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mpa)(dmdpy)(NO3);]-NOs, (2), Ni(6-mpa)(dmdpy)Clp, (3), [Zn(6-mpa)(dmdpy)Cl,]-H,0, (4), Cd(6-
mpa)y(dmdpy), (5), [Hg(6-mpa)(dmdpy)(NOs)2]-H20, (6)} were synthesized as potential a-glucosidase
inhibitors. Their structural characterizations, vibrational and electronic spectral behaviours were
investigated by elemental analysis, LC-MS/MS, FT—IR and UV—Vis spectroscopic techniques. The inhib-
itory activities of these complexes against o-glucosidase (from Saccharomyces cerevisiae, EC No: 3.2.1.20)
were determined. The synthesized complexes 1—6 exhibited a-glucosidase inhibitory activity with the
ICsg values ranging from 0.4699 to >600 pM. Besides, density functional theory (DFT) calculations in the
mode of hybrid HSEh1PBE method with 6-311G(d,p) and LanL2DZ basis sets for optimal complex ge-
ometries were fulfilled to obtain the vibrational frequencies and electronic spectral behaviours as well as
substantial contributions to the electronic transitions. Furthermore, the molecular docking study was
performed to examine protein-ligand interactions between the synthesized complexes (1—6) and target
protein (the template structure S. cerevisiae isomaltase (PDBID: 3A4A)).
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1. Introduction

Metal complexes of the ligands including heteroatom have been
frequently used for the field of coordination chemistry because
their structural, spectroscopic and catalytic properties are similar to
some enzyme-substrate complexes in our bodies [1-5]. Due to
many applications in material and medicinal chemistry, synthesis
of pyridine derivatives (pyridine-2-carboxylic acid, 3-/6-
methylpyridine-2-carboxylic acid, 2,2’-bipyridyl, 4,4’-dimethyl-
2,2'-bipyridyl, etc.) and their different coordination complexes are
important for the investigations of physicochemical properties
such as catalysis, nonlinear optics, luminescence, etc., and biolog-
ical and pharmaceutical activities [6—15]. The investigations of the
effective treatments for diabetes mellitus type 2 (T2DM) are still
important in the literature. Since glucose control is an effective
treatment for diabetes, digestive enzymes such as a—glucosidase or
a—amylase in the intestinal should be inhibited to slow down sugar
digestion and absorption. The influential antidiabetic remedies


mailto:davci@sakarya.edu.tr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molstruc.2019.127655&domain=pdf
www.sciencedirect.com/science/journal/00222860
http://www.elsevier.com/locate/molstruc
https://doi.org/10.1016/j.molstruc.2019.127655
https://doi.org/10.1016/j.molstruc.2019.127655

2 D. Ava et al. / Journal of Molecular Structure 1205 (2020) 127655

purpose for decreasing blood glucose levels and keeping glucose
under control. According to recent studies [4,16], it could be said
that a-glucosidase inhibitor (AGI) improves postprandial hyper-
glycemia and subsequently reduces the risk of developing type 2
diabetes in patients. a-Glucosidase (EC 3.2.1.20) is a critical enzyme
for the digestion of carbohydrates, it catalyzes the cleavage of
absorbable monosaccharides, beginning from disaccharides and
oligosaccharides [17]. It is well known that the inhibitions of a-
glucosidase and related enzymes take part in arole in the treatment
of diabetes, cancer, human immunodeficiency virus (HIV/AIDS) and
other degenerative diseases, etc. [18,19]. To treat T2DM, some of
AGlIs (acarbose, voglibose, and miglitol, etc.) are clinically used [20].
There are a few AGIs commercially available in pharmacies, but
they are inadequate as necessary effective treatments due to side
effects. Hence, the synthesis and design of high-affinity glucosidase
inhibitors have been collected great attention in the whole world.
In order to fulfill this goal, many natural and synthetic heterocyclic
compounds (benzothiazole, xanthones, flavonoid, pyrrolidine,
indole analogues, etc.) have been explored over the years as a-
glucosidase inhibitors [4,16,21—23].

As a consequence of our ongoing works, the aim of this paper is
the synthesis of effective complexes including different metal ions
playing the role on the healing effect on people with type 2 diabetes
as potential a-glucosidase inhibitors. Novel metal complexes
(complexes 1—6) containing 6-methylpyridine-2-carboxylic acid
(6-mpaH) and 4,4’-dimethyl-2,2’-bipyridyl (dmbpy) were synthe-
sized. The complex structures of V(IV), Fe(II), Ni(II), Zn(II), Cd(Il) and
Hg(I) were determined by mass spectrometry (MS), FT-IR spectra
and elemental analysis. The investigation of a-glucosidase enzyme
inhibition and spectral behaviours were experimentally performed.
In addition, the structural, spectral and electronic properties, as
well as first- and second-order hyperpolarizability parameters of
complexes 1—6 in the gas phase and ethanol were examined by
using DFT/HSEh1PBE/6-311G(d,p)/LanL2DZ level. The detailed
investigation of the interactions between the synthesized com-
plexes and protein was also evaluated with molecular docking.

2. Experimental and computational details
2.1. Materials and physical measurements

All of the chemical reagents used in this study are analytical
grade commercial products. 6-mpaH (6-methylpyridine-2-
carboxylic acid), and 4,4’-dimethyl-2,2’-bipyridyl (dmbpy), vana-
dium(IV) oxide sulfate hydrate (VOSO4-xH,0), iron(Ill) nitrate
nonahydrate (Fe(NOs3)s-9H,0), nickel(Il) chloride (NiCly), zinc(II)
chloride (ZnCl;), cadmium(Il) acetate (Cd(OAc);) and mercury(Il)
nitrate monohydrate (Hg(NO3),-H,0) were purchased from Sigma-
Aldrich.

The details of the spectrophotometers used to record LC-MS/MS,
FT-IR, UV—Vis spectra are given in the Supplementary Material.

