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ABSTRACT

The behavior of copper(1l) complexes of pentane-2,4-dione and 1,1,1,5,5,5-hexafluoro-2,4-pentanedione,
[Cu(acac)z] (1) and [Cu(HFacac),(H,0)] (2), in ionic liquids and molecular organic solvents, was studied
by spectroscopic and electrochemical techniques.

The electron paramagnetic resonance characterization (EPR) showed well-resolved spectra in most sol-
vents. In general the EPR spectra of [Cu(acac).] show higher g, values and lower hyperfine coupling con-
stants, A,, in ionic liquids than in organic solvents, in agreement with longer Cu—0 bond lengths and
higher electron charge in the copper ion in the ionic liquids, suggesting coordination of the ionic liquid
anions. For [Cu(HFacac),(H,0)] the opposite was observed suggesting that in ionic liquids there is no
coordination of the anions and that the complex is tetrahedrically distorted.

The redox properties of the Cu(Il) complexes were investigated by cyclic voltammetry (CV) at a Pt elec-
trode (d = 1 mm), in bmimBF, and bmimNTf; ionic liquids and, for comparative purposes, in neat organic
solvents. The neutral copper(Il) complexes undergo irreversible reductions to Cu(l) and Cu(0) species in
both ILs and common organic solvents ( CH,Cl; or acetonitrile), but, in ILs, they are usually more easier to
reduce (less cathodic reduction potential) than in the organic solvents. Moreover, 1 and 2 are easier to
reduce in bmimNTf; than in bmimBF, ionic liquid.

1. Introduction [Cu(acac)(tmen)][BPhy] [2,3], [Ni(acac)(tmen)][BPhy] [5] and

[Mn(NTf;);] [6], where phen = 1,10’-phenanthroline, acac = acetyl-

Room temperature ionic liquids (ILs) are nowadays considered
good alternatives to volatile organic solvents since they have
appealing properties such as very low vapor pressure, high thermal
stability, broad liquid temperature range, and high solvation power
for a large range of organic compounds and catalysts, including Le-
wis acids [1]. The coordinating ability of an ionic liquid is a very
important property particularly if a catalyst needs to coordinate
a substrate for the catalytic reaction to occur. It has been shown
that this depends mainly on the ionic liquid anion [2,3]. Several
methods have been applied to evaluate the coordination ability
of ionic liquid anions, the simplest one being the measurement
of the absorption spectra of solvatochromic dyes. These are com-
pounds that are sensitive to specific and/or non-specific interac-
tions with the solvent. Their electronic absorption spectrum
changes with the solvent’s polarity and several probes have been
used to evaluate interactions with ionic liquids, particularly the
following transition metal complexes: [Fe(phen)z(CN);]ClO4 [4],
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acetone, tmen = N,N,N'N'-tetramethylethylenediamine, BPhs = tet-
raphenylborate and NTf; = bis(trifluoromethylsulfonyl)imide.

The lowest energy d—d band of the square planar cation
[Cu(acac)(tmen)][BPhy4] can be correlated with solvent donor num-
bers.[7] The shift in this band results from the d-orbital splitting of
copper(Il) when the complex becomes five or six coordinated. The
results for ionic liquids showed that the spectroscopic shift was en-
tirely independent of the nature of the cation and was only depen-
dent on the anion [3]. The basicity order obtained for the studied IL
anions was PFg < NTf, < OTf . Our group reported on the structural
characterization of vanadyl acetylacetonate in imidazolium room
temperature ionic liquids, and showed that [VO(acac);] is solvato-
chromic in the selected ionic liquids and behaves as in molecular
organic solvents, suggesting coordination of the ionic liquid anion
in the solvents with higher coordinating ability [8]. The Lewis ba-
sicity order obtained for the reported ionic liquid anions was
PF; < NTf; < OTf = MeCO, <MeS0; < BF, = N(CN); <Me,P0;,
which is similar to the one obtained by Wasserscheid et al. [2].

Bis(acetylacetonato copper(1l), [Cu(acac)s], is a very common
and stable transition metal complex. It is quite easy to prepare
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and shows simple magnetic and spectral properties. This paper re-
ports an investigation on the effect of the solvent, in particular io-
nic liquids, on the visible absorption spectra and on the electron
paramagnetic resonance (EPR) parameters of [Cu(acac)s] and
|[Cu(HFacac),(H,0}] [HFacac=1,1,1,5,5,5-hexafluoro-2,4-pentane-
dione]. These complexes are soluble in a wide variety of organic
solvents, in contrast to the copper halides, and therefore are good
probes to evaluate the solvation ability of the ionic liquids. More-
over, its electrochemical behavior in selected ionic liquids is also
studied. Neat organic solvents were used for comparison purposes.

