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Abstract

Several vanadium(V) complexes have been investigated as possible antidiabetic and anticancer therapeutic agents. Among these,
vanadium(V) complexes linked to tridentate ONO Schiff bases stand out for their potential in the treatment for cancer. However,
further studies are necessary in order to learn about their specific action at the cellular level. We investigate structural and spectro-
scopic properties of these particular complexes, which are formed by a Schiff base linked to a [VO,]* ion that contains different
functional groups. Molecular structure optimizations of these vanadium-containing complexes were performed by the ONIOM
(QM1:QM2) method, where the high layer (complexes) were described by density functional theory methods whereas the low
layer (eight water molecules) were described by the HF approach. Various solvation models were utilized; however, the introduc-
tion of both implicit (using a solvation model based on density, SMD) and explicit (eight water molecules) solvation improves
the stability of the systems. Interestingly, we found that the location of the explicit water molecules in the different octahydrated
vanadium complexes was conserved surrounding the oxo-vanadate moiety. A detailed analysis of the chemical shift (6) values for
'H, 13C and 'V is presented based on the ONIOM optimized geometries using the gauge-independent atomic orbital methodol-
ogy. For obtaining accurately chemical shifts, the complete basis set using the correlation-consistent Dunning basis sets from
double-¢ to quadruple-£ and the Ahlrichs basis set were utilized. The results from the methodology presented here are consistent
with those reported experimentally for 'H. Again, the inclusion of explicit water molecules in the inner solvation shell during the
calculation of the chemical shifts was crucial. The analysis of solvation energies also indicates the relevance of including explicit
water molecules as the main stabilization factor suggesting the central role of intermolecular interaction in the stability of the
metallic complexes. From this analysis, a possible vanadium complex candidate for further evaluation in the cellular environ-
ment is suggested. This work not only provides evidence of a suitable methodology for studying the structural and spectroscopic
properties of vanadium complexes but also highlights the relevance of explicitly including water molecules in their inner shell.
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1 Introduction

Vanadium-containing complexes are of pharmacological inter-
est, particularly those with V(IV) and V(V) oxidation states,
due to their relatively low toxicity and high antidiabetic and
Published as part of the special collection of articles derived anticancer activities [ 1-11], that are summarized in the scheme
from the 11th Congress on Electronic Structure: Principles and below. Schiff bases, a subclass of imine compounds with
Applications (ESPA-2018). the R2ZC=NR general structure, are widely used in several
Electronic supplementary material The online version of this research areas, including medicinal chemistry and biomedi-
article (https:/doi.org/10.1007/s00214-019-2509-z) contains cine, because they can form complexes with different metals
supplementary material, which is available to authorized users. including vanadium, in their variety of oxidation states [12].
Despite their importance, the molecular mechanisms at atomic
level need to be further investigated to advance in their devel-
opment as possible pharmacological compounds (Scheme 1).
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Scheme 1 A brief timeline of highlighted vanadium complexes
applied in medicine field in recent years. Their applications mainly
focus on their antidiabetic, antimicrobial and antitumoral properties.

NMR is a versatile technique that provides information
of the chemical environment of particular chemical bonds as
well as the structure and dynamics of the molecular system.
In addition, NMR also provides important information at
an atomic level of interactions between metals and biomol-
ecules [13]. Particularly in the study of vanadium-containing
complexes and its behavior in biological systems, 'V NMR
is used to obtain information on the stability and changes
associated with the nature of the ligands, providing insights
for the investigation of systems formed by the vanadium
atom linked to macromolecules [14].

Herein, a theoretical study of the NMR spectra of
four vanadium(V) complexes, namely VL1-VL4, using
the hybrid method ONIOM [15] with density functional
theory (DFT) [16] and Hartree—Fock (HF) [17], is carried
out in gas and solvation phases. One of the main aims is
to learn how the chemical shift (5) value of 'V changes
when the metal forms different complexes with the Schiff
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Below the timeline, a graphical representation of the number of pub-
lications through the years involving vanadium is presented. Data col-
lected from PubMed

base (L) linked to the [VO,]" ion [which forms part of the
vanadium(V) complexes with anticancer activity], particu-
larly in the presence of explicit water molecules and when
the solvent effect is included implicitly in the system.
The 6 values were estimated using the complete basis set
(CBS) limit [18] and the Dunning correlation-consistent
[19] and Ahlrichs basis sets [20]. The CBS limit approach
has been typically applied in the context of energy pre-
diction [21-26] and previously by our group to predict
electronic and free energies when metal complexes are
surrounded by water molecules [27]. From our findings,
we suggest a particular theoretical protocol consisting in
introducing explicit water molecules in the inner solvation
shell of the complex as well as using the CBS limit, to
investigate the stability and spectroscopic NMR properties
of metallic complexes.

