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Abstract
Diabetes mellitus (DM) is a common degenerative disease and characterized by high blood glucose levels. Since the effective 
antidiabetic treatments attempt to decrease blood glucose levels, keeping glucose under control is very important. Recent 
studies have demonstrated that α-glucosidase inhibitor improves postprandial hyperglycemia and then reduces the risk of 
developing type 2 diabetes in patients. Therefore, the design and synthesis of high affinity glucosidase inhibitors are of great 
importance. In this regard, novel series of mixed-ligand M(II) complexes containing 2,2′-bipyridyl {[Hg(6-mpa)2(bpy)
(OAc)]·2H2O, (1), [Co(6-mpa)2(bpy)2], (2), [Cu(6-mpa)(bpy)(NO3)]·3H2O, (3), [Mn(6-mpa)(bpy)(H2O)2], (4), [Ni(6-mpa)
(bpy)(H2O)2]·H2O, (5), [Fe(6-mpa)(bpy)(H2O)2]·2H2O, (6), [Fe(3-mpa)(bpy)(H2O)2]·H2O, (7)} were synthesized as poten-
tial α-glucosidase inhibitors. Their effects on α-glucosidase activity were evaluated. All synthesized complexes displayed 
α-glucosidase inhibitory activity with IC50 values ranging from 0.184 ± 0.015 to > 600 μM. The experimental spectral 
analyses were carried out using FT–IR and UV–Vis spectroscopic techniques for these complexes characterized by XRD and 
LC–MS/MS. Moreover, the calculations at density functional theory approximation were used to obtain optimal molecular 
geometries, vibrational wavenumbers, electronic spectral behaviors, and major contributions to the electronic transitions 
for the complexes 1–7. Finally, to display interactions between the synthesized complexes and target protein (the template 
structure Saccharomyces cerevisiae isomaltase), the molecular docking study was carried out.
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Introduction

Diabetes mellitus (DM), characterized by high blood glu-
cose levels, is one of the most common metabolic degen-
erative diseases in the world [1, 2]. The most common 
cause of type 2 diabetes is insulin resistance. The preva-
lence of T2DM in all age groups in the world is increasing 
and it is estimated that it will reach from 2.8% in 2000 to 
4.4% in 2030 [3]. Many antidiabetic treatments focus on 
lowering blood glucose levels; therefore, glucose control 
is an effective treatment for diabetes. To release glucose, 
it is well known that α-glucosidase (EC 3.2.1.20) which 
is a carbohydrate hydrolase specifically hydrolyses the 
1,4-α-glucopyranosidic bond [4]. α-Glucosidase, which 
is catalyzes the cleavage of absorbable monosaccharides, 
beginning from disaccharides and oligosaccharides, is a 
critical enzyme for the digestion of carbohydrates [5]. The 
missions of α-glucosidase for mammals include intestinal 
digestion of dietary carbohydrates, glycoprotein folding 
and maturation, and glycogen degradation. Moreover, the 
inhibition of α-glucosidases and related enzymes plays an 
important role in the treatment of diabetes, cancer, human 
immunodeficiency virus (HIV/AIDS), and other degenera-
tive diseases [6, 7].

α-Glucosidase inhibitors (AGIs) delay the digestion of 
carbohydrates and prolong the digestion time in general 
carbohydrates, slows the absorption of glucose and thus 
blunt the increase of postprandial plasma glucose. Inhibi-
tors reducing postprandial hyperglycemia have an important 
role in the treatment of T2DM and pre-diabetes situations. 
Recent studies have shown that α-glucosidase inhibitor 
improves postprandial hyperglycemia and subsequently 
reduces the risk of developing type 2 diabetes in patients 
with impaired glucose resistance [8–10]. Several X-ray 
crystallographic studies on complexes with substrates and 
inhibitors have revealed that the inhibition of glucosidases 
can occur with enzymic hydrolysis of glucosidases. This 
inhibition involves a two-step mechanism in which a cova-
lent glycosyl-enzyme intermediate is formed and hydrolyzed 
via oxocarbenium ion like transition states [11–13]. Various 
AGIs such as acarbose, voglibose, and miglitol molecules 
are clinically used to treat T2DM [14]. Besides, a few AGIs 
commercially available in pharmacies and they do not meet 
their needs due to the side effects. Therefore, the design and 
synthesis of high affinity glucosidase inhibitors are of great 
importance. In this direction, the healing effects of com-
plexes containing different metal ions on individuals with 
Type 2 diabetes have been subject of intensive research. Par-
ticularly, metal complexes of nitrogen-containing ligands are 
frequently used in the field of coordination chemistry due 
to structurally, spectroscopically and catalytically similar to 
some enzyme–substrate complexes in our body [3, 15–18].

