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VYO and V'Y Species Formed in Aqueous Solution by the
Tridentate Glutaroimide-Dioxime Ligand - An Instrumental and
Computational Characterization
Daniele Sanna,'® Valeria Ugone,!®! Giuseppe Sciortino,’*<! Bernard F. Parker,!¢!
Zhicheng Zhang,[! Christina J. Leggett,!¥! John Arnold,!®¢! Linfeng Rao,*®! and
Eugenio Garribba*®!
Abstract: Complexation of VV in aqueous solution with oxidation processes, the first one in solution and the second
glutaroimide-dioxime (HsL), a ligand proposed for the possible  one in-source during the recording of the spectra. The cyclic
sequestration of uranium from seawater, was studied by the voltammogram of [VVL,]>~ shows two quasi-reversible
combined application of spectroscopic (EPR and UV/Vis), spec-  processes, at E;, = -0.75 V and E;,, = 0.03 V, assigned to the
trometric (ESI-MS), electrochemical (CV), and computational  VV/V" reduction and VV/VV oxidation, respectively. All the ex-
(DFT) techniques. The results indicate that a rare non-oxido VIV perimental results were verified by DFT calculations, which indi-
species, with formula [VVL,]?, is formed in the pH range 3-5. cated that the geometry of the non-oxido V"V complex is inter-
It transforms into a usual VVO complex, [VVVOL(OH)]*,, at mediate between an octahedron and a trigonal prism and al-
pH > 6. The non-oxido species is characterized by a “type 3" EPR  lowed us to predict its >’V hyperfine coupling (HFC) tensor A,
spectrum with A, = 126 x 107 cm™ and a UV/Vis signal with  the electron absorption spectrum, the two redox processes in
& > 2000 m~'cm™ in the visible region. The detection of V¥  the cyclic voltammogram, and the electronic structure that, in
\species by ESI-MS spectrometry was related to two possible  turn, determines its EPR and UV/Vis behavior. Y,

Introduction

Vanadium belongs to the ultratrace metals, which have a nutri-
tional requirement of less than 1 mg/kg diet and are present in
tissues in the range of some pg per kg. Plenty of evidence sug-
gests that V is beneficial to human health, but the mechanism
of its action remains unclear.!"! Furthermore, a number of stud-
ies have shown that vanadium compounds have therapeutic
effects.>* For example, recent investigations on the structure-
activity™™! and reactivity-activity relationships® have demon-
strated that V complexes exhibit a wide variety of pharmacolog-
ical properties and these species have been tested in vitro or
in vivo as spermicidal, anti-HIV, antiparasitic, antiviral, antituber-
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culotic®#71 and, particularly, antidiabetic and antitumor poten-
tial agents.*® The interaction of vanadium with proteins plays
a fundamental role in these actions and determines the active
species in the organism.]

Vanadium has also been found to exist in many naturally
occurring compounds and plays a number of roles in biological
systems.['% For example, it is present in two enzymes, vanadium
dependent haloperoxidases!'"! and nitrogenases,'?! and is ac-
cumulated in the vanadocytes of ascidians and polychaete
worms,['31 and in mushrooms of the genus Amanita.'*

Vanadium presents a very rich chemistry and forms com-
pounds in several oxidation states (mainly +lll, +IV and +V), a
variety of cations and oxidocations (V3*, V4, v>*, VVO2+, WO,*,
V03*), and complexes with various coordination geometries
(octahedral, trigonal prismatic, square pyramidal, trigonal bipy-
ramidal).['>! Concerning the oxidation state +IV, the compounds
of the oxidovanadium(lV) ion (VVO?*) dominate over the so-
called bare or non-oxido vanadium(lV) species.['!

An interesting fact is that the rare and unusual family of bare
VIV compounds are of great importance in biology, since V is
accumulated in three species of mushrooms Amanita (A. mus-
caria, A. regalis and A. Velatipes) as a non-oxido complex named
amavadin.'"*'% In A, muscaria, the vanadium content exceeds
400 times the value normally detected in other species of the
same genus and is independent of the V concentration in the
soil. The formation of amavadin, isolated in 1973 by Bayer,!'®
is favored by the binding of a low molecular mass ligand, N-
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hydroxyimino-2,2’-diisopropionic acid [(S,5)-Hshidpal, in its tri-
anionic form hidpa(3-).'*"™! Another interesting feature of
amavadin and its derivatives is their catalytic activity.'”? They
have been used as catalysts for hydroxylation, oxygenation, per-
oxidative halogenation of alkanes and benzene,'® peroxidative
oxygenation of benzene and mesitylene,""® and carboxylation
of alkanes.””! These facts have stimulated substantial interest
in the research toward the synthesis of new bare VV com-
pounds. As a result, structures with coordination VO;Ss,12"]
VOg, 22 VS, [231 VO,N,,12% VOLX, (X = S, Se, P),1%! VX,0, and
VX554 (X = Cl, Br),2%! and VO,N,S,?”! have been reported in the
literature. The major goal of these papers was also to study the
anomalous structure, electronic and spectroscopic properties of
these species. Depending on the organic ligand, it is possible
to obtain bare VIV compounds with various types of geometry
(octahedral and trigonal prismatic)?®! and isomerism (facial or
meridional when the ligand is tridentate)?4<25 with the ground
state varying accordingly.??! In the case of octahedral structures
and meridional coordination, the ground state is based on the
V-d,, orbital. In contrast, a mixture of V-d,, V-d, V-d,, V-d,._,.
and V-d,. orbitals is predicted if the ligand presents a facial
coordination and the geometry is close to the trigonal prism.
Concerning the spectroscopy behavior, in our recent EPR stud-
ies, the spectra of non-oxido VIV compounds were divided into
three types, “type 1", “type 2", and “type 3", on the basis of
the largest value of the 'V hyperfine coupling (HFC) tensor A
and on the composition of the singly occupied molecular or-
bital (SOMO). The spectra of “type 1” are detected for V'V spe-
cies formed by tridentate ligands with rigid structure and merid-
ional coordination (the spectrum of amavadin falls in this class),
the spectra of “type 2" are observed for bidentate ligands
which form trigonal prismatic structures and the spectra of
“type 3" are revealed for VV species formed with tridentate
ligands with a flexible structure. The electronic absorption spec-
tra of non-oxido V'V species also show peculiar features that
differ from those of oxido V'V species. For example, the absorp-
tion bands of oxido V!V species in the visible range are mainly
pure d—-d transitions with low values of the molar absorption
coefficient (), while the absorption bands for bare VIV species
in the range 400-800 nm are dominated by metal-to-ligand
charge transfer (MLCT) and ligand-to-metal charge transfer
(LMCT) transitions, with very high values of ¢ (from 1000 to
50000 m~' cm™).

