35 spectrophotometer and the temperature
was controlled with a Peltier controller from Perkin-Elmer. The
EPR spectra were recorded at 77 K (on glasses made by freezing
solutions in liquid nitrogen) and some at room temperature
with a Bruker ESP 300E X-band spectrometer.

LSER

The error associated with each parameter in eqn (1) was
appraised in terms of the p-value, and any terms found to
be statistically insignificant were eliminated. Only where an
acceptable p-value for the coefficients a, b and s is found is the
result shown. It was decided to take as acceptable only those
parameters whose statistically significant p-value does not
exceed the limit level of 0.05.

Vis spectra

The visible electronic spectra were measured in THF, acetone,
dichloroethane, isopropanol, ethyl acetate, dichloromethane,
methanol, ethanol, DMSO, DMF, benzene and acetonitrile. The
samples were prepared under nitrogen with Schlenk techniques
to avoid vanadium oxidation, however the organic solvents
used were not previously dried. The VO(acac), concentration
used was ca. 5 mM.

Computational details

The full geometry optimization of all structures was carried
out at the DFT level of theory (unrestricted approximation)
using B3P86°*°! functional with the help of the Gaussian-03°>
program package. This functional was found to be appropriate
for the theoretical studies of V complexes, e.g. those with
Schiff bases.>* No symmetry operations have been applied for
any of the structures calculated. The standard 6-31G(d) basis
set was used for all atoms. The Hessian matrix was calculated
analytically for all optimized structures in order to prove the
location of correct minima (no imaginary frequencies) and to
estimate the thermodynamic parameters, the latter being
calculated at 25 °C. The °'V hyperfine coupling constants
were estimated at the single-point calculations using the BH
and HLYP functional and the 6-311G* basis set for all
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atoms on the basis of the equilibrium geometries obtained at
the B3P86/6-31G* level of theory. The anisotropic >'V hyperfine
coupling constants 4., 4,, and 4. were estimated as the sum
of the isotropic Fermi contact term and the corresponding
dipolar hyperfine interaction term.>* The stability test was
performed for all structures using the keyword STABLE in
Gaussian-03.
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