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a b s t r a c t

The Cr(III) and V(IV) complexes of 3-methylpicolinic acid (3-mpaH) were synthesized. The XRD and LC-
MS/MS were performed to determine experimental geometric structure of the synthesized complexes.
Their experimental spectral analyses were carried out by FTeIR and UVeVis spectra. Their a-glucosidase
activities were also evaluated. The synthesized Cr(III) and V(IV) complexes exhibited a-glucosidase
inhibitory activity with the IC50 values of >600 mM. Furthermore, the optimal molecular structure ge-
ometries, vibrational frequencies, electronic spectral properties, refractive index, band gap, second- and
third-order nonlinear optical (NLO) parameters of these complexes were obtained by using DFT/
HSEh1PBE/6e311G (d,p)/LanL2DZ level. NLO results demonstrate that the complex 1 is a promising
candidate to materials with the high first- and second-order hyperpolarizability values obtained at
55.3 � 10�30 and 251.0 � 10�36 esu in ethanol solvent. The experimental refractive index and band gap
parameters were comparatively presented. Lastly, NBO analysis was fulfilled to investigate inter- and
intra-molecular bonding and the definition of coordination geometries around the central metal ions, as
well as the electronic charge transfer interactions in the Cr(III) and V(IV) complexes.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

The metal complexes of nitrogen-containing heterocyclic li-
gands have been commonly received great attention in the
different fields due to their potential applications until today [1e6].
In addition, by virtue of the structural, spectroscopic and catalytic
similarities to important enzyme-substrate complexes in the hu-
man body, as well as their applications in non-linear optics, coor-
dination and bio-material chemistry, various metal complexes of
pyridine derivatives have been reported [7e11]. The determine
roles of metal complexes in biological processes such as diabetes
mellitus (DM) which is characterized by a high level of blood
glucose, are crucial. Furthermore, type 2 diabetes (T2DM) is ex-
pected to be one of the ten fatal diseases in the coming years
according to the report of the world health organization (WHO). In
this respect, the searches for efficient antidiabetic treatments are
important to reduce blood glucose levels and keep glucose under
control. It has been declared that a-glucosidase inhibitors improve
postprandial hyperglycemia and subsequently decrease the risk of
developing type 2 diabetes [12e14]. The design and synthesis of the
glucosidase inhibitors with high efficiency were taken account as
one of the intensive research fields due to the therapeutic effects of
the complexes with different metal ions on individuals suffering
from type 2 diabetes [15e20]. Although the synthesis, some spec-
tral properties and computational studies of copper (II), nickel (II),
cobalt (II), lead (II), vanadium (IV) complexes with 3-
methylpicolinic acid have been reported [21e26], there are no a-
glucosidase enzyme activity studies of the Cr(III) and V(IV) com-
plexes of 3-mpaH ligand in the literature. The synthesis, charac-
terization, electrochemical properties and biological activity study
for ruthenium (II) complex of 2,20-bipyridine with 3-
methylpicolinic acid were also fulfilled [27].
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It is clear from the literature that no detailed studies have been
conducted on the NLO properties of these materials. But in recent
years, the studies of NLO features with different application areas
such as optical communication, information storage and optical
switching have been attracted attention in optoelectronic tech-
nology. Thanks to this situation, a number of experimental and
theoretical studies are carried out [28e34]. The optical nonlinearity
of organic, inorganic and organometallic compounds can be
amplified either by conjugated bonds or by binding of electron
donor and acceptor groups.

Some compounds especially non-centrosymmetric organic
compounds including the electron-donor (D)-p-electron acceptor
(A) or A-p-D type structures have been extensively investigated
due to the possibility of having a great value of first hyper-
polarizability (b) [35e41]. But, the achieve of NLO properties for the
complex structures containing transition metals is a key impor-
tance because of non-centrosymmetric or centrosymmetric coor-
dination geometries around the central metal ions. It is clear that
the differences in the obtained NLO parameters (first- and second-
hyperpolarizability (b and g) could be observed in the literature for
structures with this type of coordination geometry [17e20,28e31].

It could be considered that the high difference of dipole moment
between the ground and excited state for the organic molecules is
obtained due to the strong intramolecular charge transfer (ICT)
originated from donor to acceptor units through p-bridge [35e41].
However, the NLO response of the donor and acceptor units around
the metal ions acting as p-bridge in the transition metal complexes
could be provided to observe the dominant electronic transitions.
Hence, the two-state model [35e48] has been commonly used to
determine NLO response in the donor-acceptor compounds.
Moreover, these push-pull configurations lead to not only reduce
the HOMO-LUMO energy gap and increase the NLO response, but
also help to increase asymmetrical electronic distribution and
extend the absorption range to a longer wavelength. Considering
the results previously reported for first hyperpolarizabilities ob-
tained by using the different theoretical approaches (HSEh1PBE,
B3LYP, M062X, CAM-B3LYP and BHandHLYP), the HSEh1PBE/6-
311G (d,p) level was found as consistent with the experimental
results [47]. In a previous study, the NLO parameters were calcu-
lated at the hybrid GGA, meta-GGA, range-separated hybrid and LR
corrected DFT models (B3LYP, B3PW91, M062X, HSEh1PBE, CAM-
B3LYP, LC-BLYP and xB97XD) in the gas phase and methanol [49],
and it is reported that the hybrid meta-GGA B3LYP, B3PW91
methods and range separated hybrid HSEh1PBE level were found to
bemore comparable results than the other M062X, CAM-B3LYP, LC-
BLYP and xB97XD methods incorporating the high amount LR-HF%
exchange. These results are important for the determination of the
calculation method in different molecular structures. In this
context, according to the previously obtained results for the
different metal complex [17e20,28e31] and organic compounds
[50e52], the HSEh1PBE method was chosen for the investigating of
the spectral and NLO properties.

The main purpose of the present study is to synthesize Cr(III)
and V(IV) complexes of 3-methylpicolinic acid (3-mpaH) and come
out the detailed structure-activity relations of these complexes. The
investigation of the a-glucosidase enzyme activity, linear and
nonlinear optical parameters for Cr(III) and V(IV) complexes have
not been fulfilled though the V(IV) complex of 3-mpaH was pre-
viously synthesized and its spectroscopic (EPR, UVevis, and IR
spectroscopy) and computational calculations were performed
[26]. Synthesis, structural, chemical and bioactivity behavior for
Cr(III) complex of 3-mpaH were carried out [53]. The crystal
structure of complex 1 [Cr (3-mpa)3] was defined by XRD spec-
troscopic technique and molecular structure of complex 2 [VO(3-
mpa)2] was determined by mass spectrometry (MS). The a-
glucosidase enzyme inhibition, vibrational and electronic absorp-
tion spectra, refractive index, as well as optical band gap parame-
ters were experimentally examined. To reveal structure-activity
relations, the detailed theoretical calculations by using DFT/
HSEH1PBE/6-311G (d,p)/LanL2DZ level in the gas phase and
ethanol solvent were carried out for the structural, vibrational,
electronic, linear- and non-linear optical parameters of complexes 1
and 2. Finally, the ligand protein interactions were determined by
molecular docking.