The X-ray structure of [Cu(acac)z] [9-11] shows the two acetyl-
acetonate molecules chelated to the copper ion by the four oxygen
atoms, which are located on the plane. The symmetry of the mol-
ecule is Dy, (sometimes approximated as Dyy), and all copper-oxy-
gen distances are identical. On the other hand, the crystal structure
of anhydrous [Cu(HFacac),| contains square-planar molecules with
close intermolecular Cu—F contacts [12,13].

It is known that the bonding in a complex can be strongly influ-
enced by the nature of the surroundings, namely the solvent. EPR is
a helpful spectroscopic tool for the evaluation of the coordination

in paramagnetic metal complexes. Copper(Il) has an unpaired elec-
tron in a d® electronic configuration with a nuclear spin of 3/2 (for
the two stable isotopes ®3Cu and %°Cu). The spin Hamiltonian
parameters — g value and hyperfine coupling constant, A — are
strongly influenced by the ligand donor atoms. Moreover, coordi-
nation of solvent molecules or anions in the apical positions of
square planar copper complexes, increases the Cu-donor atom
bond length, decreasing the A; value and increasing the g, value
[14].

In this report we present the structural characterization of
[Cu(acac),] and [Cu(HFacac),] by Vis and EPR spectroscopies, and
electrochemistry, in organic solvents and ionic liquids. Well-re-
solved EPR spectra were obtained in most solvents.

2. Results and discussion

2.1. Characterization of the ionic liquids

The ionic liquids chosen for this study are constituted by the
ions shown in Scheme 1. They are mainly derived from bmim*
(1-butyl-3-methylimidazolium) with different anions. For the sake
of cation comparison bmpyNTf> (bmpy™ = 1-butyl-3-methylpyrro-
lidinium) was also used. The preparation and spectral data for
the ionic liquids have been described elsewhere.[8,15] The proce-
dure used in the preparation and/or purification is able to afford
colorless liquids, suitable for spectroscopic studies. The analytic
characterization showed the absence of impurities, such as resid-
ual chloride, which could change the solvation properties. Before
using, these ILs were dried for at least 48 h in vacuum at 50 °C.
The water content was measured by Karl Fischer coulometer anal-
ysis. For hydrophobic ILs the values did not exceed 400 ppm, but
for the most hygroscopic they can reach 3100 ppm, which in terms
of water concentration corresponds to 0.18 M.

2.2, Characterization of the copper(1l) complexes

The copper(1l) complexes were prepared according to literature
procedures [16] and their characterization (elemental analysis and
FTIR) confirmed the formulation. The copper bis-hexafluoroacetyl-
acetonate complex may be obtained as the dark blue-violet anhy-
drous, the blue-green [Cu(HFacac);(H,0)] or the yellow-green
[Cu(HFacac)(Ha0)z] complex [13,17]. The assignment of the
number of water molecules for the prepared complex is not
straightforward: the color (yellow-green) suggests the presence
of two water molecules, however the carbon content (24.3%) fits

the [Cu(HFacac)y(H,0)] formulation (theoretical value 24.3%),
which was the one used throughout the work.

The electronic absorption spectra of the complexes were mea-
sured in organic solvents and the obtained spectra are included
in Supporting Information (5SI). Being a d® metal ion, copper is sub-
ject to Jan-Teller distortion. In square planar or octahedral com-
plexes the unpaired electron occupies the dyz v orbital, which
has its lobes pointing directly to the equatorial ligands, along the
x and y axes of the molecule. The absorption spectra of the com-
pounds shows 2 or 3 bands in the Vis region (in some cases they
are overlapped) which can be attributed to the promotion of the
electrons in the lower energy orbitals to the hole in dy;_y; orbital
of the copper(Il) ion. We tried to correlate the low energy absorp-
tion maximum with the Kamlet-Taft [18-21] (KT) solvent parame-
ters. Although in most cases the fitting parameters were not
satisfactory, there were clear correlations with B, the hydrogen
bond basicity, for [Cu(HFacac):] which is known for becoming 5
or G-coordinated in donating solvents:

Imax =680£5+36+9 % (12 =070)