2.2. Synthesis of the complexes 1—6 {[VO(6-mpa)(dmdpy)]-SOs, (1),
[Fe(6-mpa)(dmdpy)(NO3)2]-NOs, (2), Ni(6-mpa)(dmdpy)Clz, (3),
[Zn(6-mpa)(dmdpy )CI2]-H20, (4), Cd(6-mpa)>(dmdpy), (5), [Hg(6-
mpa)(dmdpy)(NO3)2]-Hz0, (6)}

The synthesis methods of the complexes 1—6 are as follows (see
Scheme 1):

Synthesis of the complex 1: The 4,4’-dimethyl-2,2’-bipyridyl
(1 mmol) and vanadium(IV) oxide sulfate hydrate (1 mmol) were
added to a mixture of ethanol and water (15 ml, 1:1), the mixture
was stirred within closed vial at 60 °C for 2 h. Then 6-
methylpyridine-2-carboxylic acid (1 mmol) was added to this
mixture and stirred for 2 h, and evaporated for 18 days at room

temperature. The powder product for complex 1 was filtered off,
washed thoroughly with distilled water, and finally air-dried at
room temperature. Anal. Calc. for CigH1gN306SV (complex 1): C,
48.83; H, 3.88; N, 8.99. Exact mass (m/z): 467.0356. Found: C, 48.82;
H, 3.85; N, 8.99; S, 6.85. ESI-LC-MS/MS (m/z): 467.1 ([M]*). The
mass spectrum for complex 1 is given in Fig. S1.

Synthesis of the complexes 2,6: The iron(Ill) nitrate nonahydrate
(1 mmol for complex 2)/mercury(Il) nitrate monohydrate (1 mmol
for complex 6), 4,4’-dimethyl-2,2’-bipyridyl (1 mmol) and 6-
methylpyridine-2-carboxylic acid (1 mmol) were added to a
mixture of acetonitrile and water (20 ml, 1:1), respectively. The
solution was stirred within closed vial at 70 °C for 5 h, and evap-
orated for 10 days at room temperature. At the end of this process,
the powder products for complex 2 and 6 were filtered off, washed
thoroughly with distilled water, and finally air-dried at room
temperature. Anal. Calc. for C1gH1gNgO11Fe (complex 2): C, 40.59; H,
3.23; N, 14.95. Exact mass (m/z): 562.0383. Found: C, 40.57; H, 3.20;
N, 14.95; ESI-LC-MS/MS (m/z): 562.3 ([M]"). Anal. Calc. for
C19H20N509Hg (complex 6): C, 34.42; H, 3.04; N, 10.56. Exact mass
(m/z): 664.0967. Found: C, 34.33; H, 3.01; N, 10.54; ESI-LC-MS/MS
(m/z): 665.5 ([M]"). The mass spectra for complexes 2 and 6 are
given in Figs. S2 and S3, respectively.

Synthesis of the complexes 3,4: The 6-methylpyridine-2-
carboxylic acid (1 mmol), nickel(Il) chloride (1 mmol for complex
3)/zinc(II) chloride (1 mmol for complex 4) and 4,4'-dimethyl-2,2’-
bipyridyl (2 mmol) were added to a mixture of ethanol and water
(20 ml, 1:1) at 70 °C. After the mixture was refluxed for 24 h
(complex 3) and 3 h (complex 4), respectively, they were allowed to
evaporate at room temperature. After the period of a week, the
powder products for complexes 3,4 were filtered off, washed
thoroughly with distilled water, and finally air-dried at room
temperature. Anal. Calc. for C1gH20CI;N303Ni (complex 3): C, 48.76;
H, 4.31; N, 8.98. Exact mass (m/z): 466.0235. Found: C, 48.88; H,
4.29; N, 9.01; ESI-LC-MS/MS (m/z): 471.1 ([M+4H]"). Anal. Calc. for
C19H20CI;N303Zn (complex 4): C,48.08; H, 4.25; N, 8.85. Exact mass
(m/z): 472.0173. Found: C, 48.30; H, 4.23; N, 8.89; ESI-LC-MS/MS
(m/z): 4771 ([M+4H]"). The mass spectra for complexes 3 and 4
are given in Figs. S4 and S5, respectively.

Synthesis of the complex 5: The cadmium(Il) acetate (1 mmol),
4,4'-dimethyl-2,2’-bipyridyl (1 mmol) and 6-methylpyridine-2-
carboxylic acid (2 mmol) were added to a mixture of ethanol and
water (30 ml, 1:1) at 50 °C. The mixture was stirred at 50 °C for 2 h
and evaporated for three weeks at room temperature. At the end of
this process, the powder product for complex 5 was filtered off,
washed thoroughly with distilled water, and finally air-dried at
room temperature. Anal. Calc. for C;gH24N404Cd (complex 5): C,
54.89; H, 4.25; N, 9.85. Exact mass (m/z): 570.0831. Found: ESI-LC-
MS/MS (m/z): 596.5 ([M+Na]"). The mass spectrum for complex 5
is given in Fig. S6.

2.3. a-Glucosidase inhibition assay

According to our previous studies [19,24,25], a—glucosidase
inhibition activities of the synthesized complexes (1-6) were
determined. The detailed inhibition method is presented in Sup-
plementary Material. The investigation of a—glucosidase (from
Saccharomyces cerevisiae, EC No: 3.2.1.20) inhibition activities for
the complexes 1—6 was performed by following equation;

Glucosidase inhibition = [(Ac—As)/Ac]x100

where A. is the absorbance of control and As is the absorbance of
samples, respectively. The calculation of IC5g values was fulfilled by
using Graphpad Software.
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Scheme 1. The synthesis of the complexes 1-6.

2.4. Computational procedure

All quantum chemical calculations of the synthesized complexes
(1-6) were performed by using GAUSSIAN 09, Revision DO1 [26],
and GaussView 5 program [27].