2. Experimental and computational procedures

2.1. General remarks

All chemicals used in the synthesis process of Cr(III) and V(IV)
complexes are analytical grade commercial products. 3-MpaH (3-
methylpicolinic acid), chromium (III) nitrate nonahydrate
(Cr(NO3)3$9H2O)) and vanadium (IV) oxide sulfate hydrate
(VOSO4$xH2O) were purchased from Sigma-Aldrich.

The single crystal X-Ray diffraction (XRD) [54e56] and LC-MS/
MS methods as well as FT-IR and UVeVis spectrophotometer
used to analyze geometric and spectroscopic properties of Cr(III)
and V(IV) complexes were presented in the Supplementary
Material.

2.2. Synthesis of the complexes 1 and 2 {[Cr(3-mpa)3], (1), [VO(3-
mpa)2, (2)}

Synthesis procedures of the complexes 1 and 2 are as follows
(Scheme 1):

To a solution of the 3-methylpicolinic acid and trimethylamine
(3 mmol) dissolved in water (15 mL) was dropped the solution of
chromium (III) nitrate nonahydrate (1 mmol) dissolved in water
(5 mL). This mixture was stirred at 100 �C for 1 h and then evap-
orated for 15 days at room temperature. At the end of this process,
the occurred suitable single crystals with prism-shaped for com-
plex 1 were collected. Yield: 74.6%.

The 3-methylpicolinic acid (2 mmol) and vanadium (IV) oxide
sulfate hydrate (1 mmol) were dissolved in water (10 mL). Then an
aqua solution (1.5 mL) of sodium bicarbonate (0.12M) was added to
the mixture. It was stirred at room temperature for 3 h and evap-
orated for 15 days at room temperature. At the end of this process,
the powder product for complex 2was obtained. Yield: 43.5%. Anal.
Calc. for C14H12N2O5V (complex 2): C, 49.57; H, 3.57; N, 8.26. Exact
mass (m/z): 362.02. Found: C, 49.43; H, 3.85; N, 8.23. ESI-LC-MS/MS
(m/z): 365.1 ([M]þ). Fig. S1 displays the mass spectrum of the
complex 2.

2.3. a-Glucosidase inhibition assay

The a-glucosidase activities of the synthesized complexes 1 and
2 were determined on the basis of our previous studies [17e20].
The detailed inhibition method was presented in Supplementary
Material. The determination inhibition activities for the complexes
1 and 2 against a�glucosidase was carried out by the following
equation,

Glucosidase inhibition ¼ [(AceAs)/Ac]x100 (1)

where Ac and As are the absorbance of control and samples,
respectively. Graphpad Software was also utilized to calculate IC50.

2.4. Computational details

The density functional theory calculations on the complexes 1



Scheme 1. The synthesis of the complexes 1 and 2.
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and 2 were fulfilled by using GAUSSIAN 09, Revision D01 [57], and
GaussView 5 program [58].

The unrestricted DFT calculations were carried out for the
complexes 1 and 2 containing Cr and V ions, respectively. The stable
spin states for the complexes 1 and 2 including Cr and V ions are
doublet. Although the EDIIS þ DIIS method for SCF convergence
was used, no particular problems were encountered. This method
contains the following calculation criterion: the Harris functional
diagonalization for initial guess, and convergence which stops the
SCF when the RMS deviation between elements of successive
density matrices is smaller than 10�8 and the change in energy is
below 10�6. It is stated that the <S2> values for all DFT calculations
were considered in the range 0.7500e0.7960, these values in the
gas phase and ethanol solvent are calculated at the value of 0.7696
and 0.7714 (for complex 1), 0.7618 and 0.7616 (for complex 2) in the
ground state calculations, as expected. These results are accepted to
be suitable for spin doublet states in the ground state calculations.
So, the obtained lowest energy structures for the complexes 1 and 2
in this spin state were used the investigation of the molecular
properties.

The optimized molecular structures and vibrational wave-
numbers for the complexes 1 and 2 were evaluated by using DFT/
HSEh1PBE [59,60] method in conjunction with the combined basis
set of 6-311G (d,p) [61] for C, N, O, H atoms and LanL2DZ [62] for Cr
and V atoms. The same methods in the gas phase and ethanol
solvent were applied to examine the microscopic linear polariz-
ability (a and Da), first- and second-hyperpolarizability (b and g),
refractive index (n) parameters. The a, Da, b and g parameters were
obtained by using following equations [42e47]:

< a> ¼
�
axx þ ayy þ azz

�
3

(2)

Da¼
�
1
2

h�
axx � ayy

�2 þ �
ayy � azz

�2 þ ðazz � axxÞ2
i�1=2

(3)

b¼
�
b2x þ b2y þ b2z

�1=2
(4)

<g > ¼1
5
�
gxxxxþgyyyy þgzzzz þ2

�
gxxyy þgxxzz þgyyzz

�	
(5)

where the cartesian components of a, Da and b are axx, ayy, azz,bx ¼
bxxx þ bxyy þ bxzz , by ¼ byyy þ byxx þ byzz , bz ¼ bzzz þ bzyy þ bzxx.
The atomic units of a and b are converted to esu. 1 atomic unit
(a.u.) ¼ 0.1482 � 10�24 electrostatic unit (esu) for a and 1 a.
u. ¼ 8.6393 � 10�33 esu for b.

In order to determine the coordination geometries around the
central metal ions and demonstrate the hydrogen bonding inter-
action, natural bond orbital (NBO) study [63] was performed.
The stability energy Eð2Þ for each donor (i) and acceptor (j) was
calculated by the following equation [29,31,64,65],

Eð2Þ ¼DEij ¼ qi
Fði; jÞ2
εi � εj

(6)

where εi and εj are diagonal elements, Fði; jÞ2 is the off-diagonal
NBO Fock matrix elements, and qi is the donor orbital occupancy.

So as to survey the electronic absorption wavelengths, oscillator
strengths, major electronic transitions of the complexes 1 and 2 in
ethanol solvent and gas phase, the time dependent DFT (TDeDFT)
level [66] with the conductorelike polarizable continuum model
(CPCM) [67] was used. After all, the molecular parameters (h:
Chemical hardness, c: Electronegativity and S: Chemical softness)
obtained from frontier molecular orbital (FMO) energies were
computed by using HSEh1PBE level. The h, c and S parameters were
computed by following equations [28,29,68].

h¼ðELUMO � EHOMOÞ
2

(7)

c¼ � ðEHOMO þ EHOMOÞ
2

(8)

S¼1
h

(9)

3. Results and discussion

3.1. The structural analysis of the complexes 1 and 2

The synthesis routes for the complexes 1 and 2 were given in
Scheme 1. The molecular structures of the complexes 1 and 2 were
defined by X-ray diffraction technique and mass spectrometry
(MS), respectively. Fig. 1 demonstrates the single crystal molecular
structure and ground state optimized molecular structures of the
title complexes. Crystal data and structure refinement parameters
for the complex 1were tabulated in Table 1. The crystal structure of
complex 1 is similar to crystal structure of Cr (3-mpa)3 complex
reported previously [53], and it crystallizes in monoclinic C2/c
space group (Table 1).