In ionic liquids no clear correlation with the KT solvent param-
eters was observed. This suggests that either the solvation process
depends on several parameters (and as the number of solvents
used was limited, it was not possible to obtain any correlation with
more than one parameter) or that the presence of different
amounts of residual water in the ionic liquids affects its solvation
properties, and therefore the KT parameters, which has been
shown by other authors [22-24]. Fig. 1 shows the absorption spec-
tra obtained for complex [Cu(HFacac);(Hz0)] in selected ionic lig-
uids. [Cu(acac)z] is only soluble in the ILs containing the anions
with the higher coordinating power, e.g N(CN), [8]. The fluori-
nated complex is sparingly soluble in a wide range of ILs. There-
fore, the most solvatochromic complex in the selected ILs is
[Cu(HFacac);(Hz0}], for which a variation of ca. 190 nm in the po-
sition of the absorption maximum for the lower energy band was
observed. Table 1 presents the data, which is included in graphical
form in the supporting information.

2.3. EPR in organic solvents

The EPR spectra of [Cu(acac)y] (1) in organic solvents were mea-
sured both at room temperature and 77 K, while those of [Cu(HFa-
cac)(H,0)] (2) were measured only at 77 K. All spectra were
simulated using a program developed by Rockenbauer and Korecz
[25]. The EPR spectra measured at room temperature for
[Cu(acac);] (see SI) present the expected four-line pattern and
the line widths change with the nuclear quantum number (my),
with the high field line being narrower and more intense than
the lower field lines. In some solvents the isotropic spectra from
the monomer is superimposed on an isotropic singlet (AMs= 1)
from copper clusters (e.g. in DMSO). The inclusion of this “back-
ground” signal in the simulation improved the quality of the fit. Ta-
ble 2 presents the spin Hamiltonian parameters obtained. The
values are in good agreement with data from the literature [26]
and it was possible to correlate the spin Hamiltonian isotropic
parameters (gis, and A;s,) with the solvent basicity (f) (see SI):

Siw = 2.1206 +£0.005 + 0.030 + 0.008xp (r* = 0.757)

Ao = 7945 — 25 £ 9% (2 = 0.651)

In general, the higher the solvent basicity, the longer the Cu—0
bonds and therefore the higher the electron density in the copper
ion, which leads to an increase in the g-value and a decrease in
the hyperfine coupling constant, A, as expected.[14].



bmim* bbim*
f|= F
FsC No CFy y e
N s N B —pr
AR T
& b6 a B F F
NTf, BF, PF¢
) ) -0 OCH,
0, 0]
/C/N\\Cx \S‘// >P/
Z S5 7
N N
0] \OCH3 o/ \OCHS

Z

C‘;Hg CH3
bmpy*

o\s//,o
Y

FsC o

OTf

Scheme 1.



=<=-BMIM MeS04  ——BMIM OAc == BMIM NTIZ

= = BMPY NTIZ -=--BMIM BF4 ——(CB)3C14F

= =BMIM PFé

A/nm

Fig. 1. Absorption spectra of [Cu(HFacac)z(H20)] (C~3 mM) in selected ionic
liguids.

The anisotropic EPR spectra obtained at 77 K are better resolved
and more informative. Most of the EPR spectra were simulated
assuming rhombic symmetry for the g and A tensors. The line
shape was described as Gaussian (in most cases) and the line
widths as dependent, i.e. the line width changes with the orienta-
tion (parallel or antiparallel direction) and with the nuclear quan-
tum number. Figures with the simulated and experimental spectra
are included in the supporting information section.

For both complexes it was possible to observe hyperfine cou-
pling in the perpendicular region, in most organic solvents. Also,
the low-field peak (m;=—3/2)) is split in two, due to the two Cu
isotopes (®3Cu and °°Cu, with natural abundances of 69% and

Table 1
Wavelength (nm) of the lowest energy absorption band for both complexes in organic
solvents and ionic liquids.