Hence, we proposed the prediction of the '*C and 3'V
NMR chemical shifts for the octahydrated vanadium(V)
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complexes containing the tridentate ONO Schiff base (VL1
—VL4)-(H,0); using the CBS limit approach. In addition,
the effect of implicit solvation by means of the solvation
model based on density (SMD) [28] is analyzed.

2 Computational methodology

The optimized structure and vibrational frequencies, to ensure
the global minimum of the ground state structures, were cal-
culated with the ONIOM method [15], requesting two layers.
In the first layer, we used the DFT theory with the M06-2X
functional [29] and the cc-pVDZ basis set [19] for C, H, N,
O, CI atoms, and the Lanl.2DZ basis set for the V atom [30].
For V atoms, an effective core potential (ECP), namely a pseu-
dopotential, was utilized to replace the core electrons. In the
second layer, the calculations were carried out including the
solvent effect by adding eight water molecules to the com-
plexes (explicit solvation), that is, two water molecules per
oxygen atom in the [VO,]* ion and Schiff base, using the inner
solvation shell model with HF approach [17]. Explicit solva-
tion is based on previous studies on solvent effect when the
first solvation shell is represented explicitly with small sol-
vent molecules. Zhang et al. [31] used two-layer ONIOM QM/
MM method for the evaluation of effect of six water molecules
surrounding 2-aminopurine derivatives. Da Silva et al. [32]
represented the first solvation shell in continuum solvation
calculations using clusters of five solvent water molecules on
60 ionic species. The authors used as initial position, the struc-
tures obtained by molecular dynamics approaches and subse-
quently were completely relaxed using quantum mechanical
calculations. In another work, the effect of water and ethanol
on the structure of fluorophore molecule derivatives is tested
with ONIOM QM/MM approach with four molecules of water
and ethanol with the electronic embedding scheme [33]. In our
case, the implicit solvent approach with the solvation model
based on density (SMD) [28] was also used on octahydrated
complexes (explicit+implicit solvation). NMR spectra calcula-
tions were performed from ONIOM (M06-2X/cc-PVDZ:HF/6-
31G) [15] geometries using B3LYP functional [34] with the
gauge-independent atomic orbital (GIAO) method [35]. Dun-
ning correlation-consistent basis sets cc-pVDZ, cc-pVTZ, cc-
pVQZ [19] and Ahlrichs TZVP [20] for C, H, O, N, Cl atoms,
and LanL.2DZ [30] for the V atom were used and extrapolated
to the complete basis set (CBS) limit [18] for explicit+implicit
solvation. The tetramethylsilane (TMS) molecule was used as
areference in the 'H and '*C NMR, and VOCI, for Sy NMR
spectra calculated using the same method and basis sets.

The extrapolated function for obtaining the CBS limit
values for the 6 (ppm) of (VL1-VL4)-(H,0)4 complexes, as
well as the references used for calculating the NMR spectra,
has the exponential form:

A(x) = A(c0) + Be @ 4 Ce™V’ M
where x is the cardinal number corresponding to basis set
(2, 3, 4 for DZ, TZ and QZ) and A(oo) is the estimated CBS
limit for 6 when x — 0. In addition, for including a larger
number of basis set, Ahlrichs TZVP was also included in
the extrapolation.

Chemical shift (6) values (ppm) were calculated using the
following equation:

o (ppm) = Orer — 0j 2
where o, is the isotropic magnetic shielding of the TMS and
VOCI, references and o; is the isotropic magnetic shielding
of the complexes with explicit solvation (VL1-VL4)-(H,O)g
and explicit + implicit solvation (VL1-VL4)-(H,0)s., svp-
0, and o; were obtained with the estimated CBS limit. All
calculations were carried out using the Gaussian 09 program
[36].

3 Results
3.1 Molecular structures

Four vanadium-containing complexes were investigated,
VL1-VL4. In the case of the complex VL1, it is composed
of the tridentate ONO Schiff base 1-(((5-chloro-2-oxidophe-
nyl)imine)methyl)naphthalen-2-olate (L) and the [VO,]*
ion. As for the other complexes, VL2, VL3 and VL4 were
studied by Ebrahimipour et al. [12]; one of the oxygen
atoms from the dioxovanadium(V) ion (i.e., O5 in Fig. 1)
has different substituents attached, namely —"NH(CH;CH,),,
-OCH,CH,CH; and -OCH,CH,CH,CH,), respectively
(see also Fig. 1). The crystallographic structures of the four
compounds were obtained from the Cambridge Crystallo-
graphic Data Center (CCDC) database with reference num-
bers 1032428, 1032429, 1028790 and 1052671, respectively
[37]. Additionally and for completeness, we also investigated
the VL1 system from the Schiff base L linked to [VO,]*
ion (see Fig. 1). Selected parameters for L. and VL1-VL4
calculated at M06-2X/cc-pVDZ in gas and DMSO phases
are shown in Tables S1 and S2 in the Supplementary Mate-
rials (SM). Consistent results are obtained for VL2-VL4
in both gas and DMSO phases with respect to the experi-
mental data reported in [12], see Tables S1 and S2. Moreo-
ver, the M06-2X functional used in this study is known to
be a reliable method for conformational studies, molecular
structure and spectroscopy investigations [38]. Hence, the
molecular structure of complex VL1 was predicted with
good confidence.