Very recently, some of us demonstrated that glutaroimide-
dioxime (HsL) (shown in Scheme 1) forms a very stable bare WV
complex with composition [VVL,]™ in aqueous solution, isolable
also in the solid state,*% which has important implications in
the interference of vanadium during the recovery of uranium
from seawater through specific ligands such as poly(amidox-
imes). The logical consequence is to try to synthesize a possible
bare vanadium species from solutions containing V'V. Therefore,
in this work we studied the behavior of the system VV/glutaro-
imide—dioxime (HsL) in aqueous solution and characterized a
new non-oxido V'V species through a combination of spectro-
scopic, spectrometric, electrochemical, and computational
methods. The electronic structure of this complex was also dis-
cussed and compared with that of other similar compounds.
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The new VV species formed with glutaroimide-dioxime (HsL)
enriches the list of this type of complexes and adds new in-
sights in the comprehension of the structure and characteriza-
tion of the properties of bare vanadium(lV) compounds.

N—~OH
/
NH
\
N—OH

Scheme 1. Structure of glutaroimide-dioxime (HsL). The three dissociable
protons in the presence of VIV and V" are indicated in red.

Results and Discussion

The Ligand

The glutaroimide-dioxime ligand in the fully protonated form
can be indicated with HuL* with two protons on the imide
group -NH," and two on the oxime groups. Only three deproto-
nations can be observed for the free ligand and they have been
reported recently in the literature. They were attributed to the
imide group (pK,; = 2.12) and to the stepwise deprotonations
of the oxime groups -NOH (pK,, = 10.70 and pK,; = 12.06).13"
The values for pK,, and pK,; indicate that the deprotonation of
these groups is not completely independent.'3! The deproto-
nation of the imide group -NH in the neutral form cannot be
measured in water and is induced by complexation with metal
jons,[3031]

In this study, the three pK, values were confirmed by DFT
methods following the procedure described by Liptak et al.3%
The details of the calculations are given in the Supporting Infor-
mation. An explicit cluster of water molecules was adopted to
take into account the solvent stabilization of the acidic groups
(9 water molecules solvating the oxime groups and 2 the imide
group, Figures S1 and S2). The results listed in Table S1 (pK,, =
-9.2, pK,, = 13.4, and pK,3 = 17.4) were coherent with the val-
ues in the literature,®" suggesting a favorable deprotonation
of the positively charged imide group and a high value of pK,
for the two oxime groups. The difference between pK,, and
pK,3 confirms that these deprotonation steps are not independ-
ent, in agreement with the experimental data.

Studies in Aqueous Solution

Anisotropic EPR spectra were recorded as a function of pH in
the system containing VVO?* ion and HsL at metal to ligand
molar ratio of 1:3. At pH = 2.4, only the [VVO(H,0)s]** aqua-
ion exists in aqueous solution (resonances indicated with | in
Figure 1). When the pH is raised to about 3, new signals appear
and indicate the formation of new species (resonances Il in Fig-
ure 1). The small value of >V hyperfine coupling constant A
(126.4 x 107 cm™") for this species would suggest it is a non-
oxido VIV complexes, structurally analogous to the compound
revealed in the system containing VV.3% If the ligand is indi-
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cated with HsL, to this complex the formula [VVL,]?>~, with
2 x (07, N7, O7) coordination, could be assigned. It can be no-
ticed that, in the pH range 3.0-5.0, no other VV species are
present in solution. This complex survives until pH 5.5, even if
the signal intensity decreases with increasing pH. This fact
could indicate hydrolysis and/or oxidation processes, which
should give [VVO(OH)I* and [(V'VO),(OH),]?*,33! and/or EPR-
silent VV species. At pH > 5.0, another complex appears in solu-
tion (resonances indicated with Il in Figure 1). The value of A,
for this species (142.4 x 10™* cm™) is significantly higher than
that of non-oxido complex (126.4 x 10™* cm™'), which would
indicate that a V'VO species is formed upon the hydrolysis of
[VVL,]? to give [VVOL(OH)J>~ according to reaction (1).

[VVL,)? + 2 H,0 2 [VVOL(OH)]>~ + HsL (M

3700

T

4000

3800 3900 4100 4200 4300

Magnetic field / Gauss

Figure 1. High field region of the X-band anisotropic EPR spectra recorded as
a function of pH in the system VVO**/H;L with V!V concentration of
1.0 x 1073 m and metal to ligand molar ratio of 1:3. The M, = 5/2, 7/2 resonan-
ces of [VVO(H,0)5]%*, [VVL,]>~ and [VVOL(OH)]?-, are denoted as |, II, and 1lI,
respectively.

The value of A, for [VVOL(OH)]?>~ is compatible with an [(O,
N-, O7); OH] equatorial coordination, for which the “additivity
relationship”®4 predicts a value around 145-146 x 107 cm™.
As a verification, we also performed DFT calculations to opti-
mize the structure of [VIVOL(OH)]?~ (Figure S3 of the Supporting
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Information) and calculated the value of A, with ORCA software
at the level of theory PBEO/VTZ, which allows to obtain predic-
tions with a percent deviation (PD) smaller than 3 % from the
experimental value for VVO with (N,0) ligands.®*) The calcu-
lated value, |A,|<'d, is 144.1 x 10 cm™" with a PD of 1.2 %
from |A,|ePY,

At basic pH, the EPR signal disappears completely.

ESI-MS experiments using VVOSO, as the initial material
were conducted to confirm the results of EPR spectroscopy. The
spectra were recorded in positive and negative modes with a V
final concentration of 5.0 x 107 m and pH in the range 4.3-6.7.
The mass spectrum recorded in the negative mode at pH 4.3
(Figure 2) is characterized by three major peaks, attributed to
the ligand in the monoanionic form [H,L]~ (m/z = 142.06), and
to two VV species, [VYO(OH)L]~ or [VYO,L+H]~ (m/z = 223.99)
and [VYL,]™ (m/z = 331.04). The comparison between the experi-
mental and calculated isotopic pattern of the peaks due to
[H,L]7, [VYO(OH)LI/[VYO,L+H]~ and [VVL,]™ ions is reported in
Figures S4-S6 of the Supporting Information, in which the satel-
lite peaks, due to the natural abundance of 3C isotope, are
separated by m/z = 1.00 for these fragments with charge of -1
and allowed us to confirm the attribution proposed. The two
VY complexes were observed in a recent paper, and their exis-
tence in aqueous solution was related to the use of NaVVO; as
the metal salt.B% In contrast, using V'VOSO,, one would expect
signals ascribable to V!V adducts, which - instead — were not
detected even if the latter were well visible in the EPR spectra
in Figure 1.

The detection of VY species can be related to two concomi-
tant oxidation processes, the first one in solution and the sec-
ond one in-source during the recording of the spectra.l337! The
presence of an OH™ ion in the equatorial plane of [VVOL(OH)]*
should favor the oxidation to [VVO(OH)L]/[VVO,L+H]~, accord-
ing to the mechanism suggested in Scheme 2.

The ESI mass spectra recorded in the positive mode were
not informative, indicating that the V species formed in solution
are negatively charged.