The synthesis and physicochemical properties of pyri-
dine derivatives, such as picolinic acid, are important for 
the synthesis of different structures including coordina-
tion complexes, due to their different potential applica-
tions in catalysis, nonlinear optics, luminescence, ion 
exchange, and material chemistry [19–21]. The ligands 
bearing conjugated electron-rich heteroaromatic rings, 
such as 2,2′-bipyridyl, 1,10-phenanthroline, etc., are 
important in the understanding of electron transfer pro-
cesses, mixed valence complexes, photochemistry. They 
are also used for the formation of different metal com-
plexes including transition metals in biological processes 
[22–24]. Wang et al. investigated the inhibition activity 
against α-glucosidase of various metal ions, such as Cu2+, 
Zn2+, V4+, Ni2+, Fe2+, Mn2+, etc. [25]. Up until now, the 
different studies containing metal ion on the insulin-like 
stimulation of glucose oxidation in rat adipocytes with 
vanadyl (IV) ions [26], insulin-like effect of zinc on adi-
pocytes [27], copper complexes presenting a physiological 
approach in the treatment of chronic diseases [28], and the 
increasing of chromium uptake for improve glucose and 
insulin variables in individuals with type 2 diabetes [29] 
have been reported. In addition, insulinomimetic activ-
ity studies for release of free fatty acid (FFA) from rat 
adipocytes, different metal complexes including picolinic 
acid, and its derivatives have been performed for VO(pa)2 
[30], VO(6mpa)2, VO(3-mpa)2 [30], Cr(pa)3, Mn(pa)2, 
Mn(pa)3, Fe(pa)2, Fe(pa)3, Co(pa)2, Ni(pa)2, Cu(pa)2 [31] 
and Zn(pa)2, Zn(3-mpa)2, Zn(6-mpa)2 [32]. Finally, the 
IC50 values of the various metal complexes including 
picolinate (pa) and its derivatives for alpha-glucosidase 
enzyme activity have been obtained for Cu(pa)2, Zn(pa)2, 
VO(pa)2 [33], and Zn(6mpa‒ma)2SO4 [34]. As far as we 
know, there are no α-glucosidase enzyme activity stud-
ies of the mixed-ligand metal complexes including 6-mpa 
ligand except for 6-mpa with thiocyanate/4(5)methylimi-
dazole (4(5)MeI) in the literature [7, 35].

As a result of our ongoing works, novel metal(II) com-
plexes (complexes 1–7) containing 6-methylpyridine-2-car-
boxylic acid/3-methylpyridine-2-carboxylic acid (6-mpa/3-
mpa) and 2,2′-bipyridyl (bpy) were synthesized for the first 
time. The crystal structures of Hg(II) and Co(II) complexes 
were determined by XRD spectroscopic technique and 
molecular structures of Cu(II), Mn(II), Ni(II), and Fe(II) 
complexes were defined by mass spectrometry (MS). The 
α-glucosidase enzyme inhibition and electronic spectral 
behavior studies were experimentally investigated. Fur-
thermore, the structural, spectral, electronic, second-, and 
third-order nonlinear optical parameters of complexes 1–7 
in gas phase and ethanol solvent were examined using DFT/
HSE06/6-311G(d,p)/LanL2DZ level. After all, to determine 
the ligand protein interactions, molecular-docking study was 
fulfilled.



JBIC Journal of Biological Inorganic Chemistry	

1 3

Experimental and computational details

Physical measurements

FT-IR spectra of the novel synthesized complexes were 
recorded using a Perkin Elmer Spectrum-Two FT-IR spec-
trophotometer equipped with Perkin Elmer UATR-TWO dia-
mond ATR. To examine the UV–Vis electronic absorption 
spectra of the complexes 1–7 in the range of 900–200 nm, 
a HITACHI U-2900 UV/VIS spectrophotometer in ethanol 
solvent with quartz cell of 1 cm was used. Mass spectra 
were obtained with SHIMADZU-8030 or AGILENT-6460 
LC‒MS/MS quadrupole mass spectrometer, equipped with 
an electrospray ionization (ESI +/−) used in MS/MS mode.

X‑ray structure determination

A Stoe IPDS II diffractometer using Mo–Kα (λ = 0.71073 Å) 
radiation at 296 K for data collection was applied to suitable 
single crystals of the complexes 1, 2. The crystal structure 
determine details are given in Table 1. The crystal struc-
tures were solved by direct methods using SHELXT [36] 
and refined by full-matrix least-squares methods on F2 using 
SHELXL-97 [36]. The hydrogen atoms bonding to carbon 
atoms were located from different maps and then treated as 
riding atoms with C–H distances of 0.96 Å. The H atoms 
of water were located in a difference map refined freely. 
Molecular diagrams were created using MERCURY [37]. 
Supramolecular analyses were made and the diagrams were 
prepared with the aid of PLATON [38].

Materials and synthesis of the complexes 
1–7 {[Hg(6‑mpa)2(bpy)(OAc)]·2H2O, (1), 
[Co(6‑mpa)2(bpy)2], (2), [Cu(6‑mpa)(bpy)
(NO3)]·3H2O, (3), [Mn(6‑mpa)(bpy)(H2O)2], (4), 
[Ni(6‑mpa)(bpy)(H2O)2]·H2O, (5), [Fe(6‑mpa)(bpy)
(H2O)2]·2H2O, (6), [Fe(3‑mpa)(bpy)(H2O)2]·H2O, (7)}

All of the chemical reagents used in this study are ana-
lytical grade commercial products. 6-mpaH (6-meth-
ylpyridine-2-carboxylic acid), 3-mpaH (3-methyl-
pyridine-2-carboxylic acid) and 2,2′-bipyridyl  (bpy), 
mercury(II) acetate (Hg(OAc)2), cobalt(II) acetate tet-
rahydrate (Co(OAc)2·4H2O), copper(II) nitrate trihydrate 
(Cu(NO3)2·3H2O), manganese(II) acetate tetrahydrate 
(Mn(OAc)2·4H2O), nickel(II) chloride (NiCl2) and iron(II) 
chloride (FeCl2) were purchased from Sigma-Aldrich. The 
synthesis methods of the complexes 1–7 are as follows (see 
Scheme 1).