The spin-restricted DFT calculations were fulfilled for the com-
plexes 1,2,5 containing V, Fe, Cd ions, while the unrestricted DFT
calculations were carried out for the complexes 3,4,6 containing Ni,
Zn, Hg ions, respectively. The stable spin states for the complexes
1,2,5 including V, Fe, Cd ions are singlet and for the complexes 3,4,6
including Ni, Zn, Hg are doublet.

The complex geometries with various spin configurations were
optimized and the lowest energy structures for the complexes 1—6
were chosen for further analysis.

The optimized complex structures and vibrational frequencies
of the complexes 1—4 were obtained at the DFT/HSEh1PBE hybrid
density functional [28,29] and the combined basis set of 6-
311G(d,p) [30] for C, N, O, H atoms, and LanL2DZ [31] for V, Fe, Ni
and Zn atoms. The same parameters for complexes 5 and 6 were
investigated by wusing DFT/HSEh1PBE/LanL2DZ level. The
time—dependent DFT (TD—DFT) level [32] with the conductor—like
polarizable continuum model (CPCM) [33] was applied to examine
the electronic spectral behaviours of complexes 1—6 in the ethanol
and gas phase. The other molecular parameters were computed by
using the same level.

2.5. Docking procedure

The molecular docking was fulfilled by using the iGEMDOCK
program [34], so as to survey protein-ligand interactions between
the synthesized complexes (1—6) and target protein (the template
structure S. cerevisiae isomaltase) used as rigid. Before the ligand-

protein interaction calculations, the beginning ligand structures
were selected by basis on the ground state structures of the com-
plexes 1-6 obtained by GAUSSIAN program. GEMDOCK parameters
in the flexible docking were applied by considering the sequential
conditions: The initial step sizes (¢ = 0.8 and ¢ = 0.2; step-size
vectors of decreasing-based Gaussian mutation and self-adaptive
Cauchy mutation, respectively), family competition length (L = 2),
population size (N = 800), and recombination probability (p. = 0.3).
GEMDOCK optimization was chosen to complete when conver-
gence falls below a certain threshold or reaches a maximum of 80
pre-set values for each ligand screened. Hence, GEMDOCK supplies
800 solutions in a generation and then terminates the calculation
after completing 64000 solutions for each inserted ligand.

3. Results and discussion

3.1. Analysis of molecular geometries of the synthesized complexes
(1-6)

The chemical geometric structures of the synthesized com-
plexes (1—6) were estimated by FT-IR spectra and DFT calculations.
Moreover, their molecular formulas were confirmed by mass
spectrometry (MS) and elemental analysis. Fig. S7 depicts the
optimized theoretical molecular structures of the complexes 1—6.
The coordination geometry around V(IV) metal for complex 1 is
described as a distorted square-bipyramidal, whereas the coordi-
nation around M(II) atom for the complexes 2—6 are determined as
distorted octahedral geometry. In the complexes 2—5, while the
environment of the central Ni(Il) and Zn(II) ions for the complexes 3
and 4 are coordinated by 6-mpa, dmbpy and two chlorine atoms,
the environment of the central Fe(Il) and Hg(II) ions for the com-
plexes 2 and 6 are coordinated by 6-mpa, dmbpy and two nitrate
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ligands. As for complex 5, the coordination with two 6-mpa and one
dmbpy ligand around the central Cd(Il) ion was revealed. Unlike
these complexes, the complex 1 consists of the central V(IV) ion
coordinated by the 6-mpa and dmbpy ligands, and an oxygen atom.
For complex 1, the apical V—03 bond length is much smaller
compared to the equatorial bond lengths due to the Jahn-Teller
effect. For complex 2, considering to the Jahn-Teller effect, the
axial bond lengths (Fe-Ngmppy and Fe—Og_mpa) are smaller than the
other equatorial Fe-Ngmppy and Fe—Og.mpa bond lengths. For com-
plexes 3 and 4, the axial bond lengths (Ni/Zn—N and Ni/Zn—Cl) are
smaller than the other equatorial bond lengths owing to the Jahn-
Teller effect. For complex 5, the axial bond length (Cd—Ng_mpa) is
smaller than the other equatorial Cd-Ngmppy bond length because of
the Jahn-Teller effect. According to the Jahn-Teller effect, it is
concluded that the axial bond lengths (Hg—Ng_mpa and Hg-Onitrate)
are larger than the other equatorial Hg-Ngmbpy and Hg—0g-mpa
bond lengths in the complex 6. All complex geometry environ-
ments are confirmed by the calculations of structural parameter
(bond lengths and angles) for the complexes 1—6 (see Table S1). The
bond lengths and angles around the coordination environment of
metal ions for complexes 1—6 are in agreement with the results
obtained before [19,24,25,35—39].

Furthermore, the HSEh1PBE/6-311G(d,p)/LanL2DZ level were
applied to the natural bond orbital (NBO) calculations for the
complexes 1—6. Because NBO analysis allows investigating the in-
teractions between bonds, the coordination environment of metal
ions was also confirmed with the conjugative interaction in the
molecular system by using NBO analysis. For the understanding of
these interactions, the hyperconjugative interaction energies were
examined by using the second-order perturbation approach
[37—39]. The coordination environment for the complexes 1-6
verifies the delocalization effect observed between lone-pair (n)
orbitals of oxygen/nitrogen atom and anti-lone-pair (n*) orbitals of
metal ions. The delocalization effect shows the coordination envi-
ronments of the V(IV), Fe(II), Ni(Il), Zn(II), Cd(II) and Hg(II) ions for
the complexes 1-6 appointed as n—n* interactions. These in-
teractions of the complexes 1—6 were determined by the calcula-
tion of E® values described as the stabilization energy. The
calculated E® values for the complexes 1—6 were found at range
from 307.96 to 2.70 kcal/mol (see Table S2). The naked Ni** and
Zn?* jons have the natural electron configurations of 3d® and 3d'°.
According to NBO analysis, their natural electron configuration
changes to [core]4s%-343d8214p2034d°01 and [core]4s%-363d°974p001
in the complexes 3 and 4, respectively. It was found that the elec-
tron configurations of Ni** and Zn?* in the complexes 3 and 4 are
very close to 3d® and 3d'°. The naked Cd** and Hg?* ions have the
natural electron configurations of 4d'® and 5d'°. Considering NBO
results, the natural electron configurations for the Cd?* and Hg?*
ions change to [core]55%%74d%?95p%2% and [core]6s%-365d%976p0-24
in the complexes 5 and 6, respectively.