To shed light on the oxidation process observed with ESI-MS
spectrometry, the intensity of the EPR signals of [VIVL,]*~ spe-
cies was monitored as a function of time and reported in Fig-
ure 3. The experimental points refer to the intensities of the
resonances M, = -7/2 and -5/2 along the z axis. As it can be
observed, the oxidation is not very fast. The EPR intensity is
reduced to 50 % after more than 30 min and the spectral signal

VYL,
331.04

100

m/z

Figure 2. ESI mass spectrum recorded in the negative mode at pH 4.30 in ultrapure water in the system VVO?*/HsL with a molar ratio of 1:3 and V concentration

of 5.0 x 107 m.
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Scheme 2. Possible oxidation mechanisms of [VIVOL(OH)]?~ to [VVO(OH)L]~
(above) or [VYO,LI*~ (below).

is still 30 % of the initial value after two hours. This would sug-
gest that only a portion of VIV undergoes oxidation in aqueous
solution, while the remaining part is oxidized in-source during
the recording of the ESI-MS spectra, in agreement with what
was discussed in the literature.3®

EPR intensity/ a.u.
-

0 25 50 75 100 125
Time/ min

Figure 3. Intensity of the EPR signals of [VIVL,]>~ measured as a function of
time (VV 1.0 x 1073 m, metal to ligand molar ratio 1:3, pH 3.55). Rhombi
(above) and squares (below), indicate the intensity of the M, = -5/2 and
-7/2 resonances (along the z axis), respectively.

Characterization of the Non-Oxido V'V Complex

Optimization of the Structure

A hexacoordinate structure formed by a tridentate ligand can
be described in terms of its isomerism, meridional (mer) or facial
(fac). A high rigidity of the ligand favors the meridional coordi-
nation, as observed for the metal complexes of 3,5-bis(2-
hydroxyphenyl)-1-phenyl-1H-1,2,4-triazole (H,hyph") and 2,6-
bis(2-hydroxyphenyl)pyridine (H,bhpp).38-4% For tridentate li-
gands with a flexible backbone, such as iminodiacetic acid, an
intermediate structure between the meridional and facial is usu-
ally observed.*"! The two situations for a (O,N,0) ligand are
shown in Scheme 3. An intermediate geometry is also expected
for glutaroimide—dioxime (HsL).
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Scheme 3. Possible hexacoordinate structures for a non-oxido vanadium(lV)
complex formed by a tridentate (O,N,0) ligand: (a) fac and (b) mer.

The geometry of [VVL,]?>~ species was calculated with Gaus-
sian 09 software through DFT methods, using the functional
B3P86 and the valence triple-C basis set 6-311g, according to
the procedure established in the literature for vanadium com-
plexes.[*?! The optimized structure is shown in Figure 4. In
Table 1 the geometrical parameters calculated for [V'VL,]>~ and
the experimental and calculated structural details for the analo-
gous species of VY, [VVL,]~, are given. Overall, it can be noticed
that there is good agreement between the experimental and
optimized VV structure, even if large deviations are observed
for the N-V-N bond angle. As expected, V-O and V-N bonds
would be longer for the VIV than for the VV species. The use of
polarization and diffuse functions results in a slight improve-
ment of the prediction for [VVL,]™ [in Figure S7 of the Support-
ing Information the structures calculated at the level of theory
B3P86/6-311g and B3P86/6-311++g(d,p) are compared with the
X-ray data], while for [VVL,]?>~ the two geometries optimized
with the two basis sets are almost coincident (Figure S8).

Figure 4. Structure of [VVL,]*"
theory B3P86/6-311g.

, optimized with DFT methods at the level of

Usually, a non-oxido V species can be described by several
geometrical parameters:3® (1) the “twist” angle @, which meas-
ures the angle between the two triangular faces of side s de-
scribing the coordination polyhedron (60° for an octahedron
and 0° for a trigonal prism); (2) the angle ® formed by the
donors in trans to the vanadium (180° for an octahedron and
135° for trigonal prism); (3) the angle Q formed by the two
external donors of each ligand molecule with respect to vana-
dium (180° for mer and 90° for fac isomers); (4) the ratio s/a and
s/h, where a is the mean metal-ligand bond length and h is
the distance between the two triangular faces (they are 1.414
and 1.225 for an octahedron, and 1.309 and 1.000 for a trigonal
prism). The values for the angles @, ® and Q predicted for
[VVL,]?~ fall between those expected for a regular octahedron
and a trigonal prism (24.9, 149.6 and 144.5°, respectively). Also,
the ratios s/h and s/a indicate a distorted structure, intermedi-
ate between the limits represented by the octahedral and trigo-
nal prismatic arrangements.

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 1. Experimental and calculated geometrical parameters for non-oxido VV and VVV complexes.

Parameter [®! [VVL,]- (experimental) ! [VVL,]" (calculated) ! [VVL,]? (calculated)

V-01, V-01’ 1.867, 1.874 1.873, 1.877 1.950, 1.950
V-N1, V-N1/ 1.955, 1.956 1.967, 1.967 1.982, 1.983
V-02, V-02’ 1.902, 1.904 1.873, 1.877 1.973, 1.973
01-vV-01’ 92.2 94.0 103.7
N1-V-N1’ 154.9 179.0 159.8
02-V-02’ 97.2 94.1 86.3

[ 26.7 429 24.9

o 149.6 159.1 149.6

Q9 146.9 149.2 144.5

s/a M 1.360 1.424 1.378

s/h 1 1.099 1.252 1.137

[a] Distance in A and angles in degrees. [b] The numbering of the atoms is the same as used in Figure 4. [c] Experimental X-ray structure taken from ref.3%
[d] Structure simulated through DFT methods at the level of theory B3P86/6-311g. [e] Mean twist angle: 60° for octahedral and 0° for trigonal prismatic
geometry. [f] Angle formed by the donors in trans position with vanadium (mean value): 180° for octahedral and 135° for trigonal prismatic geometry. [g]
Angle formed by the two external donor atoms of the ligand with vanadium (mean value): 180° for mer and 90° for fac isomers. [h] s is the side of the two
triangular faces which describe the coordination polyhedron and a is the mean metal-ligand bond length: the ratio s/a is 1.414 for an octahedron and 1.309
for a trigonal prism. [i] s is the side of the two triangular faces which describe the coordination polyhedron and h is the distance between the two faces: the

ratio s/h is 1.225 for an octahedron and 1.000 for a trigonal prism.

Table 2. Experimental spin Hamiltonian parameters (g and A values) for [VVL,]>~ complex.l?!

Parameter Jiso

b
gisoeXp“ ) Ix gy 9z

Aiso AisoexPc‘ [C] AX Ay AZ

1.973 1.973 1.988 1.977

1.955

-67.6 -68.5 -12.0 -67.0 -126.4

[a] Values of A reported in 107 cm™'
value of A;,, expected on the basis of the formula A;s, = (1/3) (A, + A, + A,).