Synthesis of the complex 1: the 6-methylpyridine-2-car-
boxylic acid (1 mmol) and 2,2′-bipyridyl (1 mmol) was 

separately dissolved in acetonitrile solution (10 ml). Then, 
two mixture slowly added to an acetonitrile solution (10 ml) 
of mercury(II) acetate (1 mmol) at the same time. The last 
mixture was stirred for 6 h, and evaporated for a week at 
room temperature. At the end of this process, the formed 
crystals for complex 1 were filtered off, washed thoroughly 
with distilled water, and finally air-dried at room temper-
ature. The single-crystal structure for the complex 1 was 
obtained as colorless in stick shaped.

Synthesis of the complexes 2, 3: the solid 6-methyl-
pyridine-2-carboxylic acid (2/1 mmol for complex 2/3), 
2,2′-bipyridyl (1 mmol) and cobalt(II) acetate tetrahy-
drate (1 mmol)/copper (II) acetate (1 mmol) (for complex 
2/3) were added to a mixture of ethanol and water (20 ml, 
1:1) under continuous stirring. The obtained solution was 
stirred at 60 °C for 3 h, and evaporated for 15 days at 
room temperature. At the end of this process, the formed 
crystals for complex 2 and powder product for complex 3 
were filtered off, washed thoroughly with distilled water, 
and finally air-dried at room temperature. The single 
crystals of the complex 2 were obtained as red in prism 

Table 1   Crystal data and structure refinement parameters for the 
complexes 1 and 2 

Complex 1 Complex 2

Empirical formula C19H21HgN3O6 C24H20CoN4O4

Formula weight 587.98 487.37
Crystal system Monoclinic Orthohombic
Space group P21/c Pbca
Temperature 296 296
Radiation type Mo Kα Mo Kα
Wavelength 0.71073 0.71073
Crystal size (mm) 0.71 × 0.62 × 0.55 0.78 × 0.75 × 0.59
a (Å) 9.178 (4) 13.2756 (6)
b (Å) 21.630 (9) 19.049 (1)
c (Å) 10.742 (4) 17.2348 (11)
α (°) 90 90
β (°) 107.64 (3) 90
γ (°) 90 90
V (Å3) 2032.04 (15) 4358.5 (4)
Z 4 8
F(000) 1136 2008
Density (g cm−3) 1.922 1.485
μ (mm−1) 7.62 0.83
θ range (°) 1.9–27.8 1.9–30.0
Measured refls. 14504 16570
Independent refls. 3990 4292
Rint 0.051 0.081
S 0.96 1.00
R1/wR2 0.028/0.060 0.045/0.108
Max/min (eÅ−3) 0.49/− 1.07 0.85/− 0.54
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shaped. Anal. Calc. for C17H20N4O8Cu (complex 3): C, 
43.27; H, 4.27; N, 11.87. Exact mass (m/z): 471.06. Found: 
ESI–LC–MS/MS (m/z): 471 ([M]+). The mass spectrum 
for complex 3 is given in Fig. S1.

Synthesis of the complexes 4, 5: the solid 6-methylpyri-
dine-2-carboxylic acid (1 mmol), 2,2′-bipyridyl (1/2 mmol 
for complex 4/5) and manganese(II) acetate tetrahydrate 
(1 mmol)/nickel(II) chloride (1 mmol) (for complex 4/5) 
were added to a mixture of ethanol and water (20 ml, 1:1) 
under continuous stirring at 70 °C. After the last mix-
ture was refluxed for 4 h, it was allowed to evaporate at 
room temperature. After the period of 15 days, the powder 
products for complexes 4, 5 were filtered off, washed thor-
oughly with distilled water, and finally air-dried at room 
temperature. Anal. Calc. for C17H18N3O4Mn (complex 4): 
C, 53.27; H, 4.73; N, 10.96. Exact mass (m/z): 383.07. 
Found: ESI–LC–MS/MS (m/z): 387 ([M+4H]+). Anal. 
Calc. for C17H20N3O5Ni (complex 5): C, 50.41; H, 4.98; 
N, 10.37. Exact mass (m/z): 404.08. Found: ESI–LC–MS/
MS (m/z): 405 ([M]+). The mass spectra for complexes 4, 
5 are given in Figs. S2 and S3.

Synthesis of the complexes 6, 7: the solid 6-meth-
ylpyridine-2-carboxylic acid (1 mmol for complex 6), 
3-methylpyridine-2-carboxylic acid (1 mmol for complex 
7), 2,2′-bipyridyl (1 mmol) and iron(II) chloride (1 mmol) 
were added to a mixture of acetonitrile, ethanol, and water 
(20 ml, 2:2:1) under continuous stirring at 50 °C. The last 
mixture was stirred within closed vial at 50 °C for 4 h and 
evaporated for 15 days at room temperature. At the end 
of this process, the powder products for complexes 6, 7 
were filtered off, washed thoroughly with distilled water, 
and finally air-dried at room temperature. Anal. Calc. for 
C17H22N3O6Fe (complex 6): C, 48.59; H, 5.28; N, 10.00. 
Exact mass (m/z): 459.05. Found: ESI–LC–MS/MS (m/z): 
461.3 ([M+K]+). Anal. Calc. for C17H20N3O5Fe (complex 
7): C, 50.77; H, 5.01; N, 10.45. Exact mass (m/z): 402.08. 
Found: ESI–LC–MS/MS (m/z): 403 ([M]+). The mass 
spectra for complexes 6, 7 are given in Figs. S4 and S5.
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Scheme 1   The synthesis of the complexes 1–7 
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α‑Glucosidase inhibition assay