NBO results display that the O—H---O type intermolecular
hydrogen bonding interactions for the complexes 3,4,6 revealed
between the carboxylate group of 6-mpa ligand and OH group of
water molecules, as can be seen in Table S2. The E?) values of the
complexes 3,4,6 for these interactions were obtained at 2.70, 3.20
and 5.27 kcal/mol, respectively. In addition, Table S2 demonstrates
the remarkable stabilization interactions in the ligands.

3.2. Vibrational frequency

In the analysis of organic, organometallic and inorganic struc-
tures, infrared spectroscopy is one of the commonly used spec-
troscopic methods. The main purpose of this spectroscopy method
is to identify and analyse chemical functional groups and the co-
ordination environment around the metal ions for complexes 1—6.

To assign the detailed vibrational modes for complexes 16, the
FT—IR spectra were recorded, and theoretical vibrational fre-
quencies scaled by 0.96 [40] were obtained by HSEh1PBE/6-
311G(d,p)/LanL2DZ level. Fig. 1 and Table 1 display the FT—IR
spectra of the complexes 1-6 and the comparison of experi-
mental and theoretical vibrational frequencies. FT—IR spectra of the
complexes 1—6 exhibit the bands of carboxylate group instead of
the bands of carboxylic acid groups. These bands were assigned as
asymmetric/symmetric COO~ stretching modes observed range
from 1685/1376 to 1486/1151 cm™! (see Fig. 1b). These modes have
a significant role in the coordination environment of metal ions
contributing to the formation of a five-member chelate ring. The
corresponding theoretical bands were found to be 1765/1361 and
1491/1102 cm™! range. The difference between these modes in-
dicates the coordination for metal ions as a monodentate ligand on
the oxygen atom of carboxylate group belonging to 6-mpa ligand.
This coordination is confirmed by previous results
[19,24,25,41—-43]. The experimental/theoretical NO stretching
modes belonging to nitrate ligand for complexes 2 and 6 were
obtained at 1342/1332 and 1250/1234 cm~!, respectively (see
Table 1), this stretching mode is consistent with previously re-
ported results [44,45]. The other stretching and bending vibrational
modes belonging 6-mpa, dmbpy, nitrate and water ligands were
given in Table 1 with detailed assignments.

3.3. The UV—Vis absorption spectra, frontier molecular orbitals, and
molecular surfaces

The UV—Vis spectra of the complexes 1—6 in the ethanol were
recorded (see Fig. 2). The calculations of the TD—HSEh1PBE/
6—311G(d,p)/LanL2DZ level were fulfilled to evaluate in detail for
the electronic absorption spectra, substantial electronic transitions
and oscillator strengths. Frontier molecular orbitals (FMO) play an
important role in defining the molecular reactivity, electrical and
optical properties of molecular system. FMOs are known as HOMO
(highest occupied molecular orbital) and LUMO (lowest unoccu-
pied molecular orbital). The visualization of molecular orbitals by
using quantum mechanical calculations is important to chemical
reactions of molecules and UV—Vis spectra, optical and electronic
properties. SWizard [46] program was used to calculate notable
contributions from FMOs to the electronic transitions. Table 2 in-
dicates comparatively the experimental and theoretical electronic
spectral parameters. Metal to metal charge transfer (MMCT), metal
to ligand or ligand to metal charge (MLCT) transfer transitions were
calculated as theoretical absorption peak displaying the highest
electronic absorption wavelength in ethanol. The corresponding
peaks for complexes 14,6 in ethanol were obtained at 577 nm
with the contribution H— L+1 (73%), 598 nm with the contribution
H—L (93%), 587 nm with the contribution H-2 — La(77%), 520 nm
with the contributions H-9 — LB(27%)/H-8 — LB(14%) and 578 nm
with the contributions H-16 —L(41%)/H-22 —LB(30%), respec-
tively, as can be seen in Table 2. The experimental peak for complex
5 in the ethanol was emerged at 529 nm (see Table 2 and Fig. 2). The
n—7* and T—7* transitions demonstrate that metal—ligand and
ligand—ligand charge transfers emerged range from 275 to 211,
from 349 to 210, from 285 to 227, from 292 to 219, from 275 to 202
and from 299 to 218 nm in ethanol. The corresponding theoretical
peaks in the ethanol and gas phase were obtained at similar in-
tervals. The detailed contributions from FMOs were presented in
Table 2. Fig. 3 shows that intraligand charge transfers (ILCT) occur at
low absorption values of complexes 1—6.