Prediction of the 5'V Hyperfine Coupling Constants

The most frequently used technique for the characterization of
VIV complexes is EPR spectroscopy.l??34234b The spin Hamilto-
nian parameters (g and A) for [VVL,]>~ were determined gener-
ating the experimental spectrum with WIinEPR software!*3! and
are reported in Table 2. The comparison between the experi-
mental and generated spectrum is shown in Figure 5.

3300 3500 3700 3900 4100 4300

Magnetic field / Gauss

2700 2900 3100

Figure 5. X-band anisotropic EPR spectrum of [VIVL,]>™: (a) experimental and
(b) generated by WInEPR software.

We recently demonstrated that the EPR spectra of hexacoor-
dinate VIV complexes can be divided into three groups: “type
1" spectra of species with geometry close to the octahedron
and A, >> A, = A, (A, in the range 135-155 x 10™* cm™); “type
2" spectra due to the complexes with geometry close to the
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units. [b] giso™P<" is the value of g;,, expected on the basis of the formula gis, = (1/3) (g« + g, + g). [c] Aiso®*P" is the

trigonal prism and A, = A, >> A, (A, = A, in the range 90-
120 x 10™* cm™); spectra of “type 3" for species with geometry
intermediate between the octahedron and the trigonal prism
and A, > A, > A or Ay > A, > A, (A, or A, in the range 120-
135 x 10~ cm™)."* The ground state is based on V-d,, orbital
for “type 1” spectra (percentage of V-d,, in the singly occupied
molecular orbital or SOMO > 90 %), while the contribution of
other V-d orbitals increases in the “type 3” spectra (percentage
of V-d,, in the SOMO = 60-80 %) and, above all, in the “type
2" spectra (percentage of V-d,, in the SOMO < 40 %). For a
tridentate ligand, meridional coordination results in a “type 1”
spectrum, whereas facial coordination in a “type 3" spec-
trum.*°! On the basis of the structural data in Table 1, for
[VVL,]>~ an intermediate spectrum of “type 3” is expected and
the parameters listed in Table 2 confirm this insight.

Nowadays, the prediction of >V HFC tensor A is possible
through the DFT methods. We recently observed that the ORCA
software gives better results than popular Gaussian for non-
oxido vanadium(lV) complexes, because it includes the second-
order spin-orbit effects, whose contribution to A is more impor-
tant than for VIVO species.[34>461 Among the functionals, it has
been recently demonstrated that, for a bare VIV complex, the
double hybrid B2PLYP™”! gives a mean percentage deviation
(MPD) from A, of —0.3 % if using the basis set VTZ, and from
A; (i = x or z, depending on the symmetry and electronic struc-
ture of the complex) of -0.9 % if using the 6-311g(d,p) basis
set.* The results of the DFT simulations for [V!VL,]>~ are listed
in Table 3.

In Table 3, it can be noticed that DFT calculations correctly
predict the order A, > A, > A,. The percent deviation from the
experimental A, and A, is very satisfactory, below 1 % for both

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 3. Calculated (calcd.) and experimental (exptl.) °'V hyperfine coupling
constants (A) for [VIVL,]*~ complex.[?

A Aiso [b] AX[c] Ay[c] Az[c] PD (Aiso)[d] PD (Az)[d]
Calcd. -66.7 -8.1 -554  -126.8 -1.0 0.3
Exptl. -67.6 -120 -67.0 -1264 - -

[a] Values of A reported in 107 cm™ units. [b] Functional B2PLYP and basis
set VTZ. [c] Functional B2PLYP and basis set 6-311g(d,p). [d] Percent deviation
from the experimental value calculated as 100 x [(JA;]|d — |A;|&*Pt)/|A;|eP,
with i = iso or z.

the values and in line with the results recently reported.** The
agreement is comparable with that obtained for VVO com-
plexes, for which deviations below 3 % are predicted.[354]

The arrangement of the ligand molecules, mer or fac, has
remarkable effects on the electronic structure of a non-oxido
VV complex.?7:38454) |n particular, the values of A can be corre-
lated with @, i.e. the angle formed by the two external donors
of the tridentate ligand, which is 180° for a mer and 90° for a
fac isomer (see Table 1). The values of A; (i = x, z) as a function
of © for some tridentate ligands are shown in Figure 6. Three
types of ligands were considered: (1) cyclic ligands which
form fac structures, such as 1,3,5-triamino-1,3,5-trideoxy-
cis-inositol,>” 1,3,5-trideoxy-1,3,5-tris(dimethylamino)-cis-
inositol,°? and cis-inositol;®" (2) open-chain flexible ligands
which yield intermediate structures, such as 2,2’-dihydroxyazo-
benzene,*!  a-(2-hydroxy-5-methylphenylimino)-o-cresol,[**!
calmagite,i*! anthracene chrome red A/*! three dithiocarb-
azate-based Schiff-bases,?”! and four tridentate aroylazine li-
gands;"*! (3) open-chain rigid ligands which give mer struc-
tures, such as 3,5-bis(2-hydroxyphenyl)-1-phenyl-1H-1,2,4-tri-
azole,38  2,6-bis(2-hydroxyphenyl)pyridine,®® and bis(3,5-di-
methyl-2-hydroxyphenyl)trimethylamine.?*<! From the examina-
tion of Figure 6, it can be noticed that A, for [VVL,]*~
(pink square) falls in the region predicted for the open-chain
ligands. In particular, the values of @ of 144.5° and |A| of
126.4 x 10™* cm™' correspond to a “type 3" EPR spectrum and
are attributable to a bare V complex with geometry intermedi-
ate between the octahedron and the trigonal prism.[4

1500 - - —
open-chain rigid ligands
(mer structures)

140.0
..E 130.0 1
)
L 1200 -
- N
< " open-chain flexible ligands

110.0 | ) (intermediate structures)

cyclic ligands
100.0 (fac structures)
90.0 T r T T |
80.0 100.0 120.0 140.0 160.0 180.0
Qangle

Figure 6. A; values for non-oxido V'V complexes as a function of the angle Q.
The pink square indicates [VIVL,]?~. A; (i = x or 2) is the largest values of the
5V HFC tensor A. The dotted line represents the best linear fitting of the
nineteen points.
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Prediction of the Electronic Structure of the V'V Species

For a distorted octahedral VVO complex, such as
[VO(H,0)51**, the energy order of the five V-d orbitals is
dyy < dyz = dy; < dpe e < 2% the singly occupied molecular
orbital (SOMO, which coincides with the HOMO) being the d,,
orbital. For a non-oxido V'V species with a hexacoordinate
geometry distorted toward the trigonal prism, a significant mix-
ing of V-d,, with the unoccupied orbitals, such as V-d,, V-d,,,
V-d,._,» and V-d,, is expected.”*>3 Such a mixing causes a low-
ering of the absolute value (experimentally measured) of the
51V hyperfine coupling constant along the x or z axis.