In order to evaluate the effect of the aqueous environ-
ment, the [VO,]* ion in the complexes VL1-VL4 was sur-
rounded by eight water molecules in the inner solvation

@ Springer



122 Page4of 12

Theoretical Chemistry Accounts (2019) 138:122

Cl \ H,0'
| ‘\“ ,Hzon
C/CS\“I/HZO\'" _H, 0
G
Ho /"7""""“---3\/1
Ca AN /R
| P3
Cio /012. 4 %
\\C11 %, H,0Y'  “H,0Y
///HZOV"
/ HZO""
Complexes R
VL1
VL2 *NH(CH;CH,);
VL3 CHchch3
VL4 CH,CH,CH,CH;

Fig.1 Complex structures with the numbering convention for L,
VL1-VL4 and (VL1-VL4)-(H,0)g

shell, adding two water molecules per oxygen atom in the
ion at a distance of 1.4 A. The four octahydrated complexes:
1-(((5-chloro-2-oxidophenyl)imine)methyl)naphthalene-
2-olate-di-oxido-vanadate(V)-(H,O)g (VL1-(H,0)y), tri-
ethylammonium-1-(((5-chloro-2-oxidophenyl)imino)

Fig.2 Octahydrated (a)
vanadium(V) complexes

linked to the Schiff base with

SMD: (a) VL1-(H,0)g, smp»

(b) VL2:(H,0)g, smp» (©)

VL3-(H,0)3,smp» (d)

VL4-(H,0)g, spp- Color code is

as follows: C atoms in gray, H

atoms in white, O atoms in red, "
N atoms in blue, Cl atoms in

green and V atoms in pink
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methyl)naphthalene-2-olate-di-oxido-vanadate(V)-(H,0)q
(VL2:(H,0)g), 1-(((5-chloro-2-oxidophenyl)imino)methyl)-
naphthalen-2-olate-propoxido-oxido-vanadium(V)-(H,0)q
(VL3-(H,0)g) and 1-(((5-chloro-2-oxidophenyl)
imino)methyl)-naphthalen-2-olate-butoxido-oxido-
vanadium(V)-(H,0); (VL4-(H,0)g) were fully optimized.
During the optimization, we used the two-layer ONIOM
approach in both gas phase (VL1-VL4)-(H,0)q and using
the SMD implicit solvation model (VL1-VL4)-(H,0)s, smp-
The optimized structures for (VL1-VL4)-(H,0)g,smp are
depicted in Fig. 2.

With the aim of exploring the electronic energies ten-
dencies for complexes in different water solvation models,
the electronic energies were compared between (VL1-VL4)
in gas phase, implicit model solvation by the SMD model
(VL1-VL4)g\mp, explicit solvation (VL1-VL4)-(H,0)g, and
implicit + explicit model (VL1-VL4)-(H,0)g, smp- These
energies are shown in Fig. 3, in which the lowest energy cor-
responds to the (VL1-VL4)-(H,0)g, gup complexes, show-
ing energy differences compared with (VL1-VL4)-(H,0)q
of 72, 53, 45 and 35 kcal mol~! for VL1, VL2, VL3 and
VLA, respectively. These results indicate that by considering
explicit +implicit solvation, all the systems improve their
energy stability. However, the most significant improvement
comes from the explicit addition of the water molecules (see
Fig. 3).