The direct optical band gap energies are calculated by basis on
the Tauc and Menth’s equation [37,47]. Fig. 4 demonstrates the Eg
band gap energy values of the complexes 1—6 found to be 5.17, 5.46,
4,92, 5.30, 5.21 and 5.25 eV, respectively. The large energy gap
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Table 1

Comparison of the FT—IR and calculated vibration frequencies for the complexes 1—6.
Assignments Complex 1 Complex 2 Complex 3 Complex 4 Complex 5 Complex 6

FT-IR HSEh1PBE FT—-IR HSEh1PBE FT—-IR HSEh1PBE FT—-IR HSEh1PBE FT—-IR HSEh1PBE FT-IR HSEh1PBE

v OH — — — — 3406 3764 3386 3762 — — 3418 3691
v OH — — — — 3338 3543 3234 3498 — — 3243 3291
v CH dmdpy 3057 3128 3085 3136 3189 3103 3117 3096 3105 3135 3119 3151
v CH 6-mpa 2989 3109 3108 3109 3089 3065 3089 3053 3133 3075 3138
v CH3 6-mpa 2973 3034 2989 3036 3049 3028 3029 3028 2989 3056 2987 3064
v CH; dmdpy 2937 3022 3027 2993 3026 2973 3024 2964 3056 2971 3060
v COO~ 1685 1765 1659 1757 1614 1689 1613 1700 1653 1606 1486 1491
v NO — — 1652 — — — — — —
v CC dmdpy 1609 1612 1613 1626 1557 1625 1622 1593 1608 1607 1613
8 HOH — — - - 1614 1620 - - 1603
v CC 6-mpa 1590 1598 1559 1609 1601 1557 1605 1570 1587 1557 1597
 HCC dmdpy 1468 1464 1476 1489 1473 1489 1479 1464 1488 1479
B HCC 6-mpa 1458 1451 1444 1455 1448 1452 1444 1453 1443 1442 1445
B HCH dmdpy 1428 1430 1439 1435 1456 1460 1463
B HCH 6-mpa 1406 1420 1372 1425 1409 1436 1410 1434 1456 1474
v SO 1338 1321 — - — — - — — — — —
v NO — — 1342 1332 — — — — — — 1250 1234
v NC dmdpy 1282 1313 1278 1300 1287 1299 1286 1302 1258 1308 1298 1314
v NC 6-mpa 1256 1279 1258 1272 1242 1270 1248 1272 1242 1288 1249 1298
v COO~ 1151 1102 1318 1319 1307 1333 1376 1361 1270 1314 1324 1328
B ONO — — 980 989 — — — — — — 1135 1133
v VO 1043 1070 — - — — - — — — — —
v HCCC dmdpy 912 946 1017 984 933 980 1017 990 1037 1033 1037 1062
v HCCC 6-mpa 977 972 923 972 922 942 920 945 1013 1016 1017 1017
B OHO - - - - 650 658 667 707 - - - -
U VN 561 548 - - - - - - - - - -
u NiN - - - - 550 544 - - - - - -
B 0SO 514 512 - - - - - - - - - -
Y 000S 473 492 - - - - - - - - - -
¥ CZnCN - - - - - - 447 445 - - - -
¥ CNiCN - - - - 456 444 - - - - - -
Y CVCN 437 435 - - - - - - - - - -
u Nicl - - - - 399 - - - - - -

v: Stretching; B: in plane bending; y: out-of plane bending.

between HOMO and LUMO represents a stable structure, while a
smaller one represents a more reactive molecule. It is clear from
Fig. 3 that the theoretical energy gap calculated from FMO energies
were found to be 1.57, 2.32, 3.43 for f spin, 4.31 for « spin, 4.18 and
4.30 for a spin for the complexes 16, respectively. Furthermore,
the electronegativity (), chemical hardness (1) and softness (S)
parameters calculated from FMO energies were obtained by pre-
viously given equations [37,48]. These parameters of the complexes
1-6 were found range from 6.80 for B spin to 3.59 eV, from 2.16 for

o spin to 0.14 eV for B spin and from 7.14 for B spin to 0.47 eV-! for o
spin, respectively. When the results are evaluated, it could be
concluded that complex 1 is more reactive and polarizable than the
other complexes 2—6.

Molecular electrostatic potential (MEP) surface, is a useful tool
in the investigation of structure-activity and physicochemical
properties including chemical, biological and drug molecules, etc.
[49,50]. In addition, MEP provides important information about the
determination of electron-donating and electron-accepting regions
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Fig. 2. The UV—vis spectra in ethanol solvent of the complexes 1—6.

in the molecule and about the formation of intra-molecular
hydrogen bonds. MEP simultaneously shows the molecular size,
shape and electrostatic potential regions in terms of color classifi-
cation. On the MEP surface, the red color is electron rich, the yellow
color is partly electron rich, the blue color is electron deficiency, the
light blue color is partially electron deficiency and the green color
represents neutral regions. The high red and blue colors on an MEP
surface indicate that the molecule under investigation is polar, and
colorless or yellow and light blue colors indicate that the polarity of
the molecule decreases. Fig. 5 displays the MEP surfaces for com-
plexes 1—6 with color code values between the deepest red and
blue obtained range from —0.247 to 0.247 a.u., —0.104 to 0.104
a.u.,, —0.101 to 0.101 a.u., —9.106e—2 to 9.106e—2 a.u., —9.868e—2 to
9.868e—2 a.u. and —7.949e-2 to 7.949e—2 a.u., respectively. The
negative regions, which are electrophilic reactivity, are over the
electronegative O atoms of the carboxylate groups/uncoordinated
water ligands, and the environment of chlorine atoms. The positive
regions, which are nucleophilic reactivity, are over the C—H bond
surrounding by blue color (see Fig. 5).

3.4. The polarizability, first-order and second-order
hyperpolarizability parameters

Due to novel potential applications, such as telecommunication,
optical switching and dynamic image processing, etc., the investi-
gation of nonlinear optical (NLO) materials have been taken part in
remarkable studies for the last thirty years [51—55]. The discovery
of novel materials efficient at technological applications containing
organometallic and organic NLO materials is still an important issue
at present. Theoretical calculations provide an important contri-
bution to come out the electronic polarization and
structure—property relationships of the compound. Lately, it has
been reported that the great interest in studying and designing the
materials possessing large NLO response, particularly first- and
second-order hyperpolarizability [19,24,25,35—37]. In the present
study, the HSEh1PBE level was applied to survey the linear optical