The analysis of the electronic structure and molecular orbital
composition of [VVL,]>~ has been carried out by choosing a
coordinate system in which the N-V-N direction is oriented
along the z axis, and two O-V-0 directions occupy the x and y
axes. The energy levels of the molecular orbitals (MOs) derived
from V-d orbitals are shown in Figure 7. For clarity, the energy
of the MOs is relative to the SOMO, set as reference at 0.0 eV.
The percentages shown in Figure 7 (in parenthesis) refer to the
total contribution of V atomic orbitals in the specific MO, the
sum of the values giving 100 %. With this approach it is easily
observable the entity of the mixing of the V-d orbitals in the
MOs. The five MOs with V-d character are represented in Fig-
ure 8: SOMO or HOMO with major contribution from V-d,;
LUMO+2 and LUMO+3 with similar energy and mixing of V-d,,
and V-d,,; LUMO+11 and LUMO+12 with energy comparable
and contribution almost exclusively from V-d,._,. and V-d,,, re-
spectively. Therefore, the energy order of the MOs with V-d
contribution is: d,, < d, = dy, < dyo_o = d, similar to that
calculated for other bare VVV species which give “type 3” EPR
spectra.*! It can be observed that, whereas V-d,. . and V-d,.
scarcely combine with other V-d orbitals, a strong mixing be-
tween V-d,, V-d,, and V-d,, exists. Therefore, the SOMO,
LUMO+2 and LUMO+3 are significantly mixed. Concerning the
SOMO, the percent composition is: V-d,, (81.7 %), V-d,, (7.3 %),
V-d,o > (5.6 %), V-d,, (4.2%) and V-d,. (1.1 %), in agreement
with the prediction for a complex with a “type 3” spectrum.[4
The high contribution of V-d orbitals (55.6 % in the SOMO,

6.0 d2(22.3)+d,(2.8) + d,,(0.4)
dxz,,y:-(87.3)+dw(5.6)
5.0 +0d,;(4.4) +d,;(2.8)
> d,(57.2) +d,,(34.8)
] +d22(7.7) + d,(0.3)
~ 4.0 _—
5 d,(44.2) +d,,(27.4) + d,,(26.0)
g +d,22(1.7)+d2(0.7)
o 30
()
2
K]
2 2.0+
1.0
d,(81.7) +d,,(7.3) + d,2_2(5.6)
d(4.2) +dz2(1.1)
0.0

Figure 7. Relative energy levels for V-d orbitals of [V'VL,]>~. The atomic orbital
that mostly contributes to the specific MO is shown in red.
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57.7 % in the LUMO+2 and 63.8 % in the LUMO+3) to the fron-
tier MOs and the EPR results are also consistent with the ob-
served redox activity (see below), where the processes are
largely metal-based, although assisted by the ligands.

d &

e 4

Figure 8. Molecular orbitals for [VVL,]*: (a) SOMO (mixing of V-d,, V-d,,,
V—dxz,yz and V-d,,); (b) LUMO+2 (mixing of V-d,,, V-d,; and V-d,); (c) LUMO+3
(mixing of V-d,, V-d,, and V—dxz,yz); (d) LUMO+11 (V—dxz,yz); (e) LUMO+12
(V-d.0).

Prediction of the UV/Vis Spectrum

The electronic absorption spectrum of [VVL,]?~ was simulated
by TD-DFT methods according to the procedures reported in
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the literature.>¥ It has been recently observed that, for a bare
VIV complex, long-range corrected functionals, such as CAM-
B3LYP, and half-and-half hybrid, such as BHandHLYP, allow pre-
dicting the UV/Vis spectra better than simple hybrid and stand-
alone functionals.?”! Even if a quantitative agreement with the
experimental spectra is not possible yet, these types of calcula-
tions satisfactorily reproduce the spectrum, both in the visible
and UV regions. In this latter region, CAM-B3LYP performs bet-
ter than the other functionals.

The comparison between the experimental and calculated
spectrum for [VVL,]>~ [with CAM-B3LYP as the functional and
6-31+g(d) as the basis set] is given in Figure 9. Differing from
the d-d bands of VVO-species, for which those observed in
the visible range are almost pure d-d transitions with very low
oscillator strength f (corresponding to molar absorption coeffi-
cient ¢ lower than 200 m~' cm™), the d-d bands of [V'VL,]*>~ are
predicted with low intensity in the near IR region (1195-
1245 nm), whereas in the visible region (between 400 and
800 nm) the absorptions are mainly metal-to-ligand charge

30000 -
25000 { /|
20000

15000

e/M-1cm

10000 -

5000

220 320 420 520 620 720
Alnm

Figure 9. Experimental (in black) and calculated (in red) electronic absorption
spectrum of [VVL,]?". The functional and basis set used were CAM-B3LYP and
6-31+g(d), respectively.

Table 4. Calculated and experimental electronic transitions for [V!VL,]>~ up to 220 nm.?

Main transition [’ Character Jcaled [d] f caled x 5 % 105 [ Aexptl/cexptl [dfgl
H(o) = L+11(a) d-d (V-d,, — V—dxz,yz) 1242.3 50

H(o) = L+12(a) d-d (V-d,, — V-d,2) 1197.0 300

H-1(a) — L(a)/ LLCT/MLCT (V—dxy - L) 445.2 5650 442/2670
H(a) — L+1(a)

H-2(at) = L+12() LMCT (L — V-d,.) 4223 1700 419/2130 (sh)
H-1(at) = L+11 () LMCT (L —» V—dxz_yz) 410.8 850 404/1600 (sh)
H(a) = L+5(a) MLCT (V—dxy — L) 342.8 6600 332/1470 (sh)
H-1(8) — L+5(B)/ LLCT/LLCT 3174 7800

H(B) — L+6(B)

H-3(a) = L+11(a)/ LMCT (L —» V-dxz_yz)/LLCT 305.8 5700 309/2730 (sh)
H(P) = L+7(B)

H-2(8) = L+2() LLCT 2779 10450

H-4(a) = L+13(a) LLCT 271.9 12200 271/6330 (sh)
H-2(B) — L+6(B)/ LLCT/LLCT 2554 25450

H-2(B) — L+12(B) 240/26270
H-1(at) = L+13(a) LLCT 229.5 27750

[a] Calculations performed at the level of theory CAM-B3LYP/6-31+g(d). [b] H stands for HOMO and L for LUMO, and HOMO coincides with SOMO. [c] Even if
MOs are formed by the combination of various atomic orbitals, we attributed them to V or the ligands on the basis of the largest contribution in the specific
MO. [d] Values of 2 measured in nm. [e] Oscillator strength. [f] Values of ¢ measured in m~' cm™. [g] The letters “sh” indicate a shoulder of a more intense

absorption.
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transfer (MLCT) and ligand-to-metal charge transfer (LMCT)
transitions, and the MOs involved are those centered on the
ligands with ;t character and those based on V-d orbitals such
as V-d,y, V-d,>_,» and V-d,.. This confirms what was discussed in
the literature, i.e. that for non-oxido vanadium(lV) species most
of the transitions derive from LMCT absorptions (see Table 4).>%
The oscillator strength for the excitations in the visible range is
about two to three orders of magnitude larger than that of the
VVO complexes (¢ = 2670 m~" cm™ for the band at 442 nm). In
the UV region, the first absorptions are MLCT or LMCT, more or
less until 300 nm, when the intraligand charge transfer or li-
gand-to-ligand charge transfer (LLCT) gains the upper hand
with a significant increase of the oscillator strength which re-
flects the increase of the & value (¢ is 3070 m~' cm™" at 300 nm,
whereas it rears up at 26270 m~' cm™' at 240 nm).