Solvent/complex [Cu(acac),] [Cu{HFacac),]
DMSO 651 -
DMF 642 710
MeOH 639 -
Pyridine 663 695
THF 620 708
CHCly 657 687
Acetone - 694
1-BuOH - 712
CHiCN - 693
EtOH - 708
Ethyl acetate - 691
H.0 - -
BmimN(CN}, 671 -
BmimOAc 659 641
BmimBF, 706 770
BmimMeSO, 651 582
BmimPF; - 701
BmimNTf - 698
BmpyNTH; - 758

31%, respectively), which have slightly different nuclear gyromag-
netic ratios and the same nuclear spin (3/2). The low A, value found
for [Cu(acac),] in pyridine, confirms coordination of this solvent in
the apical position. The isotropic Hamiltonian parameters calcu-
lated using the formulae Aiso = (Ax + Ay + Az)/3 and Ziso = (g + &y + -
£2.)/3 agree reasonably well with the ones determined at room
temperature. The EPR spectra measured for [Cu(HFacac)h(H20)]
(2)in organic solvents show, in general, lower A; values and higher

Table 2
Spin Hamiltonian parameters of the copper complexes. Obtained by simulation of the spectra.

Solvent 8x & & Siso Ax Ay A Aiso 8./, (cm)

[Cufacac),]

Pyridine 2.148 54.8

MeOH 2,139 64.2

CHCl 2,123 769

THF 2.135 68.1

DMF 2,138 65.3

CHCl, 2.0603 2.0465 22845 2.130 18.4 16.3 1704 68.4 134

Pyridine 2.0573 20789 23014 2.146 0 9.7 154.8 54.8 149

MeOH 2.0514 22901 2131 52 1752 61.8 131

bmimN(CN}> 2.0607 20484 22995 16.6 13.2 165.2 139

bmimOAc 2.0601 2.0439 23128 18.7 14.4 162.6 142

bmimBF,4 2.0638 22876 23.1 162.9 140
2.0630 23136 8.8 1555 149

bmimMeS0; 2.0557 20619 23064 13.9 13.1 164.9 142

bmimMeS0, 2.0485 20937 22840 20.1 69.7 1613 142
2.0570 2.0664 23144 134 20.5 152.0 152

[CufHFacac):]

CHCl 2.0730 23563 0 1412 167

Acetone 2.0728 23601 9.5 140.3 168

EtOH 2.0763 20694 23597 125 5.8 139.9 169

1-BuOH 2.0769 20684 23624 133 0 1379 171

Ethyl Acetate 2.0784 2.0686 23639 14.1 0 136.8 173

DMF 2.0735 23902 0 1271 188

bmimOAc 2.0577 2.0420 23204 223 17.3 171.0 136

bmimBF, 2.0696 20623 23381 0 11.1 1522 154

bmimPFg 2.0683 20623 23309 0 12.6 1564 149

bmimNTf, 2.0691 2.0602 23364 0 10.0 152.7 153
2.0606 2.0555 23194 10.0 85 162.5 143

bmpyNTE; 2.0692 20619 23250 0.0 111 1715 154
2.0707 2.0669 23851 16.9 20 140.2 170

g, values, than the [Cu(acac),] (1) complex, in agreement with
longer Cu—0 bonds, and higher ability to coordinate solvent mole-
cules in the apical positions. This is due to the high electronegativ-
ity of the fluoro atoms, which decreases the electron density at the
copper ion. Table 2 also includes an empirical parameter, devel-
oped by Sakaguchi and Addison [27] known as the tetrahedral dis-
tortion index, which can be obtained by dividing g, by A, (incm™1).
Values within 100-135 cm suggest a square planar geometry and
the larger the ratio the higher the tetrahedral distortion. This can
be represented in a plot of A, vs. g;, which is shown in Fig. 2, for
the two complexes in ionic liquids and molecular organic solvents,

and for complexes with O4 coordination (taken from Ref. [27]).
Complexes with high tetrahedral distortion are the ones shown
on the right bottom side of the graph. It is clear that the fluorinated
complex 2 shows higher tetrahedral distortion than [Cu(acac)], in
most solvents.

2.4. EPR in ionic liquids

The X-band EPR spectra of the two complexes in a series of ionic
liquids containing mostly imidazolium cations and anions with dif-
ferent coordinating abilities, were measured at 77 K. Figs. 3 and 4
exhibit the EPR spectra of these complexes obtained in the ILs
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and Fig. 5 exhibits an example of an experimental and a simulated
spectrum: [Cu(acac),] in bmimOAc (others are included in SI). The
EPR spectra of [Cu(acac);| observed in bmimBF, and bmimMeSO,4
show the presence of two species. Its parameters were obtained
by simulation and the species with A, ~152 x 104 cm™? probably
corresponds to the square planar [Cu(acac);] complex and the
other to a solvolysis species. For [Cu(HFacac)x(H20)] (2), two spe-
cies were also observed in bmimNTf, and bmpyNTf, and we assign
the species with A, ~152 x 10% cm ! to the square planar com-
plex, but the other species must correspond to different types of
complexes since its parameters are very different. However, with
the available data we cannot propose an assignment.