It is clear from Fig. 1 that the coordination geometry around
Cr(III) atom for the complex 1 was determined as distorted octa-
hedral geometry while the coordination around V(IV) metal for
complex 2 was described as a distorted square-bipyramidal. The
complex 1 consists of Cr(III) central ion coordinated by three 3-mpa
ligands whereas the complex 2 comprises of the central V(IV) ion
coordinated by two 3-mpa ligands and an oxygen atom.

In complex 1, CreO and CreN bond lengths were obtained at the



Fig. 1. The single crystal structure of complex 1 and optimized molecular structure of the complex 2 at HSEh1PBE/6e311G (d,p)/LanL2DZ level.

Table 1
Crystal data and structure refinement parameters for the complex 1.

CCDC Number 1588068
Empirical formula C21H18CrN3O6

Formula weight 460.38
Crystal system Monoclinic
Space group C2/c
Temperature (K) 296
Radiation type Mo Ka
l(Å) 0.71073
Crystal size (mm) 0.55 � 0.42 � 0.21
Crystal shape and color Prism and red
a (Å) 31.7393 (19)
b (Å) 8.5310 (6)
c (Å) 14.8857 (10)
a(o) 90
b (o) 96.720 (5)
g(o) 90
V (Å3) 4002.9 (5)
Z 8
F (000) 1896
Density (Mg m�3) 1.528
m (mm�1) 0.62
q range (o) 1.8e28.5
h, k, l �38 / 30, �10 / 10, �18 / 18
Measured refls. 10348
Independent refls. 3933
Rint 0.042
R [F2 > 2s(F2)], wR (F2), S 0.041, 0.102, 0.92
max/min (e Å�3) 0.35/‒0.21

D. Avcı et al. / Journal of Molecular Structure 1220 (2020) 1287614
range from 1.930 (17) to 1.949 (19) Å and the range from2.045 (2) to
2.060 (2) Å, respectively (Table S1). In comparison with the previ-
ous study [53], the same variation was observed in the present
work. Bond angles of N2eCr1eN3, O2eCr1eO3, O5eCr1eN1 were
found to be 169.8(9), 172.3(8), 171.5(9)o, respectively, and these
angles are coherent with the crystal structure of Cr (3mpa)3 re-
ported previously [53] (Table S1).

The CreO2/O3/O5 and CreN1/N2/N3 bond lengths defining
five-membered chelate rings formed by coordinating to the centers
of metal ions were observed at the range from 1.935 (2) to 2.060 (2)
Å. Likewise, the VeO2/O3 and VeN1/N2 bond distances for the
complex 2 were obtained at the range of 1.932e2.090 Å by using
HSEh1PBE level (Table S1). These obtained results for the title
complexes are consistent with previously reported picolinate
complexes [17e26]. When it comes to OeCreN and OeVeN bond
angles describing five-membered chelate ring, these angles for the
complexes 1 and 2 were found to be 77.0e82.1� range. Compared
with corresponding parameters obtained before [17e26,53], it
could be stated that a good agreement between the bond lengths
and angles around the coordination environment of metal ions for
the complexes 1 and 2 despite metal ion and coordination
differences.

The natural bond orbital (NBO) results for the complexes 1 and 2
obtained at the HSEh1PBE/6-311G (d,p)/LanL2DZ level display that
the interactions between bonds, the coordination environment of
Cr(III) and V(IV) ions, as well as the conjugative interaction among
ligands in the complex structures. The second-order perturbation
approach is applied to obtain the hyperconjugative interaction
energies [64,65]. Due to the delocalization effect observed between
lone-pair (n) orbitals of nitrogen/oxygen atom and anti-lone-pair
(n*) orbitals of Cr(III) and V(IV) ions, the coordination environ-
ments for the complexes 1 and 2 were confirmed by n/n* in-
teractions. These interactions were determined with the E(2) values
described as the stabilization energy. Table S2 presents the calcu-
lated E(2) values for the complexes 1 and 2 obtained at the range
from 56.53 to 1.17 kcal/mol. On the other hand, the highest stabi-
lization energy (E(2)) values of the LP (2)O1/O4/O6/s*(O2eC1)/
(O3eC8)/(O5eC15) interactions for the complex 1 depending the
COO� group were obtained at 13.31, 13.90 and 12.73 kcal/mol, as
can be seen in Table S2. Likewise, the interaction energy values of LP
(2)O1/O4/s*(O2eC1)/(O3eC8) for the complex 2 were found to
be 13.02 kcal/mol. In the Cr(III) and V(IV) complexes, the energy
values for intramolecular remarkable interactions of p(C17eC18)/
p*(N3eC16) and p(C9eN2)/p*(C8eO4) were obtained at 15.87
and 4.60 kcal/mol, respectively (see Table S2). To sum up, it could be
stated that the stabilization of the molecular system through the
bonding and anti-bonding orbitals, interactions among bonds, and
coordination around metal ions.

According to the crystal packing structure of complex 1, the
CeH/O type intermolecular hydrogen bonding interactions
revealed between the eCH group of 3-mpa ligand and O atom of
carboxylate group (see Table 2 and Fig. S2). Additionally, the other
remarkable stabilization interactions in the ligands of the complex
structures are given in Table S2.



Table 2
Hydrogen-bond parameters for complex 1 (Å and �).

DeH$ $ $A DeH H$$$A D$$$A DeH$$$A

C14eH14A$ $ $O4 0.96 2.11 2.876 (5) 136
C6eH6$ $ $O4i 0.93 2.31 3.045 (4) 135
C20eH20$ $ $O6ii 0.93 2.38 3.125 (3) 137

Symmetry codes: (i) exþ1, eyþ1, ezþ1; (ii) x, eyþ1, zþ1/2.

Fig. 2. The FT�IR spectra of the complexes 1 and 2.
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3.2. Infrared spectra

Table 3 displays the experimental and theoretical vibrational
wavenumbers obtained by hybrid HSEh1PBE method and 6-311G
(d,p)/LanL2DZ basis set, and then scaled by 0.96. The FT-IR spectra
and theoretical calculations are used to determine the coordination
environment around the metal ions and the other assignments of
vibrational modes for the complexes 1 and 2. The FT-IR spectra are
given in Fig. 2. The spectra and theoretical results verify the coor-
dination of 3-mpa ligand to Cr(III) ion and 3-mpa ligand to V(IV) ion
via the carboxylate group in the complexes 1 and 2, respectively.
The asymmetric/symmetric stretching COO� (nas/ns COO�) vibra-
tional modes from FT-IR spectra of complexes 1 and 2 were
observed at 1665/1270 and 1627/1250 cm�1, respectively. The
corresponding theoretical vibrational bands were found to be 1741/
1267 and 1627/1260 cm�1. The differences between the experi-
mental/theoretical nas and ns COO� vibrational modes obtained at
395/474 for complex 1 and 377/481 cm�1 for complex 2 demon-
strate the presence of carboxylate group coordinated to Cr(III) and
V(IV) ions, respectively. These results are in agreement with pre-
viously reported results [17,21e27]. Furthermore, possible differ-
ences between compared results are originated from the presence
of Cr(III) and V(IV) ions including the N,O-chelating 3-mpa ligands
for the complexes 1 and 2.