In Table 4 the most important calculated electronic transi-
tions, expressed by absorption wavelength and oscillator
strength, are compared with the experimental data.

Electrochemistry

Cyclic voltammograms of [VVL,]?>~ have been recorded at a plat-
inum working electrode under an atmosphere of purified argon
in water (0.1 m KNO3) at 25 °C in the potential range from -1.0 V
to 1.0 V vs. Ag/AgCl reference. We used as a starting point the
open circuit potential (OPC).

In the cathodic potential range an electrochemical response
is observed (Figure 10). It corresponds to the half-reduction
with E;, = -0.75 V and can be assigned to the process
[VVL,]?~ + e~ 2 [V'L,]3". On the basis of comparison with the
[Fe"(CN)]*>~/[Fe'(CN)s]*~ couple (AE, = 90 mV at a scan rate of
100 mV s7"), this electrochemical response may be appropri-
ately described as quasi-reversible (AE, = 143 mV). The quasi-
reversibility of one-electron oxidation and reduction has been
already observed in the literature for other non-oxido V'V com-
plexes and can be explained postulating that the distorted oc-
tahedral structure around the bare vanadium ion is maintained
during the reduction process.>®>”! In contrast, the reduction

N
~ N
T T \ ,Ir_/// N\
™~ \ \
N \ \
0 - \ \ — \
\ T~ \
| \ M \\ \
b — N
\__|
—
T T T T ;i'-i T T T T 1
03 02 01 00 01 04 -05 -06 -07 -08 -09
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Figure 10. Cyclic voltammogram in aqueous solution at 25 °C of the anodic
(left) and cathodic (right) potential range for [VVL,]>~ (V concentration of
1.0 x 1073 m). Pt was used as the working electrode and the potential £ was
measured vs. Ag/AgCl reference (0.1 m KNOs; scan rate 100 mV s™'). The
cathodic (negative) and anodic (positive) current are indicated by i. and i,,
respectively.
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would be irreversible in the case of a V'VO complex because the
process would entail the loss of the oxido ligand.!*®!

When the cyclic voltammogram is recorded in the anodic
range, an oxidation process is observed with E;,, = 0.03 V and
AE, =127 mV. In this case too, the oxidation can be considered
quasi-reversible because there is no structural change from dis-
torted octahedral [V'VL,]>~ species to [VVL,]~.

Overall, these data are in agreement with those of other hex-
acoordinate bare V!V species formed by tridentate ligands with
(0,0,0) or (O,N,0) donors.*® For example, the two complexes
formed by 1,3,5-triamino-1,3,5-trideoxy-cis-inositol  (taci),
[VV(taci),]**, and cis-inositol (ino), [VV(inoH_3),]?~, give reversi-
ble or quasi-reversible reduction (and oxidation) to the corre-
sponding V" (and V) species.’®>"! For bare V!V species formed
by S-methyl-p-N-(2-hydroxy-5-methylphenyl)methylenedithio-
carbazate the values of AE, for the quasi-reversible reduction
and oxidation are 120 and 130 mV,”! in line with those deter-
mined in this study. This behavior is explainable only if the
coordination geometry and the metal environment remain the
same as in the V'V complex upon the redox processes.

To confirm the attribution of E;,, to the reduction and oxid-
ation half-reactions, DFT calculations were carried out. In the
literature it is reported that a good prediction of the reduction
potential is possible with density functional theory methods,
even if a quantitative agreement has not been reached yet.!>”
A mean deviation of -0.16 V has been found for a series of
neutral transition metal complexes, but larger deviations were
revealed for highly charged anionic or cationic species. An accu-
rate prediction of the potentials depends also on the simulation
of the structure of the reduced and oxidized species as well as
on the geometrical conservation during the redox reactions.!*”

The values of E° (which coincides with E;,, when the diffu-
sion coefficients of the oxidized and reduced species are equal),
calculated for the half-reactions [VO*L,]* + e~ & [VredL,]*+-,
with x = 2 for VV or x = 1 for VY, were determined with Equa-
tion (2):161

oo [AG;; -AG;HEJ

nF 2
where AGY, is the Gibbs energy for the specific reduction half-
reaction, AGRy is the Gibbs energy for the reference half-reac-
tion 2H* + 2e” 2 H,, F is the Faraday constant and n = 1 is the
number of exchanged electrons.

DFT results indicate that E° calculated for the couple V'V/V!"
is -1.50 V, while E° for that VV/VV is 0.15 V. The value obtained
for the reaction [VYL,]” + e~ 2 [VVL,]*" is in good agreement
with the experimental value of 0.03 V with an absolute
deviation of 0.12 V. Concerning the reduction process,
[VVL,]?>~ + e~ 2 [V'L,]3, E° is underestimated with a deviation
of —0.75 V and this is probably due to the use of a hybrid func-
tional and, above all, to the high negative charge on the species
participating to the process.>!

To investigate the nature of the redox processes, the oxid-
ation state of the metal and to exclude the possible non-inno-
cent behavior of the ligand, further DFT calculations on the
orbital localization were carried out using the approach of
Boys,[°? recently applied in organometallic chemistry.®3 In Fig-
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ure 11 the centroids of the metal localized MOs for the three
species involved in the redox processes (VY, VIV, V) are shown,
while the complete representation of the metal complexes and
all the orbital centroids are reported in Figure S9 of the Sup-
porting Information. The determination of the orbital centroids
allows to describe where the electrons are and if they belong
to the metal or to the ligand.[®3!

Figure 11. Centroids of the localized orbitals on V for: (a) VY, (b) VVV and (c) V"
species. For VV (restricted calculation) the electron couples are represented
in purple, for VIV .and V" (unrestricted calculations) the a and the 3 electrons
are shown in orange and in light blue, respectively.

In [VYL,]~ (for which a restricted analysis was performed),
there are four centroids localized on V center, representing the
occupied semicore 3s and 3p orbitals (a in Figure 11); therefore,
the configuration is 3s23p°®. Looking at the species derived from
one-electron reduction, [VVL,]?~ (unrestricted analysis, b in Fig-
ure 11), it can be observed that five o and four {3 orbitals (four
couples plus an unpaired electrons) are found close to the
metal and they can be identified as the semicore fully occupied
3s and 3p orbitals and the singly occupied V-d,, (see also Fig-
ure 7); the configuration is 3s23p®3d’. Concerning [V"L,]*~ (un-
restricted analysis, ¢ in Figure 11), six o and four 3 orbitals are
localized on V and these can be explained with the configura-
tion 3s23p°® plus two electrons in the V-d orbitals (3s23p®3d?
configuration for V). Therefore, on the basis of these results,
the oxidation state of V in the three minima can be reasonably
described as +V, +IV and +llI, with the redox processes essen-
tially metal-based and only assisted by the ligand. The analysis
is confirmed by the calculation of the spin density on V atom
in the three species: about 0 for VY, 1.099 for V!V and 1.957 for
VIII.