The selected parameters for the complexes
(VL1-VL4)-(H,0)g,smp are shown in Table 1. The
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Fig.3 Energies for the VL1- -1.4
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numbering convention is in agreement with Fig. 1. Atom
N; refers to the N atom in —*NH(CH,CH,), substituent in
VL2, and atom C; refers to first C atom in the substitu-
ents -CH,CH,CH; and -CH,CH,CH,CHj; in VL3 and VL4,
respectively. By comparing these parameters with those
from the octahydrated complexes (VL1-VL4)-(H,0)g (see
Table S3 in SM), we observed similar values for bond dis-
tances and angles; however, two bond angles, O12-V1-04
and O3-V1-N7, are significantly changed in the octahy-
drated compounds. These angles are important during the
calculation of the 7 parameter, which is an index of degree of
distortion of square pyramid metal arrangement (z=0); as 7
approaches to 1, the metal conformation approaches a trig-
onal bipyramid structure. In the (VL3, VL4)-(H,0)g, svp
complexes, the square pyramid is more distorted compared
to the (VL3, VL4)-(H,0)g counterparts, whereas the (VL1,
VL2)-(H,0)g,gmp structures are less distorted when the
SMD is applied to the octahydrated complexes. This last
finding may be directly related with difference in the elec-
trostatic nature of the complexes. These distortions also have
influence in other angles like O2-V1-0O4 and O2-V1-0O4
that are part of the square pyramid.

0O-H,0 distances placed at 1.4 A as initial guess are
obtained in a range of 1.95-3.91 A after full optimization
was performed considering the SMD. The average value for
the distance of the vanadium atom to the water molecules
[closest hydrogen atom; (Vl—HZO)avegage] is found to have
similar values between 4.05 and 4.25 A for the four octahy-
drated complexes calculated with SMD; these distance val-
ues are similar to the those obtained in the absence of the
implicit solvation.

On the other hand, due to conformational flexibil-
ity of the alkyl groups in the VL3 and VL4 complexes,
-CH,CH,CH; and -CH,CH,CH,CH;, respectively,
a conformational search was carried out along the

V1-03-C13-C14 dihedral angle in both VL3-(H,0)s, snp
and VL4-(H,0)g, svp- The VL3-(H,0)g, gmp complex had
two minima in potential energy curve: the global mini-
mum, which is considered in this study, and a local mini-
mum with an energy difference of —4.22 kcal mol~!. The
main structural differences among these VL3-(H,0)g, snp
minima are located in the torsional angles formed by
V1-03-C13-H16 and O3-C13-C14-C15 (propoxy radi-
cal). The 7 value also changed slightly in both global and
local minima, 0.36 and 0.23, respectively. In the case of
the VL4-(H,0)g_ gvp complex, we did not find additional
local minima on the potential energy curve.

Complexes were fitted using VMD molecular graphics
viewer [39] in order to know the location of the optimized
water molecules in the different complexes. The color code
for the complexes is the same as in Fig. 4: VL1—Dblue,
VL2—orange, VL3—purple and VL4—red. The moiety
corresponding to the Schiff base was hidden for clarity. It
can be observed that: (1) water molecules are mainly sur-
rounding the oxo-vanadate, particularly the O, atom, see
Fig. 1 for numbering convention; (2) water molecules are
located in a similar positions in the VL1, VL2 and VL4
complexes. In the case of the VL3 complex (purple), the
location of the water molecules is somehow different rela-
tive to the other complexes, yet the water molecules still
surround the oxo-vanadate moiety, and (3) the slightly dif-
ferent position between the water of the different complexes
is attributed, as expected, to steric effects of the of different
substituents.

3.2 NMR calculations
The chemical shifts (5) for the '"H NMR spectrum using

the CBS-B3LYP method with different basis sets for the
VL1-VL4 complexes in DMSO phase are shown in the

@ Springer
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Table 1 Selected optimized parameters for the complexes (VL1-
VL4)-(H,0)g,gmp at the ONIOM (M06-2X/cc-PVDZ:HF/6-31G)
theory level with SMD solvation. Bond lengths in (A) and angles in
©)