In complex 2, the n VO vibrational mode, indicating comprise of
the central V(IV) ion coordinated by an oxygen atom, is
Table 3
Comparison of the FTeIR and calculated vibrational frequencies for the complexes 1
and 2.

Assignments Complex 1 Complex 2

FT�IR HSEh1PBE FT�IR HSEh1PBE

y CH 3105 3106 3097 3106
y CH 3092 3091 3065
y CH 3064 3067
y CH 3007 3017 2989 3017
y CH 3015 3017
y CH3 2993 2944 2933 2944
y CH3 2937 2943 2900 2944
yas COO� 1665 1741 1627 1741
y C]C þ y N]C 1640 1588
y C]C 1586 1586 1585 1586
b HCC 1453 1443 1456 1442
b HCH 1417 1438 1358 1359
y NC þ y OC 1315 1309
y NC 1189 1199 1280 1315
ys COO� 1270 1267 1250 1260
y V]O e e 1079 1093
y CC 1045 1061 1047 1062
g HCCC 1009 982 1005 1020
g HCCN 980 965 974
b OCO 806 805 826 819
g CCrCN 693 684 e e

b CNCr 443 392 e e

b OVO e e 450 474
y VN e e 391

y: Stretching; b: in plane bending; g: out-of plane bending.
experimentally and theoretically obtained at 1079 and 1093 cm�1

(see Table 3). These results are coherent with previously observed
at 966 cm�1 with experimental IR, and calculated at 1102, 1079,
1106 cm�1 with the B3P86/6-311G, B3LYP/6-311G, and PBE/6-311G
levels [26]. The stretching absorptions (n C]N and n C]C) belong to
3-mpa ligand for the complex 1 were experimentally and theo-
retically assigned as 1640 and 1588 cm�1, respectively. On the other
hand, the CN and CC single bond stretches were observed at 1189
and 1045 cm�1 for the complex 1 and 1280 and 1047 cm�1 for the
complex 2. The corresponding theoretical vibrational modes are
1199 and 1061 cm�1 for the complex 1 and 1315 and 1062 cm�1 for
the complex 2, respectively. Observed lower vibrational modes
exhibit the presence of pyridine rings coordinated to Cr(III) and
V(IV) ions. These results are in agreement with the previous cor-
responding ones [17,21e24]. The other detailed assignments of
vibrational modes for the complexes 1 and 2 are assigned in
Table S3.
3.3. The UVevis spectra, molecular parameters and molecular
electrostatic potential surfaces

The experimental absorption spectra of the complexes 1 and 2
Fig. 3. The UVevis spectra in ethanol solvent of the 3-mpaH, complexes 1 and 2.
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in ethanol solvent were recorded at the range from 900 to 200 nm,
and presented in Fig. 3. TDeHSEh1PBE method with 6e311G (d,p)/
LanL2DZ basis sets were used to calculate electronic absorption
wavelengths and transitions, and oscillator strengths. The impor-
tant contributions from FMOs were obtained by using SWizard and
Chemissian software [69,70]. Obtained these parameters were
collected in Table 4. At the same time, the HSEh1PBE level was also
chosen to provide a tendency to interpret between current complex
results and the previously obtained results in the different metal
complexes [17e20,28,29,31].

There are four wide absorption bands (lmax ¼ 321, 270, 260 and
218 nm) observed in the UVeVis absorption spectrum of the
complex 1. Similarly, three wide absorption bands for the complex
2 appeared at 371, 273 and 210 nm in the ethanol solvent (see
Fig. 3). But these bands were measured at 740, 560 and 385 nm in
the aqueous solution [26]. On thewhole, the data are comparable in
spite of the solvent difference. At the same time, the experimental
UVeVis spectrum of the 3-mpaH displays that two absorption
bands emerged at 270 and 216 nm in the ethanol solvent (see
Fig. 3). Theoretical corresponding absorption peaks of the com-
plexes 1 and 2 in ethanol solvent were found to be 523e246 and
587-224 nm range, respectively. Besides, the differences between
TD-DFT results and recorded UVeVis spectra are dependent on the
selected number of excited states in TD-DFT calculations. In this
Table 4
Experimental and theoretical electronic transitions, oscillator strength for the complexe

Solvent Exp. l (nm) TDeHSEH1PBE/6‒311G (d,p)

l (nm) Osc. strength meg (D) Major contribu

Complex 1
Ethanol 523 0.0045 0.7090 H/Lþ1 a (þ5

H/Lþ7 a (þ3
321 395 0.0402 1.8394 H/Lþ3 a (þ4

H/Lþ1 a (þ3
270 269 0.0079 0.6706 H-2/Lþ3 a (þ

H-8/L b (þ14
260 259 0.0132 0.8514 H-1/Lþ5 a (þ
218 246 0.0287 1.2266 H‒2/L b (þ1