(LO) and NLO parameters of the complexes 1—6 in the gas phase
and ethanol, as can be seen in Table 3. By depending on metal ions
and their coordination environments, the substantial difference
and similarity for all LO and NLO parameters of the complexes 1—6
appeared. It could be considered that the presence of Hg metal and
nitrate ligands in coordination increased the NLO activity of the
complex 6. Besides, Hg complex is bulkier than the other complexes
due to the fact that the atomic diameter of Hg metal is larger than
that of Fe, Ni, Zn and Cd metals. The LO (o, Aa;) and NLO (B and vy)
parameters of the complexes 1—6 in the gas phase and ethanol
were obtained from previous equations given references [37,53,54].
The o values of the complexes 1—6 in mentioned solvents were
found to be range from 85.0 x 1072* to 42.6 x 10~2* esu. The
calculated o values for these complexes were obtained as higher
than that of pNA (17 x 10~%* esu). The P values of the complexes
1-6 were calculated at the range of 4351 x 10730 and
1.0 x 10739 esu (in the gas phase), 657.7 x 107> and 1.9 x 10*% esu
(in the ethanol), respectively. It is noted from Table 3 that the
largest B value obtained for the complex 6 in mentioned solvents
are of 435.1 x 1073% and 657.7 x 10~3° esu. To date, in comparison
of the complex 6, we have not obtained the larger § value of metal
complexes containing 6-mpa with ciyanate/4(5)Methylimidazole/
2,2'-bipyridyl/2,2’-dipyridylamine ligands [19,24,35,36]. This B
value displays 3346.92/47.29 and 5059.23/71.49 times higher than
those of urea (0.130 x 1073C esu)/pNA (9.2 x 10730 esu) [56—58].
Likewise, the y value of complex 6 in the gas phase calculated at
36214.2 x 1073 esu is 2414.28 times higher than that of pNA
(15 x 10736 esu) [57,58]. According to the calculated p and y pa-
rameters, it clear that complex 6 exhibits a strong microscopic
second—order and third—order NLO property. On the other hand, it
could be said that the variation of metals and ligand in coordination
affect the results of NLO. In summary, compared to our previous
studies on mixed-ligand metal complexes including 6-mpa
[19,24,35,36], the complex 6 exhibits the strongest microscopic
second—order and third—order NLO activity.
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Experimental and theoretical electronic transitions, oscillator strength for complexes 1—6.

Solvent

Complex 1
Ethanol

Gas phase

Complex 2
Ethanol

Gas phase

Complex 3
Ethanol

Gas phase

Complex 4

Ethanol

Gas phase

Complex 5

Ethanol

Gas phase

Complex 6
Ethanol

Gas phase

Experimental
A (nm)

275

211

529
349
288
263
253
210

285
250
227

292

249
219

275

202

299
218

TD—HSEH1PBE/6-311G(d,p)/LanL2DZ

A (nm)

577
295
274
242
213
591
290
270
246
214

598
469
335
317
294
284
622
477
356
321
297
294

587
492
352
329
307
571
501
352
340

520
294
283
252
248
532
295
280
275

314
302
274
252
222
408
317
283
270
235

578
368
331
302
293
591
364
334
303
297

Osc. strength

0.0584
0.3590
0.0589
0.0013
0.0027
0.0073
0.1465
0.0098
0.0013
0.0366

0.0020
0.0069
0.0021
0.0084
0.1454
0.0078
0.0043
0.0074
0.0028
0.0152
0.0135
0.0078

0.0003
0.0004
0.0004
0.0161
0.0043
0.0062
0.0003
0.0007
0.0017

0.0002
0.0010
0.4419
0.0006
0.0009
0.0017
0.0164
0.0033
0.2076

0.0004
0.0013
0.1409
0.0022
0.0055
0.0003
0.0001
0.0004
0.2626
0.0014

0.0003
0.0001
0.0001
0.0003
0.0002
0.0019
0.0001
0.0001
0.0001
0.0004

Major contribution

H—L+1 (+73%)
H-1-L (+94%)
H-1—-L+1 (+98%)
H-3—L+1 (+96%)
H-3—L+2 (+86%)
H—L+2 (+46%)
H-2—L (+31%)
H-1—-L+1 (+84%)
H-6—L (+88%)
H-5—L+2 (+58%)

H—L (+93%)
H—-L+1 (+87%)
H—L+2 (+69%)
H-1—L+2 (+60%)
H—L+3 (+63%)
H-15—-L+1 (+39%)
H—L (+66%)
H—-L+1 (+57%)
H-11-L (+71%)
H-17 —L (+39%)
H-16—L+1 (+24%)
H-14—L+1 (+20%)

H-2—La (+77%)
H-3—L a (+76%)
H-2-L B (+67%)
H-1-L+1 o (+52%)
H-14—L o (+40%)
H—-L+1 B (+29%)
H-2—-L+1 o (+93%)
H-3—-L B (+69%)
H—4—L B (+55%)

H-9—L B (+27%)
H—L o (4+95%)
H-1-L a (+38%)
H—6—L+1 f (+80%)
H-7—L a (+86%)
H—L B (+27%)
H-13—L B (+63%)
H-8—L+1 B (+30%)
H-7—-L+1 B (+42%)

H—L+1 (+62%)
H—L (+96%)
H-2—L (+68%)
H—L+3 (+96%)
H-7—L+3 (+61%)
H-L (+100%)
H—L+1 (+96%)
H-1—L+4 (+93%)
H-8—L (+81%)
H-3—L+5 (+37%)

H-16—L B (+41%)
H-23—L B (+99%)
H-19—L a (+37%)
H—L+3 a (+38%)
H—L o (+27%)
H-15—L B (+35%)
H-1-L+2 B (+60%)
H—L+1 B (+59%)
H—L a (+36%)
H-3—-L+1 B (+29%)

H—L+2 (+19%)

HoL+1 (+28%)
H-35L (+27%)

H-4—L+2 (+16%)

H-5-L+2 (+14%)
H-5-L (+8%)

H-2—L+3 (+14%)
H-15—L+1 (+13%)
H-3—-L+3 (+18%)