The spectra of [Cu(HFacac),(H20]] (2) show the low field split-
ting due to the two copper isotopes in most ILs; they were simu-
lated as rhombic; and they show hyperfine splitting in the
perpendicular region of the spectra. For complex 1, if we exclude
the spectrum in pyridine, in which the low A; and high g, values
suggest coordination of the solvent in the apical positions, we
can observe higher g, and lower A, values in ionic liquids than in
organic solvents. This is consistent with longer Cu—0 bonds, and
higher electron charge in the copper ion in the ionic liquids, sug-
gesting coordination of the ionic liquid anions. For the fluorinated

temperature, were carried out and a broad reduction wave was ob-
served at ca. —1.9V vs. FcH/FcH”, probably due to the reduction of
the bmim™ cation to carbene, that could be followed by dealkyla-
tion and dimerization reactions [28]. Upon scan reversal, following
the cathodic process, a new oxidation wave was observed at
E,=0.5V vs. FcH/FcH", corresponding to the oxidation of a species
formed at the cathodic process. No oxidation wave was observed
up to 1.8 V, when starting the cyclic voltamogram with the anodic
scan. This behavior shows that bmimBF, and bmimNTf, are elec-
trochemically stable in a wide potential range, suitable for the
investigation of complexes 1 and 2, in accordance with previous
observations [29].

Complexes [Cu(acac);] 1 and [Cu(HFacac)(H,0)] 2 exhibit by
cyclic voltammetry, at a platinum electrode and room temperature
(Table 3), one first irreversible reduction process (wave I"%) at
'Ext =099 or —0.73 vs. FcH/FcH", for 1 or 2, respectively, in
bmimNTf, (Fig. 6 for 2). In bmimBF,; the wave occurs at
'E:fd =_—1.08 or —0.79 V vs. FcH/FcH", for 1 or 2, respectively. This
first cathodic wave is followed, at a lower potential, by a second
irreversible one (wave ™) at "Ef® = —1.37 or —1.26 V vs. FcH/
FcH™ for 1 or 2, respectively, in bmimNTf,. In bmimBF,, this second
reduction wave is observed at 'E® = —1.57 or —1.33 V vs. FcH/FcH"
for 1 or 2, respectively. For complexes 1 and 2 the two cathodic
processes (1" and 11"*) are believed (see also below, the behavior
in an organic solvent) to correspond to the Cu" — Cu' and Cu' — -
Cu® reductions. Electrochemical reduction of simple Cu" halide
salts in mixed (20:1, v:v) bmimPFg/bmimCl [30], in 1-butyl-3-
methylimidazolium bromide (bmimBr) [31], or in chloroaluminate
ionic liquids (on glassy carbon or tungsten electrodes) [32] is also
known to occur in two distinct single-electron cathodic waves.

Upon scan reversal following the cathodic processes, anodic
irreversible waves are detected (range of ca. —0.5 to 0.8V vs.
FcH/FcH") on account of the oxidation of reduced species formed
in the former processes (see Fig. 6 for complex 2 in bmimNtfs,
where an anodic dissolution wave of deposited copper formed at
the reduction process is clearly observed).

The two complexes show a higher resistance to reduction
(reductions occur at more cathodic potentials) in bmimBF, rela-
tively to bmimNTI[, probably due to the considerable coordination
power of the BF, anion, higher than that of NTf, (lower basicity),
which may increase the electron richness at the metal center.

The higher (less cathodic) reduction potential values observed
for 2 in comparison with those of 1, in both ILs, is consistent with
the weaker electron-donor character of the fluorinated HFacac li-
gand in comparison with acac. In fact, the value of the electro-
chemical Lever E. parameter (a measure of the electron-donor



Fig. 4. EPR spectra of [Cu(HFacac),(H;0)] (2) (~3 mM) obtained at 77 K in ionic
liquids. 1 - bmimOAc, 2 — bmimNTf, 3 - bmpyNTf;, 4 - bmimBF,; and 5 - bmimPF;.

complex 2 the opposite is observed. While in molecular organic
solvents the A, values vary between 127 and 141 x 10-*cm™, in

jonic liquids the A, values are higher than 152 x 10 %cn

1

(excluding one of the species found in bmpyNTf,). This suggests
that in ionic liquids there is no coordination of the anions and that
the complex is tetrahedrically distorted. This is easily observed in
Fig. 2 since most points from the data obtained with [Cu(HFacac),(-

H,0)] fall in the lower right corner.
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Fig. 5. Experimental and simulated EPR spectra of [Cu(acac);] (1) in bmimOAc.