Parameter VLI1- VL2. VL3. VL4
H,0)3 . 5mp (Hy0)35mp (Hy0)g45mp (HyO0)g45mp

04-C5 1.34 1.34 1.34 1.34

012-C11 1.32 1.32 1.33 1.33

N7-C8 1.30 1.30 1.30 1.30

N7-C6 1.41 141 1.41 141

Cl-C 1.75 1.75 1.75 1.75

V1-04 1.94 1.94 1.89 1.89

V1-012 1.92 1.92 1.87 1.86

V1-03 1.61 1.63 1.76 1.75

V-02 1.62 1.60 1.56 1.56

VI-N7 2.21 2.20 2.13 2.18

C10-C8-N7 1243 1244 124.39 123.51

C8-N7-C6  121.7 1214 121.98 122.76

C10-Cl11- 123.9 123.1 122.22 122.36
012

C6-C5-04 1179 118.0 116.77 117.01

N7-C6-C5 111.8 111.9 111.40 111.33

C8-C10- 120.5 119.8 119.55 119.76
Cl1

02-V1-03  108.8 108.1 107.55 105.76

02-V1-012 106.6 105.1 110.65 109.83

02-V1-04  106.6 105.8 108.25 108.96

02-VI-N7 953 99.6 93.92 90.60

03-V1-04 929 94.0 92.39 92.47

03-V1-012 96.0 94.8 93.61 99.27

O12-V1-N7 80.5 79.6 81.40 80.11

04-VI-N7 759 76.3 77.52 76.36

012-V1-04 140.6 143.4 136.6 134.36

03-VI-N7 155.6 152.3 158.3 162.63

V1-04-C5- -159 =75 16.8 —14.08
Cc6

V1-012- 29.3 36.4 -36.9 39.20
C11-C10

N7-C6-C5- —178.6 —-178.6 179.0 -179.19
C4

N7-C8- -9.6 —-12.2 13.9 —15.09
C10-C11

C6-N7-V1- -77.4 -76.8 78.5 —62.80
03

N7-V1-03- - —175.0 - -
NI13

O3-N13- - 174.3 - -
Cl14-C15

02-V1-03- - 9.1 - -
NI13

N7-V1-03- - - 17.0 162.88
C13

03-C13- - - 66.2 —66.02
Cl14-C15

@ Springer

Table 1 (continued)

Parameter VLI VL2. VL3- VL4
(H20)8+SMD (H20)8+SMD (H20)8+SMD (H20)8+SMD

02-V1-03- - - 1717 3.14
C13

04-H,01 2.0 2.09 39 2.10

O4-H,0Il 2.11 2.00 222 2.02

02-H,OIIl 198 2.01 3.20 2.23

02-H,01IV  2.01 3.56 222 2.31

O3-H,OV 197 1.95 2.09 3.34

03-H,0 VI 338 3.34 245 2.96

0I12-H,0  2.12 1.98 223 228
VIl

012-H,0 2.14 3.81 232 3.92
VIII

(V1- 4.05 4.25 4.25 4.20
HZO)average

(O- 3.09 3.37 3.34 3.40
HZO)average

Table S4. Calculated values display good correlation with
experimental values reported previously [12], with correla-
tion coefficients values of R>=0.9409, 0.9813 and 0.9919,
for the complexes VL2-VL4 in DMSO solution, respec-
tively. The correlation parameters between the experimental
and theoretical results are collected in Table S5, showing a
good correlation for the 'TH NMR data in DMSO solution.
Hence, we propose that the methodology using GIAO with
(M06-2X/cc-PVDZ:HF/6-31G)//CBS-B3LYP is reliable
enough to be used in further analysis. Using this methodol-
ogy, values of §,., of '"H NMR for the VL1 complex were
accurately predicted.

In Table S6, it can be observed that estimated CBS limits
of 0, for the (VL1-VL4)-(H,0)g systems using the TMS
reference, oryg=31.26 ppm, are in general shifted to upfield
regions when compared with the values of the VL1-VL4
complexes in DMSO (Table S4). This effect is more evi-
dent in the case of the Hcg_n proton, since NMR results
are susceptible to structural changes. Thus, we expected
a significant change in ¢ in this particular hydrogen atom
when water molecules are explicitly taken into account,
because it is bounded to a carbon atom that is bound to a
nitrogen atom that is part of the distorted square pyramid.
However, the chemical shift from the '"H NMR data in the
(VL1-VL4)-(H,0)g, smp complexes moves slightly down-
field, although it seems to have a chemical behavior similar
to the ones obtained experimentally, see Table S7. Thus, we
suggest that considering explicit + implicit water solvation
results in a better approximation to the chemical behavior of
the metallic complexes.

The predictions of the & for the '*C and 3'V NMR data are
shown in Tables S8, S9 and Tables 2, 3. For the octahydrated
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Fig.4 Different views of VLs
fitted illustrating the positions
of water molecules surrounding
the complexes. VL1 in blue,
VL2 in orange, VL3 in purple
and VL4 in red

Table 2 '>C NMR chemical shifts () in ppm for the complexes (VL1-VL4)-(H,0)g, gup using the CBS-B3LYP method including aqueous sol-

vation with SMD
VL-(H,0)g Assignment 6 TZVP 6 cc-pVDZ 6 cc-pVTZ 6 cc-pvVQZ 6y CBS est. orys CBS est.
VL1I-(Hy0)g4smp  Cring 120.3-177.4 115.2-167.2 118.8-176.5 122.0-179.7 117.6-170.7 190.851
Cern 157.0 149.4 157.3 160.6 153.0
VL2-H;0)g4smp  Cring 120.1-170.5 115.3-160.2 120.1-170.0 122.5-172.8 117.8-163.5 190.851
Cenon 158.1 149.4 157.2 161.1 153.2
Cinncnscuzy  9-7-53.0 7.0-52.7 5.9-53.7 6.3-54.9 7.2-54.0
VL3-(H;0)g4smp  Ciing 119.1-177.0 115.4-167.3 120.0-176.7 122.6-179.6 118.3-170.7 190.851
Cen=n 159.5 151.0 159.0 162.5 154.6
Ccmzpcns 15.8-88.3 16.7-85.3 16.1-87.6 16.5-88.8 17.1-86.3
VL4-Hy0)g45mp  Cring 120.2-177.3 115.8-167.8 121.0-176.9 123.4-179.8 118.6-171.1 190.851
Cenan 157.7 149.1 157.1 160.5 152.6
Ccmayscns 16.3-101.5 17.8-96.9 17.1-100.7 17.6-102.0 18.3-98.1