Conclusions

In this study the system formed by V'V and glutaroimide-diox-
ime has been examined in aqueous solution with a number of
techniques, instrumental and computational. In particular, a
new non-oxido (or bare) V'V complex has been described, en-
riching the small family of these rare compounds.

The non-oxido species [V'VL,]?~ shows unusual spectroscopic
and electrochemical properties, according to the previous re-
sults.l’>2°1 Here we provided to the readers the tools to distin-
guish a non-oxido V!V complex from a VIVO complex formed by
a flexible tridentate ligand such as glutaroimide-dioxime and,
also, presented the possible DFT calculations to confirm the
results given by the instrumental techniques. Major findings
from this study are summarized as follows:

(1) In contrast with VVO, the geometry of bare VIV com-
pounds is not octahedral but intermediate between the octahe-
dron and the trigonal prism. The twist angle @ (60° for an octa-
hedron and 0° for a trigonal prism) can give information on the
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entity of the distortion. A DFT calculation at the level of theory
B3P86/6-311g gives a good prediction of the structure.

(2) While for an octahedral VVO complex the energy order
of the five V-d orbitals is d,, < d,; = d, < d,o 2 < d2,? for
these non-oxido V! species the order is d,, < d,, = dy, < .o,
= d, with a mixing of V-d,, with the unoccupied V-d orbitals
in the SOMO. The shape and composition of the MOs can be
calculated by computational methods.

(3) The EPR spectra are characterized by a value of A; (where
A; is the largest value of the 'V HFC tensor A and i = x or z,
depending on the symmetry of the complex) significantly
smaller than that of VVO species (usually in the range 150-
180 x 10* cm™"). The experimental value between 120 and
135 x 10™* cm™" corresponds to a “type 3" spectrum, for which
a mixing of V-d,, V-d,, and V-d,, orbitals in the SOMO - which
causes a marked lowering of A; - is expected.*” The HFC tensor
A can be predicted with a DFT calculation using the functional
B2PLYP and the basis sets VTZ or 6-311g(d,p). The value of the
angle Q, formed by the two external donor atoms of the tri-
dentate ligand with vanadium (180° for a mer and 90° for a fac
isomer), could suggest the type of EPR spectrum for this class
of compounds.

(4) Differently from VVO species, for which the bands re-
vealed in the visible region of the electronic absorption spectra
are almost pure d-d transitions with very low values of
the molar absorption coefficient ¢ (usually smaller than
200 m~" cm™), for these bare V!V compounds the d-d bands are
expected in the near IR region, whereas in the visible region
between 400 and 800 nm the absorptions are mainly metal-to-
ligand charge transfer (MLCT) and ligand-to-metal charge trans-
fer (LMCT) transitions (with ¢ much larger than 1000 m~' cm™).
A DFT simulation at the level of theory CAM-B3LYP/6-31+g(d)
allows to obtain a qualitative agreement between the experi-
mental and calculated spectrum and predict the character of
the electronic transitions in the UV/Vis spectrum.

(5) For a bare VV species, two quasi-reversible redox proc-
esses can be observed, one toward the reduction to V! in the
cathodic region and another toward the oxidation to VVV in the
anodic one.”® These redox processes are assisted by the li-
gands but are largely metal-based, consistent with previous re-
ports with Mn"/Mn",%4! as well as DFT calculations on the or-
bital localization, high V-d contribution to the frontier molec-
ular orbitals and spin density on vanadium for the three VY, VIV
and V" complexes. The quasi-reversibility of the processes can
be explained considering that the distorted octahedral struc-
ture is maintained around V during the redox reactions.”%>”1 In
contrast, the half-reactions to V" and VYO, would be irreversible
for a VVO complex.>® The two values of E,, for the reduction
and oxidation measured in a cyclic voltammogram could be
predicted in solution (using the SMD, solvation model based on
solute electron density) with the B3P86 functional combined
with the D3 correction for dispersion, and a general basis set
with 6-311g(d,p) for the main group elements and SDD (scalar-
relativistic Stuttgart-Dresden pseudopotential) plus ffunction
and pseudopotential for V in the optimization step, and 6-
311g++(2d,p) for the main group atoms and quadruple-C def2-
QZVP for V in the calculation of the Gibbs energy.
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Experimental and Computational Section

Chemicals

The glutaroimide-dioxime ligand was synthesized and its purity
was verified as described previously.l®>! VIV solutions were prepared
from VOSO,4:3H,0 [oxidovanadium(lV) sulfate trihydrate; 204862],
produced by Sigma-Aldrich, following literature methods.!®!

EPR and UV/Vis Measurements

The solutions for EPR and UV/Vis measurements were prepared by
dissolving in ultrapure water, obtained through the purification sys-
tem Millipore MilliQ Academic, a weighted amount of VOSO,-3H,0
and the ligand to obtain a metal ion concentration of 1.0 x 1073 m
and a ligand to metal molar ratio of 3:1. pH was varied with the
addition of carbonate-free NaOH solution of known concentration
(ca. 0.10 m). Argon was bubbled through the solutions to ensure
the absence of oxygen and avoid the oxidation of VVO?* ion.

EPR spectra were recorded at 120 or 298 K with an X-band (9.4 GHz)
Bruker EMX spectrometer equipped with an HP 53150A microwave
frequency counter. The microwave frequency used for EPR measure-
ments was in the range of 9.40-9.41 GHz, microwave power was
20 mW, time constant 81.92 ms, modulation frequency 100 kHz,
modulation amplitude 0.4 mT, and resolution 4096 points. To ex-
tract spin Hamiltonian parameters, the experimental spectra were
generated with WinEPR SimFonia software./*3 The values of the 5V
hyperfine coupling constants along the z axis were compared with
those estimated on the basis of the “additivity rule”, which relates
A, to the number and type of the equatorial ligands, assigning them
a specific contribution. This empirical rule has been proved and
accepted in a large number of papers.24 Usually, the experimental
values of A, fall in the range of £3 x 10~ cm™" with respect to those
estimated with the “additivity rule”.34234b1 The contributions of RO~
and OH~ donors were taken from refs.[340:34<] whereas for N~ donor
the mean value determined for an amide-N- was considered.!34<!

The electronic absorption spectra were recorded in the wavelength
range 200-800 nm with a Perkin-Elmer Lambda 35 spectrophoto-
meter.

ESI-MS Measurements

ESI-MS measurements were carried out on the system VV/HsL at
various pH (4-7) with V concentration of 5.0 x 107® m. VOSO,4-3H,0
was used as precursor of VIV and argon was bubbled inside the
aqueous solutions. The solutions containing the metal ion and the
ligand were prepared in LC-MS ultrapure water (from Sigma-Al-
drich) and the values of pH were eventually varied with (NH,),COs.
ESI-MS and ESI-MS/MS spectra were recorded immediately after the
preparation of the solutions.