Gray line - experimental spectrum and black line - simulated spectrum.

2.5. Electrochemical characterization of the complexes

Cyclic voltammograms of the pure ILs bmimBF, and bmimNTf;
using a platinum disk working electrode (d=1mm), at room

Table 3
Cyclic voltammetric data® for [Cu(acac),] 1 and [Cu(Hfacac),] 2.
Ipred pred Upred cppred

Solvent )" (I') E',; (=)
[Culacac)z] 1
bmimNTf -0.99 -137
bmimBF, -1.08 -157
CH: (1, -1.61 -
NCMe -1.57 -
[Cu(HFacac),] 2
bmimNTf; -0.73 -1.26
bmimBF, -0.79 -133
CH2 0 —0.74 -156
NCMe -0.92 -

2 Values in V + 0.02 relative to FcH/FcH™ (see Section 4); scan rate of 200 mV s~*.
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Fig. 6. Cyclic voltammogram of complex [Cu(HFacac),(H,0)] (2), at a Pt electrode,
initiated by the cathodic sweep, in bmimNTf, (v=200 mVs '). [Complex
2] =20 mM. * This wave corresponds to anodic dissolution of deposited copper.

ability of a ligand [33-38], the stronger that character the lower Ep)
for HFacac (E.=0.17 V) [35] is higher than that for acac (E.=-
—0.08V) [35].

The redox properties of 1 and 2, for comparative purposes, have
also been investigated by cyclic voltammetry, in an organic sol-
vent, i.e., in 0.2 M ["BuyN][BF4]/(CH,Cl, or acetonitrile) solutions,
and the measured redox potentials (in V vs. FcH/FcH™) are also gi-

ven in Table 3. They show one irreversible reduction process (wave
I'*d, Fig. 7 for 2, in CH,Cl,) at 'E:“ =—1.61 or —0.74V vs. FcH|FcH*
for 1 or 2, in CH,Cl; (and at 'Eg* = —1.57 or —0.92 V vs. FcH/FcH" for
1 or 2, in acetonitrile). Moreover, a second irreversible reduction
process is observed at ca. —1.56 V vs. FcH/FcH" for complex 2, in
CH3Cly. For complex 1 (in CHyCl; and NCMe, see Fig. 8) and for 2
(in NCMe), the second cathodic waves are detected, conceivably
being buried under the solvent/electrolyte discharge, in view of
their expected very low reduction potentials. Two distinct cathodic
waves attributed to the successive Cu" — Cu' and Cu' — Cu® reduc-
tions were also observed in organic solvents for other copper(Il) p-
diketonate chelates [39-41] and for copper(Il) complexes with 3-
(ortho-substituted phenylhydrazo)pentane-2,4-diones [42].

The acetonitrile solution of complex 1 exhibits two irreversible
oxidation waves (see Fig. 8) at the potential values of 1.09 and
1.55 V vs. FcH/FcH", the former conceivably concerning the Cu" —
Cu"™ oxidation. Metal-centred Cu" — Cu™ oxidations have been ob-
served in organic solvents for other copper(ll) complexes, such as
[(py)Cu(pz-00CCH,CeH4R)4Cu(py)] (R =para-NOz,  para-CHs;
py = pyridine)[43] and [Cu(salacopd)]Cl [salacopd = 14-membered
macrocyclic 2,4,9,11-tetramethyl-6,7-13,14-dibenzo-1,5,8,12-tet-
raaza-3,10-bis(salicylidene)cyclotetradeca-1,4,8,11-tetraene| [44].

anion in the solvation of the complexes. Overall, the EPR spectra
obtained for [Cu(acac),| indicate longer Cu—0 bonds, and higher
electron charge in the copper center in the ionic liquids, suggesting
coordination of the ionic liquid anions. For [Cu(HFacac),(H;0)] the
higher A, values observed in ILs, when compared to organic sol-
vents suggest that in ionic liquids there is no coordination of the
anions and that the complex is simply tetrahedrically distorted.