H-4/Lþ1 a (þ
Gas phase 523 0.0085 0.9702 H/L b (þ40%

H/Lþ3 b (þ3
414 0.0549 2.1984 H/Lþ1 a (þ4

H/Lþ3 a (þ1
H/Lþ4 b (þ1

270 0.0004 0.1482 H-2/Lþ1 a (þ
H-1/Lþ2 b (þ

260 0.0165 0.9558 H‒9/L b (þ1
H-2/Lþ3 a (þ

256 0.0022 0.3466 H‒3/Lþ1 b (
H-6/L b (þ20
H-8/L b (þ15

Complex 2
Ethanol 587 0.0002 0.1482 H/Lþ4 a (þ4

H/Lþ1 a (þ2
371 400 0.0007 0.2477 H/L a (þ77%

271 0.0023 0.3612 H/Lþ2 a (þ6
H/Lþ4 a (þ3

273 252 0.1835 3.1347 H‒2/L b (þ3
H‒3/L a (þ3

210 224 0.0016 0.2714 H‒8/Lþ1 a (
H‒6/Lþ1 b (

Gas phase 569 0.0001 0.1296 H/Lþ4 a (þ6
H/Lþ1 a (þ2

429 0.0004 0.1902 H/L a (þ78%
272 0.0052 0.5475 H‒2/Lþ1 a (

H‒1/L a (þ1
247 0.0923 2.2024 H‒3/L a (þ2

H‒3/L b (þ2
232 0.0064 0.5609 H‒2/Lþ2 a (

H‒1/Lþ3 a (
study, the electronic absorption parameters were calculated by
using the different theoretical approaches (B3LYP and CAM-B3LYP
levels). The results of B3LYP and CAM-B3LYP levels corresponding
absorption peaks in ethanol solvent were found to be 526e256 and
528-216 nm range for complex 1, 605e229 and 553-230 nm range
for complex 2, respectively. No significant difference was observed
among the results of B3LYP, CAM-B3LYP and HSEh1PBE levels.
Furthermore, the detailed contributions from COO� (carboxylate)
group, 3-mepy (3-methylpyridine) ligand, Cr and V metal ions to
absorption peaks of the complexes 1 and 2 in ethanol solvent are
given in Table 4. The theoretical peak of 587 nm of the complex 2
with the molecular orbital contributions of H/Lþ4 a(44%) and
H/Lþ1a(25%) were appointed as a metal-ligand charge transfer
(MLCT) transition depending on VO(59%)þ3-Mepy (23%)þ
COO�(18%)/VO(50%)þ3-Mepy (48%)þCOO�(2%) and VO(59%)þ3-
Mepy (23%)þCOO�(18%)/VO(10%)þ3-Mepy (80%)þCOO�(10%), as
can be seen in Table 4. The remarkable absorption peaks of the
complexes 1 and 2 in ethanol solvent emerged at 321 and 371 nm
were attributed to between metaleligand and ligandeligand
charge transfer. Theoretical corresponding ones were obtained at
395 and 400 nm. These transitions determined by the electronic
contributions of H/Lþ3a(þ48%)//Cr (61%)þ3-Mepy (27%)þ
COO�(12%)/Cr (11%)þ3-Mepy (77%)þCOO�(12%) for the complex
1 and H/La(þ77%)//VO(59%)þ3-Mepy (23%)þCOO�(18%)/
s 1 and 2.

tions via SWizard//Chemissian program

9%)//Cr (61%)þ3-Mepy (27%)þCOO�(12%)/3-Mepy (83%)þCOO�(17%)
2%)//Cr (61%)þ3-Mepy (27%)þCOO�(12%)/Cr (49%)þ3-Mepy (26%)þCOO�(25%)
8%)//Cr (61%)þ3-Mepy (27%)þCOO�(12%)/Cr (11%)þ3-Mepy (77%)þCOO�(12%)
1%)//Cr (61%)þ3-Mepy (27%)þCOO�(12%)/3-Mepy (83%)þCOO�(17%)
19%)//3-Mepy (35%)þCOO�(63%)/3-Mepy (77%)þCOO�(12%)
%)//3-Mepy (30%)þCOO�(68%)/3-Mepy (48%)þCOO�(22%)
67%)//3-Mepy (20%)þCOO�(31%)/3-Mepy (96%)þCOO�(4%)

2%)//3-Mepy (35%)þCOO�(64%)/3-Mepy (48%)þCOO�(22%)
10%)//3-Mepy (89%)þCOO�(11%)/3-Mepy (83%)þCOO�(17%)

)//Cr (56%)þ3-Mepy (34%)þCOO�(10%)/Cr (22%)þ3-Mepy (60%)þCOO�(18%)
9%)//Cr (56%)þ3-Mepy (34%)þCOO�(10%)/Cr (20%)þ3-Mepy (72%)þCOO�(8%)
6%)//Cr (59%)þ3-Mepy (29%)þCOO�(12%)/Cr (1%)þ3-Mepy (87%)þCOO�(12%)
5%)//Cr (59%)þ3-Mepy (29%)þCOO�(12%)/Cr (13%)þ3-Mepy (78%)þCOO�(9%)
5%)//Cr (56%)þ3-Mepy (34%)þCOO�(10%)/Cr (17%)þ3-Mepy (74%)þCOO�(9%)
65%)//3-Mepy (66%)þCOO�(32%)/3-Mepy (87%)þCOO�(12%)
14%)//3-Mepy (33%)þCOO�(66%)/3-Mepy (75%)þCOO�(15%)

8%)//3-Mepy (27%)þCOO�(67%)/3-Mepy (60%)þCOO�(19%)
17%)//3-Mepy (66%)þCOO�(32%)/3-Mepy (78%)þCOO�(10%)

þ26%)//3-Mepy (66%)þCOO�(33%)/3-Mepy (87%)þCOO�(11%)
%)//3-Mepy (84%)þCOO�(16%)/3-Mepy (60%)þCOO�(19%)
%)//3-Mepy (23%)þCOO�(75%)/3-Mepy (60%)þCOO�(19%)

4%)//VO(59%)þ3-Mepy (23%)þCOO�(18%)/VO(50%)þ3-Mepy (48%)þCOO�(2%)
5%)//VO(59%)þ3-Mepy (23%)þCOO�(18%)/VO(10%)þ3-Mepy (80%)þCOO�(10%)
)//VO(59%)þ3-Mepy (23%)þCOO�(18%)/VO(7%)þ3-Mepy (80%)þCOO�(13%)
0%)//VO(59%)þ3-Mepy (23%)þCOO�(18%)/VO(14%)þ3-Mepy (77%)þCOO�(9%)
1%)//VO(59%)þ3-Mepy (23%)þCOO�(18%)/VO(50%)þ3-Mepy (48%)þCOO�(2%)
9%)//3-Mepy (93%)þCOO�(7%)/3-Mepy (81%)þCOO�(14%)
5%)//3-Mepy (93%)þCOO�(7%)/3-Mepy (80%)þCOO�(13%)
þ38%)//3-Mepy (25%)þCOO�(65%)/3-Mepy (80%)þCOO�(10%)
þ20%)//3-Mepy (26%)þCOO�(65%)/3-Mepy (83%)þCOO�(11%)
0%)//VO(59%)þ3-Mepy (23%)þCOO�(18%)/VO(67%)þ3-Mepy (32%)þCOO�(1%)
3%)//VO(59%)þ3-Mepy (23%)þCOO�(18%)/VO(6%)þ3-Mepy (86%)þCOO�(8%)
)//VO(59%)þ3-Mepy (23%)þCOO�(18%)/VO(6%)þ3-Mepy (84%)þCOO�(10%)
þ44%)//VO(7%)þ3-Mepy (28%)þCOO�(65%)/VO(6%)þ3-Mepy (86%)þCOO�(8%)
7%)//VO(1%)þ3-Mepy (33%)þCOO�(66%)/VO(6%)þ3-Mepy (84%)þCOO�(10%)
7%)//VO(9%)þ3-Mepy (50%)þCOO�(41%)/VO(6%)þ3-Mepy (84%)þCOO�(10%)
3%)//VO(2%)þ3-Mepy (84%)þCOO�(14%)/VO(4%)þ3-Mepy (85%)þCOO�(11%)
þ53%)//VO(7%)þ3-Mepy (28%)þCOO�(65%)/VO(4%)þ3-Mepy (90%)þCOO�(6%)
þ37%)//VO(1%)þ3-Mepy (33%)þCOO�(66%)/VO(1%)þ3-Mepy (95%)þCOO�(4%)



Table 5
The ground and excited dipole dipol moment (mg and me, in Debye), the mean linear
polarizability (hai, in 10�24 esu), refractive index (n), linear susceptibility (c(1), in
10�2 esu), anisotropy of linear polarizability (Da, in 10�24 esu), mean first� and
second�order hyperpolarizabilities (hbi and hgi in 10�30 and 10�36 esu), first�order
static hyperpolarizability (b0 (two-level model) in 10�30 esu), and third�order
susceptibility (c(3), in 10�13 esu) for the complexes 1 and 2.