α-Glucosidase inhibition activities of the synthesized com-
plexes (1–7) were determined by doing small changes on 
Sun’s protocol [39]. The α-glucosidase from Saccharo-
myces cerevisiae (Sigma, G5003) was determined as the 
target protein using p-nitrophenyl-α-d-glucopyranoside 
(pNGP, Sigma, N1377) as the substrate. The compounds 
and genistein were dissolved in DMSO. The enzyme 
and the substrate were dissolved in potassium phosphate 
buffer (0.05 M, pH 6.8). The enzymatic reaction mixture 
composed of α-glucosidase (0.02  U, 20  μl), substrate 
(1.25 mM, 30 μl), test compounds (10 μl), and potas-
sium phosphate buffer (140 μl) was incubated at 37 °C 
for 30 min. After 30 min of incubation, the absorbance 
of yellow color produced due to the formation of p-nitro-
phenol was measured using Synergy H1 (BioTek, USA) 
96-well microplate reader at 405 nm. All experiments were 
performed in triplicates. The surveying of α-glucosidase 
inhibition activity for the complexes 1–7 was fulfilled on 
the basis of our previously reported study [7]:

where Ac is the absorbance of control and As is the absorb-
ance of samples, respectively. The calculation of IC50 values 
was performed using Graphpad Software.

Cytotoxicity of the complex 1 was tested according to our 
previous study [40].

Computational procedure

To investigate quantum chemical calculations of the syn-
thesized complexes (1–7), GAUSSIAN 09, Revision D01, 
[41] and GaussView 5 program [42] were used. To obtain 
the reasonable results for the ground-state geometries and 
vibrational wavenumbers of the complexes 2–7, the DFT/
HSE06 hybrid density functional [43, 44] and the combined 
basis set of 6-311G(d,p) [45] for C, N, O, H atoms, and Lan-
L2DZ [46] for Co, Cu, Mn, Ni, and Fe atoms was selected. 
The same parameters for complex 1 were obtained using 
DFT/HSE06/LanL2DZ level. To examine the electronic 
spectral parameters of complexes 1–7 in ethanol solvent and 
gas phase, the time-dependent DFT (TD-DFT) level [47] 
with conductor-like polarizable continuum model (CPCM) 
[43] was applied. Frontier molecular orbital (FMO) energies 
and related parameters were obtained at the same level. To 
define coordination environment around the metal ion cent-
ers and hydrogen-bonding interaction, natural bond orbital 
(NBO) analysis [48] was carried out. The microscopic linear 
polarizability (α and Δα), second- and third-order nonlinear 
optical parameters (β and γ) in gas phase and ethanol solvent 
were computed at the same level and basis set. Finally, the 

Glucosidase inhibition =
[(

Ac − As

)

∕Ac

]

× 100,

molecular electrostatic potential (MEP) surfaces were sur-
veyed using the same method.

Docking procedure

To investigate protein–ligand interactions between the syn-
thesized complexes (1–7) and target protein (the template 
structure S. cerevisiae isomaltase) used as rigid, we per-
formed the molecular-docking study using the iGEMDOCK 
program [49]. The ligand structures were selected as the 
ground-state energy conformations of each synthesized 
complexes obtained by GAUSSIAN program. GEMDOCK 
parameters in the flexible docking were applied as the initial 
step sizes (σ = 0.8 and ψ = 0.2; step-size vectors of decreas-
ing-based Gaussian mutation and self-adaptive Cauchy 
mutation, respectively), family competition length (L = 2), 
population size (N = 800), and recombination probability 
(pc = 0.3). For each ligand screened, when the convergence 
falls below a certain threshold or reaches a maximum preset 
value of 80, GEMDOCK was set to stop optimization. Thus, 
GEMDOCK provided 800 solutions in one generation and 
terminated after it finished 64,000 solutions for each docked 
ligand.

Results and discussion

Analysis of molecular geometries of the synthesized 
complexes (1–7)

Scheme 1 displays the synthesis procedures for complexes 
1–7. The single-crystal structures of complexes 1, 2 were 
determined by X-ray diffraction analysis. Table 1 depicts 
the crystal data and structure refinement parameters of com-
plexes 1, 2. The space groups of complexes 1, 2 are found 
as P21/c and Pbca, respectively. Figures 1 and S6 show the 
crystal and optimized theoretical molecular structures of the 
complexes 1–7. The coordination around M(II) atom in com-
plexes 1, 2, 4–7 is similarly described as a distorted octahe-
dron geometry, while the coordination around Cu(II) atom 
in complex 3 is determined as a distorted trigonal bipyrami-
dal geometry. The complexes 4–6 consist of Mn(II), Ni(II), 
and Hg(II) central ions coordinated by 6-mpa, bpy, and two 
water ligands, respectively, while the complex 1 includes a 
Hg(II) ion coordinated by 6-mpa, bpy, and an acetate (OAc) 
ligands. The complex 2 contains a central Co(II) ion coordi-
nated by two 6-mpa and bpy ligands, whereas the complex 
3 includes a central Cu(II) ion coordinated by 6-mpa, bpy, 
and nitrate ligands, and three water molecules. As for the 
complex 7, the coordination around of the central Fe(II) ion 
is constituted by 3-mpa, bpy, and two water ligands.