The electrochemical studies show that the neutral copper com-
plexes are easier to reduce in bmimNTf; than in bmimBF,, proba-
bly due to the considerable coordinating ability of the BF; anion
or to the lower viscosity of the ionic liquid containing NTf, . In both
ILs and common organic solvents (CH;Cl; or NCMe) the complexes
undergo irreversible reductions to Cu(I) and Cu(0) species, but, in
ILs, they are usually easier to reduce (less cathodic reduction
potentials) than in the organic solvents. For Cu(HFacac)H,0 this
is in agreement with the EPR observations, since they also point
to lower electronic charge at the Cu center in ILs. Other explana-
tions may include stabilization of the reduced species by interac-
tion with the ionic liquid cation.

4. Experimental

4.1. Materials and reagents

Fig. 7. Cyclic voltammogram of complex [Cu(HFacac),(H,0)] 2 using a Pt electrode,
in 02M ["BwN][BF4]/CH:Cl,

initiated by the cathodic sweep, solution

(v=200mV s '), [Complex 2] = 6.2 mM.

50+

-104
204

30 r

T T T T
S5 10 05 00 05 10 15 20
E /V vs. FcH/FcH™

T
25 20 -1

Fig. 8. Cyclic voltammogram of complex [Cu(acac)z| (1) using a Pt electrode,
initiated by the anodic sweep, in 0.2 M ["Bu4N|[BE4]/acetonitrile solution (=200
mVs~"). [Complex 1]=5.7 mM. * This wave corresponds to anodic dissolution of
deposited copper.

Exhaustive controlled-potential electrolyses [0 measure the
number of electrons involved in each redox process was not possi-
ble due to fast electrode passivation.

Overall, we can conclude that both complexes are easier to re-
duce in bmimNTfs, than in bmimBF,, and are easier to reduce in
these ionic liquids than in common organic solvents (CH;Cly, ace-
tonitrile). To explain these observations it would be necessary to
determine diffusion coefficients and solubility of the complexes
in the ionic liquids, however, this was outside the scope of our
work. Nonetheless, low viscosity and high solubility facilitate
reduction of the complexes in ionic liquids, which accounts for
the easier reduction observed in bmimBF,;, when compared to
bmimNTf,, since the viscosity of bmimNTf; is lower than that of
bmimBF,. When comparing ionic liquids to the molecular solvents,
other factors should be responsible for the observations made. The
species with lower oxidation states are stabilized in ionic liquids,
which might be due to interaction with the ionic liquid cation.

3. Conclusions

The structural characterization done by spectroscopic and elec-
trochemical techniques evidences the influence of the ionic liquid

EPR spectra were recorded either at 77 K (on glassy samples made
by freezing solutions in liquid nitrogen) or at room temperature
using a Bruker ESP 300E X-band spectrometer.

4.4. Cyclic voltammetry

All manipulations were performed under an atmosphere of
nitrogen using standard vacuum and inert-gas flow techniques.
The organic solvents, acetonitrile and dichloromethane, were puri-
fied by standard procedures and freshly distilled immediately prior
to use. Solutions of five different concentrations of the Cu(ll) com-
plex 2 (1, 5, 10, 20 and 40 mM) in bmimNTf; and bmimBF, ionic
liquids, were studied by cyclic voltammetry. Poor solubility was
observed for complex 1 in both ionic liquids. The electrochemical
experiments were performed on an EG&G PAR 273A potentiostat/
galvanostat connected to a personal computer through a GPIB
interface. All experiments were carried in a glass CV cell that was
continuously purged with nitrogen. Cyclic voltammograms were
obtained in 0.2 M ["BuaN| [BF4]/CH=2Clz (or acetonitrile) solution,
and in bmimNTf; or bmimBF, ionic liquids, using a platinum disk
working electrode (d =1 mm), at room temperature. A Luggin cap-
illary connected to a silver wire pseudo-reference electrode was
used to control the working electrode potential, and a Pt wire
was employed as the counter-electrode. The redox potentials of



All chemicals used were of analytical reagent grade. 1-Methyl-
imidazole was purchased from Acros Organics and distilled over
potassium hydroxide; 1-chlorobutane was purchased from Acros
Organics and distilled over phosphorus pentoxide. Lithium bis( tri-
fluoromethylsulfonyl)imide [Li(NTfy)] and lithium trifluorometh-
anesulfonate [Li(OTf)] were purchased from Apollo Scientific and
used as received. All syntheses and sample preparations were per-
formed under anaerobic conditions using standard Schlenk tech-
niques. The preparation and spectral data of the ionic liquids
have been described elsewhere. The water content of the ionic lig-
uids was measured by Karl Fischer titration, after drying for 48 h in
vacuum at 50°C. The wvalues were: 360 ppm for bmimNTf,
145 ppm for bbimNTf3, 280 ppm for bmpyNTf;, 1370 ppm for bmi-
mOTf, 1570 ppm for bmimBF,, 150 ppm for bmimPFg, 1200 ppm
for bmimMe,PO,4, 1600 ppm for bmimOAc, 400 ppm for bmim-
MeSQO, and 3100 for bmimN(CN),.