H-5—L a (+18%)
H-3—L B (+14%)
H—L+2 B (+21%)
H-15—L o (+13%)
H-2—-L+1 B (+14%)

H-8—L B (+14%)
H—-L+1 B (+38%)
H—6—L B (+20%)
H-7—La (+18%)
H-8—L a (+28%)
H-1—L+2 (+30%)
H-4—L (+21%)

H-4—1+4 (+10%)

H-2—L+6 (+28%)
H-22 L B (+30%)

H-19—L+1 B (+18%)
H-1-L+4 B (+38%)
H-1-L+2 B (+13%)
H-21—L B (+35%)
H-2-L+2 B (+8%)
H-3—-L+1 B (+10%)
H-3—L+3 B (+10%)
H-1-La (+18%)

3.5. In vitro a-Glucosidase inhibition

complexes 1—-6 inhibited the a-glucosidase with ICs5y values of

The ICsg9 values of the synthesized complexes (1—6) for o-
glucosidase (from Saccharomyces cerevisiae, EC No: 3.2.1.20) in-
hibitions are given in Table 4. The results showed that the

04699 puM and >600 pM range. Complex 6 [Hg(6-
mpa)(dmdpy)(NO3),]-H,0 has the highest a-glucosidase inhibi-
tory activity with ICsp values of 0.4699 uM, which is 1928.07-fold,
35.27-fold and 27.03-fold higher than that of acarbose
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Fig. 3. The most active occupied and unoccupied molecular orbitals in electronic transition of the complexes 1—6 obtained at HSEh1PBE/6-311G(d,p)/LanL2DZ level.
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Fig. 4. The graphs of optical band gap energy for the complexes 1-6.

(IC50 = 906 uM) [59,60], genistein (ICsp = 16.575 pM), and resver-

atrol (IC59 = 12.70 pM) [61,62], respectively.
The structure-activity relationship (SAR)

of the synthesized

complexes on a-glucosidase inhibition could be explained at the

following points:

(i) The complexes 2—6 have the same coordination geometry as
distorted octahedral geometry. Complex 6 containing Hg
metal showed the strongest inhibitory activity
(IC50 = 0.4699 pM) while the others displayed a moderate o-
glucosidase inhibition. Hg complex is bulkier than the other
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Fig. 5. Molecular electrostatic potential (MEP) surfaces for the complexes 1—6 obtained at HSEh1PBE/6-311G(d,p)/LanL2DZ level in gas phase.

Table 3

Electric dipole moment (i, in Debye), the average and anisotropic static polarizabilities ((2) and Aa, in10~24 esu), the first— and second— order static hyperpolarizabilities ((B),

in103° esu and (y), in10~36 esu) for complexes 1-6.

Complex u (Debye) <o> (esu) Ao, <B> (esu) <y> (esu)
Ethanol Gas phase Ethanol Gas phase Ethanol Gas phase Ethanol Gas phase Ethanol Gas phase
Complex 1 22.1 11.8 733 51.7 39.7 29.8 208.0 38.4 177.2 -
Complex 2 16.1 11.0 73.6 51.8 25.6 19.7 113 5.9 118.3 31.7
Complex 3 26.0 16.8 62.5 459 20.3 155 236 15.3 124.2 44.6
Complex 4 27.1 16.1 57.5 42.6 135 15.1 9.2 6.8 62.7 27.8
Complex 5 21.0 124 63.2 482 5.4 5.5 1.9 1.0 94.2 354
Complex 6 23.3 13.8 85.0 71.2 56.5 35.3 657.7 435.1 36214.3 -
6.20° 17% 9.24,0.13° 15%
2 pNA [57,58].
b Urea [56].
Table 4 (iii) The complex 1 consists of V=0, 6-mpa, dmbpy ligands and
In vitro inhibition ICso values (uM) of the complexes 1—6 for a—glucosidase. SO03 molecule and it has a distorted square-bipyramidal co-
Compound ICso (WM)? ordination form. This difference in coordination geometry
6-methylpyridine-2-carboxylic acid (6-mpaH) not active did not any affect enzyme inhibition.
4,4'-dimethyl-2,2’-bipyridyl (dmdpy) not active o . .
Complex 1 [VO(6-mpa)(dmdpy)]-SO3 >600 It was reported that the picolinate (pa) derivatives (Cu(pa)y,
Complex 2 [Fe(6-mpa)(dmdpy)(NOs),]-NO; 4923 +1.05 Zn(pa),, VO(pa), [63] and Zn(6mpa-ma);S0O4 [64]) were synthe-
gggg:gi: f‘zlfl?émrggi()‘(j;“rsggﬁg 1 Hy0 >ggg sized as a-glucosidase inhibitors and their ICsg values were ob-
- 2|-Ha > H i
Complex 5 Cd(6-mpa)y(dmdpy) 2600 Falned at 1.2'8 uM, 15.f1 uM, >1 mM, 7.5 “,M' .re.spectlvely. Moreover,
Complex 6 [Hg(6-mpa)(dmdpy)(NO3),]-H,0 0.4699 + 0.02 in our previous studies, a-glucosidase inhibition values of metal
Genistein 16.575 + 0.23 complexes containing 6-mpa with cyanate, 4(5)methylimidazole,
I . . . . . .
Acarbose” 906 2,2’-bipyridyl, 2,2’-dipyridylamine ligands were found to be range
Resveratrol® 12.70

4Csp values represent the means + S.E.M. of three parallel measurements (p < 0.05).
b From ref. [59,60].
¢ From ref. [61,62].

complexes due to the fact that the atomic diameter of Hg
metal is larger than that of Fe, Ni, Zn and Cd metals. This
difference influences on a-glucosidase inhibition.