By considering experimental and theoretical results of 
complexes 1, 2, the N, O atoms of pyridine and carboxylate 
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parts constitute the five-membered chelate rings formed by 
coordinating to the centers of Hg(II) and Co(II). Similarly, 
this ring consists of coordination of the N atoms of bpy 
ligands to Hg(II) and Co(II) centers, as can be seen in 
Fig. 1. The M(II)-N1/N2/N3/N4 and M(II)-O2/O3 bond 
lengths for complexes 1, 2 have been observed at the range 
of 2.144(2)–2.393(4) and 2.023(19)–2.349(4) Å, respec-
tively. These distances have been calculated at the range 
of 1.932–2.492 and 1.905–2.311 Å by HSE06 level. These 
results are consistent with the same bond lengths in previ-
ous by reported Mpa/6-mpa complexes [7, 50–54]. The 
same bond lengths of the complexes 3–7 are presented as 
only theoretical results (see Table S1). Considering the 
coordination of M(II) center with N atoms of bpy, the Hg/
Co/Cu/Mn/Ni/Fe–N bond distances change by depend-
ing on the coordination around M(II). The O–M–N and 
N–M–N bond angles belonging to five-membered chelate 

ring formed by metal(II) ion and coordinated O and N 
atoms of 6-mpa ligand and two N atoms of bpy ligand 
are obtained at the range of 71.5°–81.7° and 66.5°–83.0° 
by HSE06 level, respectively (see Table S1). The bond 
lengths and angles belonging to the coordination geometry 
around M(II) atom for complexes 1–7 are consistent with 
previously reported values of different complex structures 
[7].

Figure 1 demonstrates the crystal-packing structures of 
complexes 1, 2 determined by C–H···O-type intermolecu-
lar hydrogen-bonding interactions between the carboxylate 
group of 6-mpa ligand and –CH group of bpy ligand. The 
other O–H···O hydrogen bond interactions occur between 
uncoordinated O–H bond of two waters and O3/O5 atoms of 
acetate/water ligand. All possible interactions for the com-
plexes 1, 2 together with symmetry codes are presented in 
Table 2.

Fig. 1   Single crystal and packing structures for complexes 1 and 2 
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Analysis of vibrational frequency

To assign vibrational modes and determine coordination 
environment around the M(II) for complexes 1–7, we have 
investigated the FT–IR spectra and theoretical IR spectra 
for the complexes 1–7. Theoretical results obtained by 
HSE06/6-311G(d,p)/LanL2DZ level and scaled by 0.96 
[55] are given in Table 3. Figure 2a, b depicts the FT–IR 
spectra of the complexes 1–7 at the range of 4000–400 and 
1750–400 cm−1. It was reported that the stretching vibra-
tion of OH group approximately appears at 3700–3500 cm−1 
range [56]. The OH stretching vibration modes of water 
ligands in complexes 1, 3–7 were observed at the range of 
3401–3110 cm−1, the corresponding modes were calculated 
at 3242–3411 cm−1 range (see Table 3). It is well known that 
the CH stretching vibrations of the aromatic and aliphatic 
molecules emerge at above 3000 and below 3000 cm−1, 
respectively [56]. The ring CH stretching vibration modes 
of 6-mpa/3-mpa and bpy ligands were appeared at above 
3000 cm−1, as can be shown in FT–IR of the complexes 
1–7 (see Table 3). The other important vibrational mode 
belonging to coordinated or uncoordinated water ligands, the 
scissoring peaks were emerged at 1491–1663 cm−1 range, 
and these modes were found to be 1635–1639 cm−1 range by 
HSE06/6-311G(d,p)/LanL2DZ level. These results exhibit 
that there are good agreement between experimental and 
theoretical vibrational wavenumbers. The CH in-plane bend-
ing peaks of 6-mpa and 3-mpa ligands arisen approximately 
at 1400 cm−1 are consistent with previously reported results 
[7, 40].

In the complexes 1–7, the asymmetric and symmetric 
COO− stretching vibration modes play an important role 
on the formation of five-membered chelate ring, constituted 
by the coordination environment of M(II) ions. As can be 
seen in Fig. 2b, the asymmetric/symmetric COO− stretch-
ing modes from FT-IR spectra of complexes 1–7 were 
found to be 1591/1313, 1630/1313, 1627/1316, 1640/1250, 
1639/1374, 1620/1342, and 1601/1320 cm−1. The experi-
mental/theoretical difference between the symmetric 
and asymmetric COO− stretching modes was found to be 
390–278/417–300 cm−1 range display that 6-mpa and 3-mpa 
ligand coordinates to metal ions as a monodentate ligand via 
carboxylate group. These results are coherent with different 
metal complexes [7, 40, 51–53, 57]. In complex 3, the NO-
stretching mode of nitrate ligand experimentally and theo-
retically appears at 1497/1595 cm−1 (see Table 3), and this 
mode is consistent with results of reported different metal 
complex structures [58, 59]. The other detailed vibrational 
modes belonging 6-mpa, 3-mpa, bpy, acetate, nitrate, and 
water ligands were assigned in Table 3.