4.2, Synthesis of the complexes

[Cu(acac)z] - The complex was synthesized by mixing 0.27 mL
of acetylacetone (2.6 mmol ) with 0.32 g of CuSO4-5H;0 (1.3 mmol)
in cold water containing a few drops of ammonia (27%). The ob-
tained precipitate was filtered and washed with acetone and water
and dried under vacuum. Dark blue needles were obtained after
recrystallization from toluene. Yield: 58.5% (0.199 g). Anal. Calcd.
For CygH1404Cu: C, 45.9; H, 5.4. Found: C, 45.9; H, 5.4. IR (KBr disk,
cm ') 3466 [v (0—H)], 2987 and 2922 [v (C—H)a]. 1581 [v
(C=0)], 1535 [v (C=C)], 456 [v (Cu—0)].

[Cu(HFacac)(H3:0])] - The complex was prepared according to
published procedures.|16] Yellow-green crystals were obtained.
Anal. Calcd. For CygH;04F2Cu-H,0: C, 24.3; H, 0.8. Found: C,
24.4; H, <2.0. IR (KBr disk, cm™1): 3479 [v (0O—H)], 2927 and
2858 [v (C—H),], 1648 [v (C=0)], 1535 [v (C=C)], 1262 and
1151 [v (C=F)].

4.3. Instruments

TH NMR spectra were recorded using a Bruker 300 or 400 MHz
spectrometer. UV-Vis spectra were recorded using a Perkin-Elmer
UV-visible Lambda 35 spectrophotometer and the temperature
was controlled with a Peltier controller from Perkin-Elmer. The

[21] T. Yokoyama, R.W. Taft, M.J. Kamlet, ]. Am. Chem. Soc. 98 (1976) 3233-3237.

[22] S.N. Baker, G.A. Baker, F.V. Bright, Green Chem. 4 (2002) 165-169.

[23] S. Trivedi, N.I. Malek, K. Behera, S. Pandey, . Phys. Chem. B 114 (2010) 8118-
8125.

[24] N.D. Khupse, A. Kumar, J. Phys. Chem. B 115 (2010) 711-718.

[25] A. Rockenbauer, L. Korecz, Appl. Magn. Reson. 10 (1996) 29-43,

[26] 1. Adato, L. Eliezer, ]. Chem. Phys. 54 (1971) 1472-1476.

[27] U. Sakaguchi, AW. Addison, ]. Chem. Soc. Dalton (1979) 600-608.

[28] P.He, H.T. Liu, ZY. Li, Y. Liu, X.D. Xu, J.H. Li, Langmuir 20 (2004) 10260-10267.

[29] S. Eugenio, C.M. Rangel, R. Vilar, S. Quaresma, Electrochim. Acta 56 (2011)
10347-10352.

[30] L. Yu, H. Sun, ]. He, D. Wang, X Jin, X. Hu, G.Z. Chen, Electrochem. Commun. 9
(2007) 1374-1381,

[31] E.P. Grishina, AM. Pimenova, N.O. Kudryakova, LM. Ramenskaya, Russ. ].
Electrochem. 48 (2012) 1166-1170.

[32] F. Endres, ChemPhysChem 3 (2002) 144-154.

[33] AB.P. Lever, Inorg. Chem. 30 (1991) 1980-1985.

[34] AB.P. Lever, Inorg. Chem. 29 (1990) 1271-1285.

[35] http:/fwww.chem.yorku.ca/profs/leverfelparameter98.htm.

the complexes were determined by cyclic voltammetry in the pres-
ence of ferrocene as the internal standard, and their values are gi-
ven relative to [Fe(n*-CsHs)2]%* (FcH/FcH™) redox couple. For their
conversion to the SCE reference, one can use the following oxida-
tion potentials of FcH[FcH™: Ef, =0.525V vs. SCE (in CHxCly) or
0.45 V vs. SCE (in acetonitrile) [45,46].
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