complexes, (VL1-VL4)-(H,0);, all the 6 values for the car-
bon atoms from the CBS estimation of the aromatic ring,
Ciing» are found at the 115.4-171.7 ppm range, whereas for
the carbon at the imine group, Cy;_y, the values are in the
143.1-151.1 ppm range. For carbon atoms in the R substitu-
ents, the ¢ values in the case of the aliphatic -(CH,),CH;4
and —(CH,);CH; substituents are 14.7 and 98.8 ppm for

VL3-(H,0)g and VL4-(H,0)s, while for —-"NH(CH;CH,),
substituent, the J . values are predicted at the range of
6.0-54.8 ppm for the VL2:(H,0)4 complex, see Table S8.
In aqueous solution, shift to downfield was found in &,
values around 5 and 10 ppm, for the Cy;,, and Cy_y atoms,
respectively. For carbon atoms, the R substituents are also
slightly shifted downfield for (VL3-VL4)-(H,0)g,smp
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Table 3 >'V NMR chemical shifts (8) in ppm for the complexes (VL1-VL4)-(H,0)g, gup using the CBS-B3LYP method and the aqueous solva-

tion model with SMD

VL-(H,0)g 0 TZVP 6 cc-pVDZ o cc-pVTZ 6 cc-pvVQZ 0 CBS est. oyoc CBS est.
VLI1-(H,0),smp -577.2 —544.2 —534.9 —506.8 —-508.0 —2952.64
VL2-(H,0)g,smp -5934 —551.8 —548.3 -520.4 -515.6

VL3-(H,0)g,smp -521.0 —472.9 —479.4 —456.3 —442.9

VL4-(H,0)g, smp -527.1 —476.7 —485.1 —463.9 —448.3

complex with chemical shift values no larger than 3.0 ppm.
The changes observed for the complex VL2-(H,0)g could
be attributed to the charge—charge interactions found for
+NH(CH3CH2)3 and “"OVOL-(H,0)4 moieties, see Table 2.

On the other hand, Tables S9, S10 and 3 contain the
results for the 'V NMR spectra. From the CBS estimation,
the & °'V values are predicted to range between —458.3 and
—532.2 ppm in the case of the (VL1-VL4)q\p complexes
with the aqueous SMD solvation, see Table S9. When the
solvation effect is taken into account via the SMD approach
and water molecules are also included explicitly, the § >V
values change to a range between —442.9 and —515.6 ppm
in the case of the (VL1-VL4)-(H,0)g,gyp complexes, see
Table 3. In the absence of the implicit aqueous model, that
is, for the (VL1-VL4)-(H,0)g complexes (in Table S10),
the differences in the chemical shift are smaller than 20 ppm
relative to the (VL1-VL4)-(H,0)g, smp complexes. This
shift to the upfield region is caused only by the inclusion
of the implicit effect of the solvent. It is noteworthy that the
8.1 for the 13C atoms does not display any tendency for any
of the complexes and for any of the basis set. Yet, by using
the CBS limit for extrapolating the 6 NMR values ensures
that the calculated chemical shifts are correctly predicted.
In general, the results for the 8 'V NMR when only the
implicit solvent model is included exhibit a trend toward
downfield values for the (VL1-VL4)gyp complexes with
an increase in the size of basis set, see Table S9. However,
for the octahydrated complexes, (VL1-VL4)-(H,0)s, the
calculations show a trend toward downfield regions when
the cc-pVDZ and cc-pVTZ basis sets are used. Finally,
from Table 3, using explicit+implicit model, the complexes
(VL3, VL4)-(H,0)3, smp also present similar variations but
to a larger extent. Since when using the CBS extrapolated
function, the differences and contributions for all the basis
sets are considered, we observed that all the values of 8§ 'V
are balanced out.

In this form, the CBS approach allows us to estimate the
& 3!V with reliability for the three solvation approximations.
According to our results, when different solvation models
are tested, see Tables S9, S10 and 3, we suggest that using
the CBS approach together with implicit + explicit solvation
models produces the best results, and thus, it is an adequate
methodology for dealing with these vanadium(V) complexes.