(ii) The variation of metals (Ni, Zn and Cd) and ligand in coor-
dination did not affect the inhibition activity (ICs5q =
>600 puM for complexes 3—5) whereas the complex 2
including Fe metal showed better inhibitory activity
(IC50 = 492.3 uM). It could be considered that the presence of
nitrate ligands in coordination increased the inhibitory ac-
tivity of the complex 2.

from 0.184 uM to >600 pM [19,24,35,36]. In this study, the complex
6 including Hg metal, as similar to previous work [35], exhibited the
strongest inhibitory activity against a-glucosidase.

3.6. Docking study

Molecular docking study was fulfilled to determine the protein-
ligand interactions between the synthesized complexes (1—6) and
target protein (the template structure S. cerevisiae iso-
maltase(PDBID: 3A4A)). The docking results were evaluated with
the electrostatic (E), hydrogen-bonding (H), and van der Waals (V)
interactions for the protein-complex profiles. The estimated in-
teractions and energy values between complex structures and
amino acid residues were tabulated in Table S3. 3-D structures
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showing interactions between main-/side-chain amino acids and
ligand of the complexes 1—6 were given in Fig. 6. Fig. 6 displays
interactions between complex structures and amino acid residues
with regard to some hydrogen-bonding and van der Waals in-
teractions. It is clear that the variation of metals and ligands in
coordination as well as non-coordinated parts of ligands influences
on the energy values of V interactions.

Complex 6 (ICsg = 0.4699 uM), including the Hg metal, dis-
played the best inhibitory activity among the substitute dmbpy
ligand metal complexes. Based on docking results, the Ei (total
energy) value of complex 6 was obtained at —124.4 kcal/mol and
that of Hg(Il) metal complex containing 6-mpa with 2,2’-bipyridyl
ligand was found to be —93.0 kcal/mol [35]. It is observed that the
ratio between these energy values is changed at least as much as
the ratio of the enzyme activity results of these two complexes
containing Hg metal atoms. The E;q4) values for other Fe, Ni, Zn and
Cd metal complexes, which are the same coordination geometry,
were calculated range from —93.6 to —116.7 kcal/mol, it could be
deduced that this difference does not have a major effect on a-
glucosidase inhibition. But, this difference for complex 2 affects a-
glucosidase inhibition depending on coordination environment of
Fe metal ion.

According to our previous docking results, the total hydrogen
bonding interaction energy values of metal complexes containing
6-mpa with cyanate, 4(5)Methylimidazole, 2,2’-bipyridyl, 2,2’-
dipyridylamine ligands [19,24,35,36] were obtained at the range
of —27.83 and —3.5 kcal/mol depending on the same or different
amino acid residues interactions. In the present study, these en-
ergies of complexes 1—-6 were found to be range from —31.2
to —3.5 kcal/mol. Meanwhile, the minimum total energy value
shows strong hydrogen bonding interaction between amino acid
residues obtained at —31.2 kcal/mol for complex 6 exhibited the
highest a-glucosidase inhibitory activity with ICs9 values of
0.4699 uM. It could be concluded that these interactions for com-
plexes 1—6 arise from between the carbonyl oxygen atom of 6-mpa

ligand or O atom of nitrate ligand and 0% NP, N¢ of same or different
amino acid residues. In exemplify, the effective H-interactions were
defined among the S (side chain)-ASP242 0% S—HIS280 NP, S-
TYR158 O" and O atom of nitrate ligand obtained at 2.64, 3.07 and
3.08 A bond distances, respectively. Furthermore, 6-mpa and
dmbpy ligand-based docking study was fulfilled, the interactions
between the amino acid residues and ligands in different energy
values were observed with similar complex-protein interactions.
The main reason for energy differences could be interpreted as the
variation of inhibition values.

4. Conclusion

The synthesized novel metal complexes including 4,4'-
dimethyl-2,2’-bipyridyl and 6-methylpyridine-2-carboxylic
{[VO(6-mpa)(dmdpy)]-SOs, (1), [Fe(6-mpa)(dmdpy)(NO3).]-NOs,
(2), Ni(6-mpa)(dmdpy)Clp, (3), [Zn(6-mpa)(dmdpy)Cl2]-H>0, (4),
Cd(6-mpa)y(dmdpy), (5), [Hg(6-mpa)(dmdpy)(NO3)]-H0, (6)} as
potential a-glucosidase inhibitors were investigated for the first
time. Their structural characterizations and spectral properties
were performed by elemental analysis, LC-MS/MS, FT—IR and
UV—Vis spectroscopic techniques. The a-glucosidase inhibitory
activity of the synthesized complexes (1—6) were determined by
ICsp values in the range of 0.4699 and > 600 puM. Considering these
results, it could be noted that complex 6, which shows the strongest
inhibitory activity against a-glucosidase (from Saccharomyces cer-
evisiaze, EC No: 3.2.1.20) is a potential a-glucosidase inhibitor
candidate. In addition, the theoretical calculations with the TD/
DFT-HSEh1PBE/6-311G(d,p)/LanL2DZ level were carried out to
examine the detailed structural and spectral properties, as well as
second- and third-order nonlinear optical parameters. The results
of experimental and theoretical electronic spectra for the com-
plexes 1-6 were assigned as n—7* and w— 7* transitions origi-
nated from metal—ligand and ligand—ligand charge transfer. NBO
results verify the coordination environment with the delocalization

Complex 4

Complex 5

Complex 6

Fig. 6. 3-D structures showing interactions between main/side chain amino acids and ligand of the complexes 1—6.
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effect observed between lone-pair (n) orbitals of oxygen/nitrogen
atom and anti-lone-pair (n*) orbitals of metal ions. It is determined
that there is a good agreement between the theoretical and cor-
responding experimental results. The NLO results are indicated that
the complex 6 potentially a candidate for microscopic
second—order and third—order NLO material. From the experi-
mental and theoretical results, it is concluded that complex 6 is a
novel and powerful drug candidate for DM II, and a remarkable
scientific report for mixed-ligand metal complexes containing 6-
mpa and dmbpy.
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