Analyses of electronic absorption spectra, FMOs, 
MEP, and NBO parameters

To interpret the electronic absorption spectra, major elec-
tronic transitions, oscillator strengths were investigated 
using TD–HSE06 method with 6–311G(d,p)/LanL2DZ 
basis sets. Figure 3 demonstrates the UV–Vis spectra of 
the complexes 1–6 in ethanol solvent. The remarkable con-
tributions from FMOs to the electronic transitions were 
described using SWizard [60] program. The electronic 
spectral parameters are comparatively given in Table S2. 
Theoretical absorption peak corresponding to the highest 
electronic absorption wavelength in ethanol solvent was 
appointed as d → d originated from metal to metal charge 
transfer (MMCT), metal to ligand, and ligand to metal 
charge transfer (MLCT) transitions (see Table S2). This 
peak for complexes 2–7 in ethanol solvent was calculated 
at 560, 594, 568, 596, 535, and 549 nm with the contribu-
tions H → Lα(87%), H − 25 → L + 1 β (+ 12%)/H − 25 → L 
β (+ 8%), H − 2 → L + 7 (+ 43%)/H − 1 → L (+ 9%), 
H − 3 → L + 1 β (+ 23%)/H − 4 → L + 5 β (+ 14%), 
H − 2 → L + 4 α (+ 23%)/H − 3 → L + 4 β (+ 23%), and 
H − 1 → L α (+ 38%)/H → L β (+ 34%), respectively. The 
corresponding experimental peaks for complexes 5, 6 in 
ethanol solvent were observed at 521 and 522 nm, as can be 
seen in Fig. 3. The absorption peaks of the complexes 1–7 
in ethanol solvent arisen from n → π* and π → π* transitions 
between metal–ligand and ligand–ligand charge transfers 
were emerged at the range of 276–217, 372–220, 310–211, 
277–204, 306–213, 346–244, and 339–205 nm. The cor-
responding theoretical peaks in ethanol solvent were found 
to be 277–252, 376–296, 329–251, 284–228, 315–245, 

Table 2   Hydrogen‒bond parameters for the complexes 1 and 2 (Å 
and °)

Symmetry codes: complex 1 (i) x + 1, y, z + 1; (ii) − x + 1, − y + 1, − z. 
Complex 2 (i) x − 1/2, − y + 3/2, − z + 1; (ii) − x + 1/2, y − 1/2, z; (iii) 
x, − y + 3/2, z + 1/2; (iv) x − 1/2, y, − z + 1/2

D‒H···A D‒H H···A D···A D‒H···A

Complex 1
 C8‒H8···O2 0.93 2.43 3.078 (7) 127
 C17‒H17···O4 0.93 2.50 3.175 (8) 129
 C16‒H16···O1i 0.93 2.37 3.111 (7) 136
 O6‒H6A···O1ii 0.82 (2) 2.10 (4) 2.884 (7) 161 (9)
 O6‒H6B···O5 0.83 (2) 2.02 (4) 2.753 (9) 147 (8)
 O5‒H5A···O3 0.81 (2) 2.00 (3) 2.789 (6) 165 (9)
 O5‒H5B···O5ii 0.80 (2) 2.32 (6) 2.747 (13) 114 (6)

Complex 2
 C18–H18···O1i 0.93 2.63 3.364 (4) 137
 C16–H16···O1ii 0.93 2.48 3.363 (4) 159
 C23–H23···O4iii 0.93 2.56 3.441 (4) 158
 C15–H15···O3 0.93 2.64 3.171 (4) 117
 C24–H24···O2 0.93 2.63 3.151 (4) 116
 C5–H5···O1iv 0.93 2.59 3.159 (4) 120
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341–300, and 340–303 nm range. It is detailed given in 
Table S2 that the remarkable contributions for electronic 
transitions risen from different frontier molecular orbit-
als. It is clear from Fig. 4 that the low absorption values of 
complexes 1–7 were attributed to intraligand charge transfer 
(ILCT).

Based on the Tauc and Menth’s equation [52, 61], the 
optical bandgap energy values are obtained using the fol-
lowing equation:

where the absorption coefficient α is calculated by 
� = 2.303A∕d formula [A is the absorbance in the UV–Vis 
region and d is the width of the cuvette (1 cm)], C is a pro-
portionality constant related to the effective masses associ-
ated with the bands, hν is the photon energy, and Eg is the 
direct optical bandgap energy. The Eg value is calculated by 
extrapolating the linear portion of the plot of (αhν)2 versus 
(hν) to (αhν)2 = 0 in Fig. 5. By considering Fig. 5, the Eg 
bandgap energy values of the complexes 1–7 were obtained 
at 4.84, 5.51, 5.22, 5.54, 5.44, 5.55, and 5.33 eV, respec-
tively (see Fig. 5). The theoretical energy gap obtained from 
FMO energies was calculated at 4.12, 3.07 for β spin, 4.06 
for β spin, 1.87, 3.99 for α spin, 3.20 for β spin, and 3.06 for 
β spin for the complexes 1–7, respectively. It can be said that 
these results are comparable with each other.

In this context, to determine the relationship among the 
physicochemical properties of the molecules, molecular 
chemical stability, and chemical reactivity, we examined 
energy gap results. To obtain FMO energy values of the 
complexes 1–7 in ethanol solvent, the HSE06/6-311G(d,p)/
LanL2DZ level was used. It could be usually noted that the 
electron donating and electron withdrawing ability symbol-
ize the HOMO and LUMO, respectively. It is seen in Fig. 4; 
the HOMO and LUMO energy values of the complexes 1–7 
in ethanol solvent are calculated at the range from − 2.90 
to − 6.94 eV for α spin and − 1.75 to − 2.85 eV for β spin, 
respectively. The χ, η, and S parameters, called electronega-
tivity, chemical hardness, and softness, obtained from FMO 
energies are computed using equations given references 
therein [52, 62]. The χ, η, and S of the complexes 1–7 are 
found at the range of 4.96–2.41 eV for α spin, 2.06–0.49 eV 
for α spin, and 0.49–2.05 eV−1 for α spin, respectively. It 
could be concluded from these results that the complex 4 
provided the efficient charge transfer and could be easily 
polarized.