Property HSEh1PBE/6e311G (d,p)

Ethanol Gas phase Ethanol Gas phase

Complex 1 Complex 2

mg 10.7 6.6 2.5 1.7
me 12.4 7.2 1.8 1.2
mg (pNA)

a 6.2a

mg (Urea)
b 4.56b

<a> 60.2 45.2 38.8 29.5
<a> (pNA)a 17a

ntheo. 1.92 1.45 2.40 1.40
nexp 1.39 1.26
c(1) 25.80 20.58 38.97 14.75
Da 6.5 9.7 22.3 19.2
<b> 55.3 30.9 5.0 1.7
b0 0.341 0.189 �0.166 �0.0255
<b> (pNA)a 9.2a

<b> (Urea)b,c 0.32b, 0.13c

<g> 251.0 110.2 37.7 17.2
c(3) 119.47 25.80 94.26 3.89
<g> (pNA)a 15a

<g> (Urea)c 7b

a From ref. [85].
b From ref. [87].
c From ref. [88].
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VO(7%)þ3-Mepy (80%)þCOO�(13%) for the complex 2. The other
absorption peaks of the complexes 1 and 2 in ethanol solvent
observed at 270 and 218, 273 and 210 nm were assigned as n/p*
and p/p* transitions, indicating ligandeligand charge transfer.
For example, the absorption peak at 210 nm of the complex 2 was
determined by the electronic contributions of H‒8/Lþ1a(þ38%)//
3-Mepy (25%)þCOO�(65%)/3-Mepy (80%)þCOO�(10%) and H‒
6/Lþ1b(þ20%)//3-Mepy (26%)þCOO�(65%)/3-Mepy (83%)þ
COO�(11%). It is concluded from Fig. 4 and Table 4 the low ab-
sorption values of the complexes 1 and 2 are based on possible
intra-ligand charge transfer (ILCT).

Considering the two-state model [35e48], it is intended to set
up the relation of hyperpolarizability and charge transfer transition
in the foresight proficient NLO systems.

b0f
Dmegf

E3eg
(10)

In eq. (10), b0;Dmeg; Eeg; f are the first static hyperpolarizability
also denoted as bCT , dipole moment difference between ground and
excited states, transition energy, and oscillator strength associated
with the electronic transition from the ground state to the pre-
dominant charge transfer excited states, respectively.

According to the two-level model [42,45], eq. (1) can be denoted
as eq. (2). The static first hyperpolarizability (b0) is given by the
simple formula [43,44,46,47].

b0 ¼
�
3:79597�10�7

�
m2egDml

2
eg (11)

In eq. (11), meg (in D) is the transition dipole moment between
the ground and excited states, Dm ¼ me e mg (in D) is the difference
in dipole moment between the ground and first excited states, leg
(in nm) is the excitationwavelength. When above units are used, b0
is obtained in 10�30 esu together with the 3.79597� 10�7 constant.
It is clear from the two-level model that first hyperpolarizability
increases with the largemeg , Dm values and leg, or the lower tran-
sition energy. Depending on the p-conjugation length linking the
electroneacceptor and edonor groups in the pushepull type sys-
tems, it should be stated that the higher b0 hyperpolarizability is
the lower transition energy, and the higher oscillator strength and
the difference between ground and excited state dipole moment
[47,48]. The calculated values of meg , f and leg were presented in
Table 4 and the obtained Dm and b0 results were given in Table 5. It
is clear from Table 4 the highest values ofleg for the complexes 1
Fig. 4. The most active occupied and unoccupied molecular orbitals in electronic tran
and 2 in ethanol/gas phase corresponding to maximum oscillator
strength were calculated at 395/414 nm and 252/247 nm, respec-
tively. The meg andDm values for the complex 1 in ethanol/gas phase
were found to be 1.8394/2.1984 D and 1.7/0.6 D (see Tables 4 and 5).
To contribute to the second-order NLO property of the complexes 1
and 2, the relationship between <b> (the mean first-order hyper-
polarizability) values and b0 (two-level model) values were inves-
tigated and calculated. These results were tabulated in Table 5. At
the same time, the two-level model was associated with the
UVevis properties. The b0 (two-level model) values for the com-
plexes 1 and 2 in ethanol/gas phase were obtained at 0.341/0.189
( � 10�30) esu and �0.166/-0.0255 ( � 10�30) esu, respectively. It
could be stated that these results display the same tendency as the
<b> parameter with regard to increase and decrease. Depending on
the coordination environment and symmetry center around metal
sition of the complexes 1 and 2 obtained by HSEh1PBE level in ethanol solvent.



Fig. 6. Molecular electrostatic potential (MEP) surfaces for the complexes 1 and 2
obtained by HSEh1PBE level in gas phase.
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ions, the first hyperpolarizability parameters of these complexes
were obtained at low values indicating little NLO response.

Based on the Tauc and Menth’s equation [28,71], the direct band
gap energy values for the complexes 1 and 2 are computed by using
the following equation

ðahnÞ¼C
�
hn� Eg

�1=2 (12)

In eq. (12), a called as the absorption coefficient is obtained by
a ¼ �2:303 log T=d (T is the transmittance and d called the length
of the cuvette is used in 1 cm), C is a constant for the effective
masses associated with the bands, h is Planck constant, n is fre-
quency of light and Eg is the direct band gap energy.

It is noted that the energy gap (band gap energy) between
HOMO and LUMO energy indicates the chemical reactivity, mo-
lecular hardness and softness, as well as biological activity of the
molecular systems. On the other hand, the smaller energy gap
defines a chemically soft molecule, indicating easily polarizable and
more advanced biological activity. It is clear from Fig. 5 that the Eg
band gaps for the complexes 1 and 2 are 4.35 and 4.30 eV,
respectively. The corresponding energy gaps calculated from FMO
energies are 2.60 for a spin, 2.40 for b spin (for complex 1), 3.90 for
a spin, 4.88 eV for b spin (for complex 2). These results are com-
parable with the obtained experimental results and previously re-
ported result about 4 eV for complex 2 [26]. The c
(electronegativity), h (chemical hardness) and S (chemical softness)
parameters computed from FMO energies are examined by using
the previous equations [28,29,68]. The c, h and S of the complexes 1
and 2 were obtained at 4.55 eV, 1.30 eV, 0.77 eV�1 for a spin and
4.51 eV, 1.95 eV, 0.51 eV�1 for a spin, respectively. These results
demonstrate that the complex 1would provide the efficient charge
transfer, which has easily polarized.