@ Springer

Spectroscopic data of & >'V NMR in DMSO-dg of
oxovanadium(V) complexes have been reported in a range
of —469 to —550 ppm [40-45] (see Table 4). On the other
hand, Melendez and coworkers carried out a theoretical
NMR study dealing with vanadate complexes. In that study,
they obtained reliable results for & values of 'H, '*C and 3'V
in gas phase; D,0; and DMSO-d, solvents using the B3LYP
functional [40]. In this case and in aqueous solution, the &
31V were found at a range of —784 to — 786 ppm, while
the experimental data was reported at — 748 to — 754 ppm
where the only water molecule explicitly placed in the sys-
tems interacts with a bis-peroxo-oxovanadate ion [46]. It
would be interesting to analyze the effect of surrounding the
[VO(O,),(H,0)]” chemical moiety with water molecules to
assess the capacity of the explicit solvent to move the >'V
chemical shift values to upfield regions.

3.3 Solvation energies

The ongoing development of implicit solvent models for the
accurate prediction of the solvation free energies (AG**"
denoting transfer of solute at 298.15 K from 1.0 mol L™! in
the ideal gas phase to 1 mol L™ in the ideal dilute solution
phase) is focused on their importance in better understand-
ing and estimating processes related to equilibria in solution,
biological partitioning, and so on which are fundamental
aspects of molecular biology and medicinal chemistry [47,
48]. The theoretical solvation energy estimation is frequently
used to support the experimental measurements due to the
difficulties related with the nature of the experimental char-
acterization. In this work, the solvation free energies of the
Schiff base L, the complexes VL1-VL4 and the octahy-
drated complexes (VL1-VL4)-(H,0)g4 were calculated from
the gas to the solution phase using the SMD model. The
results are shown in Tables 5 and 6.

In the Table 5, it is observed that VL1, VL2 and VL4 are
more stable in aqueous phase, while in the case of VL3, our
results indicate that it presents similar stability in both solu-
tion phases. In the aqueous phase, the VL complexes present
the following trend in stability: VL3 < VL4 < VL2 < VLI1.
By explicitly including water molecules in the inner sol-
vation shell to generate the octahydrated complexes (VL1
—VL4)-(H,0)4, a significant stabilization is observed in the
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Table 4 Spectroscopic data of >'V NMR in DMSO-d6 of oxovanadium(V) complexes linked to the Schiff bases

Complex o (ppm) Refs.

(S-Benzyl-3-((3-oxy-5-hydroxymethyl-2-methylpyridinium-4-yl)methylidene)dithiocarbazato)-dioxovanadium(V) —469.6 [41]

CiH 6N30,5,V

2-(2,5-Diaza-1-hexen-1 —yl—KzN )-4-nitrophenolatokO-dioxovanadium(V) —528.7 [42]

C1oH;;N;05V

(2-(((2-Oxy-3,5-bis(t-butyl)benzylidene)amino)methyl)-4,5,6-trimethoxytetrahydro-2 H-pyran-3-olato)-(methanolato)- —535.0 [43]
oxovanadium(V)

C,sHyNOgV

(N-Salicylidene-2(benzimidazole-2-yl) ethylamine)-cis-dioxovanadium(V) —540.3 [44]

CysH14N;05V

{R(-)-2-amino-1-N-[(2"-oxido-kO-4',6'-dimethoxyphenyl) methylene] aminopropane-KzN}dioxidovanadium(V) —-550.3 [45]

CpH N0V

Glycine-L-histidine-bis-peroxovanadato —782.9 [40]

[VO(0,),(H,0)] GH

Glycine-glycine-L-histidine-bis-peroxovanadato —783.8 [40]

[VO(0,),(H,0)] GGH

Glycine-L-histidine-glycine-bis-peroxovanadato —785.0 [40]

[VO(0,),(H,0)] GHG

Color code: carbon—gray, nitrogen—blue, oxygen—red, sulfur—yellow, vanadium—pink

Table 5 Solvation free VL  AGSON-HO A GSolv-DMSO

energies (in kcal mol ™) for 2

the complexes VL1-VL4 VLI —63.0 —54.93

with the ONIOM (M06-2X/

cc-PVDZ:HF/6-31G) theory VL2 -2691  —2475

level VL3 -17.16 —-16.84
VL4 -17.08 -16.55

AGSN= (GSMD - GGaS phasc)

Table 6 Solx_/alltlon free energies VL-(H,0)q AGSV-HO

(in kcal mol™") for octahydrated

complexes (VL1-VL4)-(H,0)g VL1-(H,0), ~-7927

with the ONIOM MO06-2X/

cc-PVDZ:HF/6-31G theory VL2:(H,0) —62.62

level VL3.(H,0)g —55.55
VL4-(H,0)g —48.31

AGSOIV = (GSMD - GGas phase)