The NBO calculations for the complexes 1–7 were 
applied using HSE06/6-311G(d,p)/LanL2DZ level. To 
survey inter- and intra-molecular bonding and interaction 
among bonds, as well as charge transfer or conjugative inter-
action in molecular system, NBO study was performed. The 
second-order perturbation approach [52, 63, 64] was applied 
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to investigate the hyperconjugative interaction energies. 
Table S3 demonstrates the possible intensive interactions. 
The delocalization between lone-pair (n) orbitals of nitro-
gen/oxygen atom and anti-lone-pair (n*) orbitals of M(II) 
ion was clearly determined (see Table S3). This delocaliza-
tion effect playing significant role on the coordination envi-
ronments of the Hg(II), Co(II), Cu(II), Mn(II), Ni(II), and 
Fe(II) ions in the complexes 1–7 was appointed as n → n* 
interactions. The coordination geometries were verified by 
these interactions of the complexes 1–7. The E(2) values for 

the complexes 1–7 defined as the stabilization energy were 
found to be 178.48 and 0.44 kcal/mol range. The remark-
able interaction energies of LP(3)O → π*(C–O) showing 
interaction between the carbonyl group and the oxygen atom 
bound to the metal ion were obtained at the range of 78.27 
and 30.57 kcal/mol. Moreover, Table S3 presents the sta-
bilization interactions in 6-mpa and bpy ligands as well as 
hydrogen-bonding interactions for the complexes 1, 2, 5–7.

In the research of relation between structure–activity 
and physicochemical properties of compounds containing 

Fig. 2   FT-IR spectra of the complexes 1–7 at the range a 4000–400, b 1750–400

Fig. 3   UV–Vis spectra for the 
complexes 1–7 
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biomolecules and drugs [65, 66], the MEP surface is 
remarkably used. The MEP describes molecular shape, 
size and ESP regions interconnecting color classification 
at the same time. Figure 6 depicts the MEP surfaces of 
complexes 1–7. The MEP color code values between the 
deepest red and blue for the complexes 1–7 are range from 
− 9.900e−2 to 9.900e−2 a.u., − 9.645e−2 to 9.645e−2 
a.u., − 7.936e−2 to 7.936e−2 a.u., − 8.171e−2 to 
8.171e−2 a.u., − 7.383e−2 to 7.383e−2 a.u., − 7.134e−2 
to 7.134e−2 a.u., and − 6.819e−2 to 6.819e−2 a.u., 
respectively. The negative regions represented by red color 
determining electrophilic reactivity are over the electron-
egative O atoms belonging the carboxylate groups and 
water ligands uncoordinated with M(II) ions. The posi-
tive regions surrounding H atoms connect to C described 

Fig. 4   Most active occupied and unoccupied molecular orbitals in electronic transition of the complexes 1–7 obtained by HSEh1PBE level in 
ethanol solvent

Fig. 5   Graphs of optical bandgap energy for the complexes 1–7 
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by blue color attributed to nucleophilic reactivity, as can 
be seen in Fig. 6.

Analysis of second‑order and third‑order nonlinear 
optical parameters

Recently, nonlinear optical (NLO) materials have been 
great attention with regard to new potential applications in 
the field of optical communication, optical switching, and 
dynamic image processing [67–69]. The development of 
device application for organic, inorganic, and organometal-
lic NLO materials is possible with involving both theoretical 
and experimental studies in different fields, such as physics, 
engineering, etc. To understand the electronic polarization 
underlying the molecular NLO processes and establish of 
structure–property relationships, theoretical calculations 
provide an important contribution.

To investigate the LO and NLO parameters of the com-
plexes 1–7 in gas phase and ethanol solvent, the HSE06 
level was used (see Table S4). It could be said that all LO 
and NLO parameters of the complexes 1–7 show substantial 

difference/similarity owing to M(II) ions and theirs coordi-
nation environments. Table S4 displays that there is remark-
able second-order β and third-order γ parameters for the 
complexes 2, 4, 5 due to d-orbital effect on the coordination 
geometry around M(II) ions. The α, Δα, β, and γ parameters 
of the complexes 1–7 in gas phase and ethanol solvent were 
calculated using equations given references therein [52, 53, 
69]. To compare LO and NLO parameters for molecular 
systems without experimental measurements, the results 
of p-nitroaniline (pNA), nitrobenzene [70–72] and urea 
[73], which are the prototypical compounds, were used. 
The β values of the complexes 1–7 in gas phase and etha-
nol solvent were found to be 62 × 10−30 to 4.7 × 10−30 esu 
and 268.5 × 10−30 to 5.4 × 10−30 esu, respectively. It is 
clear from Table  S4 that the largest β value obtained 
for the complex 4 in gas phase and ethanol solvent is of 
62 × 10−30 and 268.5 × 10−30 esu. These results demonstrate 
476.92/6.74 and 2065.38/29.18 times higher than those of 
urea (0.130 × 10−30 esu)/pNA (9.2 × 10−30 esu). Similarly, 
the γ values for complex 4 in gas phase and ethanol sol-
vent are obtained at 43.8 × 10−36 esu and 441.5 × 10−36 esu, 