The molecular electrostatic potential (MEP) surfaces of the
complexes 1 and 2 were investigated to examine the relationship
among the structure, physicochemical and reactivity properties
[72,73]. MEP surfaces were also utilized to simultaneously deter-
mine molecular structure, size and ESP regions specified by color
classification. The MEP surfaces for the complexes 1 and 2 were
drawn in Fig. 6. These values for the complexes 1 and 2 are range
from�7.788e�2 to 7.788e�2 a. u. and�6.687e�2 to 6.68771e�2 a.
u., respectively. The electrophilic reactivity, demonstratingthe
negative regions with red color, are over the electronegative O
atoms belonging the carboxylate group uncoordinated with metal
ions. The nucleophilic reactivity, showing the positive regions with
Fig. 5. The graphs of optical band gap energy for the complexes 1 and 2.
blue color, surrounds the CeH bonds.

3.4. The refractive index, linear optical polarizability, second- and
third-order nonlinear optical parameters

In optoelectronic technology, materials with NLO features are
taken into account for different application areas such as optical
communication and switching, information storage. In this regard,
novel materials are to present providing the efficiency of electronic
communication between electron accepting and donating groups,
as well as displaying the structure-activity relationship [74e78].

The c(1) (linear optical susceptibility) demonstrating the linear
response (i.e. linear absorption and the refractive index) and c(3)

(third�nonlinear optical susceptibility) parameters defined with Z-
scan technique [79e83] are important due to building the basis of
experimental work including metal complexes of 3-mpa ligand
with regardless of experimental measurement. The nonlinear op-
tical effect is related to c(n) parameter. The larger c(n) means the
lower applied electric field strength and the shorter path length.
Besides, the large c(n) of compounds including p-electron displays
the delocalization of p-electrons in compounds due to applied
electric fields.

The refractive index (n) for the complexes 1 and 2 were inves-
tigated by using the following equations [28,29].

R¼ðn� 1Þ2 þ k2

ðnþ 1Þ2 þ k2
(13)

n¼1þ R
1� R

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4R

ð1� RÞ2
� k2

s
(14)

In eq. (14), R is called as the reflectance in the IR region, n is
called as the refractive index, k is called as the extinction coefficient
((k ¼ al/4p), a is the absorption coefficient obtained by
a ¼ �2:303 log T=d (T is the transmittance and d called the powder
thickness is used in 0.01 cm). Fig. 7 shows the refractive index
versus the wavenumber in the IR region. The average refractive
index in the mid-infrared region (4000�400 cm�1) for the com-
plexes 1 and 2 were obtained at 1.39 and 1.26.

By considering the theoretical linear optical polarizability (a)
values in the gas phase and ethanol solvent calculated by using eq.
(2), theoretical refractive index (n) values were found by using the
Lorentz-Lorenz eq. (15) [29,84].�
n2 �1

�.�
n2 þ2

�
¼Da

.
V (15)

In eq. (6), n is called as the refractive index, V is called as the
molar volume (cm3) and D is a multiplier depending on Avogadro’s
number (NA). When a, V and D are used in � 10�24 cm3, cm3 and
2.523564179 � 1024, n is directly obtained in dimensionless from



Fig. 7. The plot of the refractive index in the IR region for the complexes 1 and 2.
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eq. (4).
By considering the Lorentz approximation for the local field, the

linear susceptibility (c(1)) of the compounds was calculated by
using below eq. (16) [29,84].

cð1ÞNfa (16)

In eq. (16), f (f ¼ (n2þ3)/3; n is the refractive index obtained by
using eq. (15)) is the local field correction factor with respect to
Lorentz expression, N is the number of molecules per unit cm3, a
obtained by using eq. (2) is the theoretical linear optical polar-
izability, and so the c(1) parameter is calculated by using eq. (16).

Likewise, the third�order nonlinear optical susceptibility c(3)

associated with the g parameter without using the experimental
technique was obtained by using eq. (17) [29,84].

c(3) ¼ Nf4g (17)

In eq. (17), N and f is defined above. g is the second-
hyperpolarizability calculated by using eq. (5).

The HSEh1PBE level within the gas phase and ethanol solvent
was applied to examine the refractive index, linear optical polar-
izability, second- and third-order nonlinear optical parameters of
the complexes 1 and 2. The obtained theoretical results were
compared with p-nitroaniline (pNA) [85], nitrobenzene [86], TFMB
[84] and urea [87,88]. Calculated m, a, Da, n, c(1), b, g and c(3) pa-
rameters were presented in Table 4. The n values of the complexes 1
and 2were experimentally obtained at 1.39 and 1.26, and calculated
at 1.45 and 1.40 in the gas phase by using HSEh1PBE level,
respectively. These results are remarkably coherent. The linear
response a and c(1) parameters as a measure of polarization sus-
ceptibility for the complexes 1 and 2 in the gas phase were found to
be 45.2 � 10�24, 20.58 � 10�2 esu and 29.5 � 10�24, 14.75 � 10�2,
respectively. These results are comparable to previous ones [28,29].
Moreover, the a values of the complex 1 found to have larger values
than all chalcones derivative obtained at the range from 27 to
39.3 � 10�24 [78].

The second-order NLO b values of the complex 1 in ethanol
solvent and the gas phase were found to be 55.3 � 10�30 and
30.9 � 10�30 esu, and these values were obtained at 425.38/6.01
and 237.69/3.36 times higher than those of urea (0.130� 10�30 esu)
[88]/pNA (9.2 � 10�30 esu) [85], respectively. Furthermore, the
calculated b values of the complex 1 were found as larger than
some chalcones derivative calculated at 19.7e31.9 � 10�30 esu [78]
while these values of the complex 1were calculated the lower than
those of 4NH2-Chalcone and 4NO2eCH3-Chalcone found at 67.7
and 64.8 � 10�30 esu [78]. From these results, the role on NLO
parameters of the different substitutions and metal ions com-
pounds was clearly observed. The third-order NLO g values of the
complex 1 in ethanol solvent and gas phase calculated at
251.0� 10�36 and 110.2� 10�36 esu are 16.73 and 7.33 times higher
than that of pNA (15� 10�36 esu). The g results were also supported
by the third�order nonlinear optical susceptibility c(3) parameter
obtained at 119.47 � 10�13 and 25.80 � 10�13 esu values. The dif-
ferences between NLO parameters of these complexes are origi-
nated from the coordination environment and the effect of
symmetry center on metal ions. It could be considered that the
presence of Cr metal ion and its coordination environment
increased the NLO activity of the complex 1, which is bulkier than
the complex 2, despite the fact that the atomic diameter of V metal
is larger than that of Cr metal.

According to the results of second- and third-order b and g
parameters in gas the phase and ethanol solvent, it is concluded
that complex 1 could be a material efficient for microscopic
second�order and third�order NLO property.

3.5. a-Glucosidase activity and molecular docking

The complexes 1 and 2 were screened for the a-glucosidase
inhibition. The IC50 values of the complexes 1 and 2, acarbose,
genistein and resveratrol [89e92], well-known as a-glucosidase
inhibitors, are comparatively given in Table 6. IC50 values of the
complexes 1 and 2 against a-glucosidase were found to
be > 600 mM.

According to the structure-activity relationship (SAR), the
following points could be concluded from Table 6:

(i) It could be concluded that the IC50 values of the complexes 1
and 2 did not defect on coordination environment and the
metal ions in coordination.