Table 6 by about —48.31 to —79.27 kcal mol~!, with the
following trend: VL4-(H,0)g < VL3-(H,0)5 < VL2-(H,
0)3 < VL1-(H,0)q. This suggests that the intermolecular
interactions, namely hydrogen bonds, provide significant
stabilization to the complexes. In general, it could be sug-
gested that the octahydrated complexes are more stable when
they are additionally embedded in implicit water solvation
models, as was observed in previous studies of vanadium-
containing complexes in aqueous solution [49]. In particular,
the complex VL2-(H,0)g presents the most stable AGS"
with respect to the reference complex VL1-(H,0)g (without
substituent), which could be attributed to the presence of a

net charge in the moieties. Therefore, it could be a possible
candidate to be evaluated in biological systems (aqueous
phase).

4 Conclusions

Therapeutically relevant vanadium-containing complexes
were investigated using theoretical approaches. The particu-
lar role of different levels of solvation models (i.e., implicit,
explicit or a combination of both), particularly around the
[VO,]* ion, was evaluated. We found that by including
implicit + explicit solvation, the stability of all the systems
improves. Yet such improvement was mainly driven by the
addition of explicit water molecules. Interestingly, in the
case of the octahydrated compounds, significant distor-
tions of square pyramid metal arrangement were observed.
Moreover, the location of the water molecules around the
metallic complexes adopted similar positions surrounding
the oxo-vanadate moiety. We suggest that the optimization
protocol followed in this study is appropriate for investigat-
ing metallic complexes.

The chemical shift (8) values for 'H, '*C and >'V
were calculated using the complete basis set (CBS) limit
approach. From our analysis of the different solvation mod-
els, we suggest that considering explicit + implicit water
solvation results in a better approximation to the chemical
behavior of the metallic complexes. Furthermore, we con-
cluded that values obtained using the methodology for 'H
(explicit water molecules in the inner solvation shell and the

@ Springer
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CBS limit for extrapolating the  NMR values) are consistent
with experimental results, which provides further confidence
in the results obtained for '*C and 'V cases.

Lastly, the analysis of the solvation energies indicates
that the inclusion of the explicit water in the inner shell is
the main stabilization factor. This suggests that the inter-
molecular interactions, specifically hydrogen bonds, provide
significant stabilization to the metallic complexes.

Finally, our results suggest a particular theoretical pro-
tocol involving the introduction of explicit water molecules
in the inner solvation shell and the CBS limit, as a suitable
methodology for studying metallic complexes and the NMR
spectroscopic properties.

5 Supplementary material

Table S1: Selected optimized parameters for the Schiff base
L-trans and the complexes VL1-VL4 with the M06-2X/cc-
pVDZ theory level in the gas phase; Table S2: Selected opti-
mized parameters for the Schiff base L-trans and the com-
plexes VL1-VL4 with the M06-2X/cc-pVDZ theory level in
the DMSO phase; Table S3: Selected optimized parameters
for the complexes (VL1-VL4)-(H,0); ONIOM (M06-2X/
cc-PVDZ:/HF/6-31G) theory level in gas phase; Table S4: 'H
NMR isotropic magnetic shielding (¢) and chemical shifts (5)
in ppm, for the Schiff base L and the complexes VL1-VL4
with the CBS-B3LYP method in DMSO solution; Table S5:
Correlation parameters between experimental and theoretical
'"H NMR chemical shifts (ppm) for L-trans and the com-
plexes VL2-VL4 in gas and DMSO phase; Table S6: 'H
NMR isotropic magnetic shielding (¢) and chemical shifts ()
in ppm for the complexes (VL1-VL4)-(H,0)g with the CBS-
B3LYP method in the gas phase; Table S7: 'H NMR isotropic
magnetic shielding (¢) and chemical shifts (6) in ppm for the
complexes (VL1-VL4)-(H,0)g, gmp With the CBS-B3LYP
method including H,O solvation with the Solvation Model
based on Density (SMD); Table S8: '*C NMR isotropic mag-
netic shielding (o) and chemical shifts () in ppm for com-
plexes (VL1-VL4)-(H,0)g using the CBS-B3LYP method
in the gas phase; Table S9: °'V NMR isotropic magnetic
shielding (o) and chemical shifts (6) in ppm for the com-
plexes (VL1-VL4)-(H,0)g using the CBS-B3LYP method
in the gas phase; Table S10: 3!V NMR chemical shifts (5) in
ppm for the complexes (VL1-VL4)-(H,0); using the CBS-
B3LYP method in the gas phase.
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