Mass spectra in the positive and negative ion modes were obtained
on a Q Exactive™ Plus Hybrid Quadrupole-Orbitrap™ (Thermo Fisher
Scientific) mass spectrometer. The solutions were infused at a flow
rate of 5.00 uL min~" into the ESI chamber immediately after their
preparation. The spectra were recorded in the m/z range 50-750 at
a resolution of 140000 and accumulated for at least 5 min to in-
crease the signal-to-noise ratio. The instrumental conditions used
for the measurements in positive mode were: spray voltage 2300 V,
capillary temperature 250 °C, sheath gas 5-10 (arbitrary units), auxil-
jary gas 3 (arbitrary units), sweep gas O (arbitrary units), probe
heater temperature 50 °C. The instrumental conditions for the
measurements of the spectra in negative mode were: spray voltage
-1900 V, capillary temperature 250 °C, sheath gas 20 (arbitrary
units), auxiliary gas 5 (arbitrary units), sweep gas 0 (arbitrary units),
probe heater temperature 14 °C.
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ESI-MS spectra were analyzed by using Thermo Xcalibur 3.0.63 soft-
ware (Thermo Fisher Scientific).

Electrochemical Measurements

Cyclic voltammograms on the system V'V/H;L were recorded with
an electrochemical analyzer CH Instruments 600 B at room tempera-
ture (25 £ 1 °C) in H,0 with 0.1 m KNO; at the same experimental
conditions (pH and ligand to metal molar ratio) used to record EPR
and electronic absorption spectra. The total V!V concentration was
1.0 x 1073 m. A Pt working electrode, a Pt wire counter electrode
and an Ag/AgCl reference were employed. All potentials were calcu-
lated relative to the Ag/AgCl electrode (0.20 V vs. normal hydrogen
electrode, NHE), with a value of +0.26 V for the [Fe(CN)]>~4~ couple
(0.01 m NaOH). Voltammograms were obtained at scan rates be-
tween 0.01 and 1 Vs™'. Redox potentials were determined with a
precision of £ 0.01 V. The experimental conditions for the electro-
chemistry measurements of the reported systems were detailed in
the refs.[22250.51.57] even if comparisons are subject to the variations
in the experimental conditions.[®”}

DFT Calculations

The calculations presented in this study were performed with DFT
methods using the software Gaussian 09 (rev. C.01)®] and ORCA
(vers. 4.0).16%

The pK, values were computed with Gaussian 09 using the hybrid
B3LYP functional”® combined with the Grimme's D3 correction”"!
for dispersion and the 6-311++g(d,p) basis set. The solvent effect
was taken into account for the single point calculations adopting
the SMD continuum model of Marenich et al.”?! An explicit cluster
of water molecules was adopted to take into account the solvent
stabilization of the acid groups, and their number was constant
during all cycles (9 water molecules solvating the oxime groups N-
OH and 2 the imide NH,*).

The geometry of [VVL,]%, [VVL,]~ and [VVOL(OH)I?>~ complexes was
optimized with Gaussian 09 with the functional B3P86!7°273! and
the basis set 6-311g or 6-311++g(d,p) with the procedure reported
in the literature.274 This choice ensures a good degree of accuracy
in the prediction of the structures of first-row transition metal com-
plexes!”! and, in particular, of vanadium compounds.*? For all the
structures, minima were verified through frequency calculations.
Cartesian coordinates obtained from the geometry optimization are
available in Tables S2-S6 of the Supporting Information.

On the optimized structures, the >V hyperfine coupling tensor A
was calculated with ORCA software. For VVO complexes the func-
tional PBEOYS! and the basis set VTZ were used, while for bare V'V
species the double hybrid functional B2PLYP (that includes a sec-
ond-order perturbation correction for nonlocal correlation ef-
fects)i”! coupled with the basis set VTZ (for Aj,,) or 6-311g(d,p) (for
A, A, and A,) were employed. It must be taken into account that
for a VIV species the value of A is usually negative, but in the litera-
ture its absolute value is often reported; this formalism was also
used in a number of points of this study. The >'V HFC tensor A has
three contributions: the isotropic Fermi contact (AT€), the aniso-
tropic or dipolar hyperfine interaction (AP) and the second-order
term that arises from spin-orbit (SO) coupling (A%C):6%%1 A =
AFC14+AP+ASC, where 1 is the unit tensor. The values of the 3'V
anisotropic hyperfine coupling constants along the x, y, and z axes
are A, = AF+AP+ASC, A, = AFS+A P+A 50 and A, = AFC+A,P+A,%O.
From these equations, the value of Ai, is Aiso = (1/3)(A+A+A,) =
AFC+(1/3)(A,°C+A,5O+A,50) 161 The theory background was de-
scribed in detail in refs.3>4477) The percent deviation (PD) of the
absolute calculated value, |A]|<?<d, from the absolute experimental

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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value, |A]|®Y, was obtained as follows: 100 x [(|A]<d -
JAJ=*P], with | = iso or z.

IAi|eth|)/

Time-dependent density functional theory (TD-DFT) calculations!”®!
were used to predict the excited states of [VVL,]?~ and obtain the
expected electronic absorption spectrum. The calculations were
carried out on the geometry optimized in the gas phase using CAM-
B3LYP functional and 6-31+g(d) basis set, according to the method
established previously.[”)

The structures of VY, VIV and V" species used to calculate E° [see
formula (2)] were optimized in aqueous solution with SMD contin-
uum model”? using the B3P86 functional combined with the
Grimme's D3 correction for dispersion,”’ and the basis set 6-
311g(d,p) for the main group elements and SDD plus f-function””!
and pseudopotential for vanadium. Cartesian coordinates of the
optimized structures for V¥, VIV and V" are reported in Tables S7-
S9 of the Supporting Information. The Gibbs energy in solution
(AG3,) of the species was estimated through single point calcula-
tions expanding the basis set for the main group atoms to 6-
311g++(2d,p) and for V to the quadruple-C def2-QZVP. For the half-
cell proton reduction, AGR the value of -412.96 kJ mol™' was
used.®" The values of E°, calculated in the text for the reactions
VLI~ + e~ 2 [VVL,]? and [VVL,]> + e 2 [V'L,]*, were cor-
rected with the potential of the Ag/AgCl electrode (0.20 V vs. NHE).
Orbital localization was performed by DFT methods through the
CP2K software,® using the PBE exchange-correlation func-
tional.”%! Only the valence electrons were included in the simula-
tions, employing the GTH-type pseudopotentials;®' in particular,
for V the semicore 3s?3p® and the valence 3d34s? electrons were
considered explicitly. For V¥ complex, [VVL,]~ with S = 0, a restricted
calculation was performed, while VIV and V" species, [V'VL,]?~ with
S =1/2 and [V"L,]3>~ with S = 1, were treated with an unrestricted
analysis.
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