(ii) The inhibitory activity (IC50 ¼ >600 mM) of the complex 1 is
the same as previously synthesized Cr(III) complex of mixed-
ligand (6-mpa with NCS) [17] despite differences in the co-
ordination environment of these complexes.

(iii) The coordination geometries around Cr(III) and V(IV) ions of
the complexes 1 and 2 determined as distorted octahedral
geometry and square-bipyramidal did not show a remark-
able effect on a-glucosidase inhibition. Furthermore, even if
it could be considered the atomic diameter of V metal is
larger than the Cr metal and but Cr complex is bulkier than
the V complex, the complexes 1 and 2 did not demonstrate a
remarkable effect on a-glucosidase inhibition at the mM level.

To date, the IC50 values of metal complexes including 3-mpa
ligand have been not reported. But the a-glucosidase activity
studies of synthesizedmixed-ligandmetal complexes containing 6-
mpa ligand were performed [16e20]. Obtained the IC50 values are
similar to previously reported results.

In order to investigate the interactions binding site of the target
protein (the template structure S. cerevisiae isomaltase (PDBID:
3A4A)) with the complexes 1 and 2, molecular docking study was
fulfilled by using the iGEMDOCK program [93]. The estimated in-
teractions and their energy values for the complexes 1 and 2 were
tabulated in Table 6. Fig. S3 demonstrates the interacting of the
complexes1 and 2 with amino-acid residues thanks to some
hydrogen-bonding and van der Waals interactions. Based on
docking results, the Etot of the complexes 1 and 2 were obtained



Table 6
Protein�ligand interactions, their energy values and in vitro inhibition IC50 values (mM) of the complexes 1 and 2 for a�glucosidase.

Compound IC50 (mM)a Complex 1- protein interaction Energye (kcal/mol) Complex 2-protein interaction Energye (kcal/mol)

3�Methylpicolinic acid (3-mpaH) not active Van der Waals interactions

Complex 1 [Cr (3-mpa)3] >600 Sf -LYS-156 �7.1 S-TRP-15 �8.5
Complex 2 [VO(3-mpa)2] >600 Mf-TYR-158 �5.5 S-ASN-259 �7.3
[Cr(NCS)6-mpa)2$H2O]b >600 S-TYR-158 �14.1 M-ILE-272 �5.9
Genistein 16.575 ± 0.23 M-SER-240 �7.3 M-ALA-292 �7.7
Acarbosec 906 S-SER-240 �4.2 M-GLU-296 �4.1
Resveratrold 12.70 S-ASP-242 �7.2 M-LEU-297 �5.6

SeHIS-280 �4.3 M-SER-298 �6.0
M-PRO-312 �7.5
M-LEU-313 �8.9

Hydrogen bonding interactions
S-SER-240 �5.2 M-SER-298 �6.5
S-ASP-242 �8.6 S-SER-298 �5.0
M-ARG-315 �2.7

Etotal �107.3 Etotal �97.0

a IC50 values represent the means ± S.E.M. of three parallel measurements (p < 0.05).
b From ref. [17].
c From ref. [88,89].
d From ref. [90,91].
e The values of VDW and H�Bond energy are taken as lower than �4.0 and �2.5 kcal/mol, respectively.
f M and S indicate the main and side chain of the interacting residue, respectively.
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at �107.3 and �97.0 kcal/mol, respectively. These energies include
the interactions of same or different amino-acid residues with the
complexes 1 and 2.

The H-bonding interactions for complex 1 obtained
at �5.2, �8.6 and �2.7 kcal/mol were determined between
carbonyl oxygen atom of 3-mpa ligand and the S (side chain)-
SER240/ASP242 Og/Od (with 2.82 and 2.79 Å bond distances) and
M (main chain)-ARG315 Na (with 3.21 Å bond distance). These in-
teractions are similar to previously synthesized Cr(III) complex of
mixed-ligand (6-mpa with NCS) in spite of despite differences in
the coordination environment of these complexes. Likewise, the H-
bonding interactions for complex 2 calculated at �6.5
and �5.0 kcal/mol were defined between the M-SER298 Na (with
2.95 Å bond distance)/S-SER298 Og (with 2.69 Å bond distance) and
carbonyl oxygen atom of 3-mpa.

In summary, it is said that these differences could be stem from
the coordination environment and the metal ions in coordination
for these complexes.
4. Conclusion

The complexes 1 and 2 {[Cr (3-mpa)3], (1), [VO(3-mpa)2], (2)}
were synthesized and characterized by XRD and LC-MS/MS
methods. FT-IR and UVeVis spectral analysis were utilized to
examine their spectral properties. So as to interpret the corre-
sponding detailed experimental spectral properties results, theo-
retical calculations were performed by using HSEh1PBE/6-311G
(d,p)/LanL2DZ level. Moreover, the n/p* and p/p* transitions
for the complexes 1 and 2 in ethanol solvent observed at 270 and
218, 273 and 210 nm were determined by TD/DFT calculations,
these transitions were originated from inter-ligand and intra-
ligand charge transfer interactions. It could be concluded that the
substantial absorption peaks of the complexes 1 and 2 in ethanol
solvent observed at 321 and 371 nm originated between
metaleligand and ligandeligand charge transfer with the elec-
tronic contributions of H/Lþ3a(þ48%)//Cr (61%)þ3-Mepy (27%)þ
COO�(12%)/Cr (11%)þ3-Mepy (77%)þCOO�(12%) for the complex
1 and H/La(þ77%)//VO(59%)þ3-Mepy (23%)þCOO�(18%)/
VO(7%)þ3-Mepy (80%)þCOO�(13%) for the complex 2. NBO results
verify the coordination environments for the complexes 1 and 2
depicted by n/n* interactions due to the delocalization effect
observed between lone-pair (n) orbitals of nitrogen/oxygen atom
and anti-lone-pair (n*) orbitals of Cr(III) and V(IV) ions. NLO studies
demonstrate that the complex 1 is a promising candidate to ma-
terials with high values of nonlinear parameters (b, g and c(3)
calculated at 55.3 � 10�30, 251.0 � 10�36 and 119.47 � 10�13 esu in
ethanol solvent. Considering all theoretical and experimental re-
sults, it is stand out a good coherent between the theoretical and
corresponding experimental results. The IC50 values of a-glucosi-
dase inhibition for the synthesized complexes 1 and 2 were ob-
tained at >600 mM. It can be said that these complexes did not
display a significant effect on a-glucosidase inhibition at mM level.
In brief, it could be stated that the NLO and in vitro results provide
useful information for mixed-ligand metal complexes including 3-
mpa and its derivatives to be synthesized.

CRediT authorship contribution statement

Davut Avcı: Investigation, Methodology, Project administration,
Writing - original draft, Writing - review & editing, Supervision.
Sümeyye Altürk: Investigation, Methodology, Writing - review &
editing. Fatih S€onmez: Formal analysis, Writing - review & editing.
€Omer Tamer: Methodology. Adil Başo�glu: Software. Yusuf Atalay:
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