Fig. 6   Molecular electrostatic potential (MEP) surfaces for the complexes 1–7 obtained by HSEh1PBE level in gas phase
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respectively. These values are about 2.92 and 29.43 times 
higher than that of pNA (15 × 10−36 esu). By evaluating the 
calculated β and γ parameters in gas phase and ethanol sol-
vent, it could be said that complex 4 is a powerful indicator 
for microscopic second-order and third-order NLO property. 
The linear polarizability (α) values of the complexes 1–7 in 
mentioned solvents are computed at the range of 68.6 × 10−24 
and 39.2 × 10−24 esu. All of the calculated α values for the 
complexes 1–7 are higher than that of pNA (17 × 10−24 esu). 
According to our previous results, all results are comparable 
for the same parameters [7, 52, 53]. It could be interpreted 
that the main reasons for the change in the NLO parameters 
of these complexes are the charge mobility in the complex, 
the change of substitute, and metals in coordination com-
plexes. In these complex structures, although the delocali-
zation effect of π-electrons, π-conjugation chain length, and 
charge transfer is the forefront, the other important change 
in the NLO parameters is the symmetry center around M(II) 
ions. In brief, in terms of our previous results which have 
performed for different metal complexes of 6-mpa, it can be 
said that second-order and third-order NLO parameters for 
the complex 4 are notable.

α‑Glucosidase inhibition analysis

The α-glucosidase activity studies of the synthesized com-
plexes (1–7) were fulfilled according to literature [7, 40]. 
Table 4 shows the IC50 values for α-glucosidase inhibitions. 
Their IC50 values against α-glucosidase were obtained at 
varying range of 0.184 µM and > 600 µM. Among these 
complexes, the complex 1 (IC50 = 0.184  µM) displayed 

the strongest inhibitor activity against α-glucosidase. This 
value is 4923.91-fold, 90.08-fold, and 69.02-fold higher than 
that of acarbose (IC50 = 906 µM) [74, 75], well known as 
α-glucosidase inhibitors, genistein (IC50 = 16.575 µM), used 
as a standard in this study, and resveratrol (IC50 = 12.70 µM) 
[76, 77], respectively.

The following points could be concluded from Table 4 
with regard to structure–activity relationship (SAR):

1.	 Among complexes with the same coordination (com-
plexes 1, 2, 4–7), complex 1 including Hg has the best 
inhibitor activity (IC50 = 0.184 µM). In other complexes 
2, 4, 5, changing metals have not showed a significant 
effect on α-glucosidase inhibition. By considering to 
these results, it could be considered that the atomic 
diameter of Hg metal is larger than the other Co, Mn, 
Ni, and Fe metals, and thus, Hg complex is more bulky 
than the other complexes. Furthermore, according to the 
results of molecular docking, complex 1 was found to 
have more van der Waals interactions with the amino 
acid residues in the active site of the enzyme. It is clear 
that the coordination environment and interactions with 
the enzyme active site directly affect alpha-glucosidase 
inhibition.

2.	 For complexes 2, 4, 5, the changing metals and ligands 
around coordination do not exhibited any effect on 
activity results (IC50 = > 600 µM for complexes 2, 4, 5), 
while these changes for complexes 6, 7 are determined 
showing an effect in activity results (IC50 = 97.33 µM for 
complex 6 and IC50 = 724.25 µM for complex 7).

3.	 The complex 3 has a distorted trigonal bipyramidal 
geometry, whereas the complexes 1, 2, 4–7 have a dis-
torted octahedron geometry. This difference for complex 
3 displays minor variation in enzyme activity result.

4.	 In comparison of α-glucosidase inhibition for the com-
plexes 6 (IC50 = 97.33 µM) and 7 (IC50 = 724.25 µM), 
moving the methyl group from 6-position to 3-position 
at the mpa decreased almost 7.4-fold α-glucosidase inhi-
bition. It is considered that the reason of this decrease is 
the steric effect of methyl group on carbonyl group.

To date, the IC50 values of various metal complexes of 
picolinate (pa) and its derivatives against α-glucosidase, 
such as Cu(pa)2, Zn(pa)2, VO(pa)2 [30] and Zn(6mpa-
ma)2SO4 [30] have been reported changing range 1.28 µM, 
15.4 µM, > 1 mM, 7.5 µM for maltose and 9.6 µM for 
sucrose. Last decades, the studies on synthetic or natural 
α-glucosidase inhibitors have also increased significantly 
[10, 18] α-glucosidase inhibition values (IC50 values) 
reported that the previous studies were found at the range of 
0.50 and > 200 µM. Furthermore, α-glucosidase inhibition 
values of our previously synthesized mixed-ligand (6-mpa 
and NCS/4(5)MeI) metal complexes were obtained at the 

Table 4   In vitro inhibition IC50 values (µM) of the complexes 1–7 for 
α-glucosidase

a IC50 values represent the mean ± SEM of three parallel measure-
ments (p < 0.05)
b From Refs. [74, 75]
c From Refs. [76, 77]

Compound IC50 (µM)a

6-Methylpicolinic acid (6-MpaH) Not active
2,2′-Bipiridil (bpy) Not active
Complex 1 [Hg(6-mpa)(bpy)(OAc)]·2H2O 0.184 ± 0.015
Complex 2 Co(6-mpa)2(bpy) > 600
Complex 3 [Cu(6-mpa)(bpy)(NO3)]·3H2O 688.94 ± 1.41
Complex 4 Mn(6-mpa)(bpy)(H2O)2 > 600
Complex 5 [Ni(6-mpa)(bpy)(H2O)2]·H2O > 600
Complex 6 [Fe(6-mpa)(bpy)(H2O)2]·2H2O 97.33 ± 0.22
Complex 7 [Fe(3-mpa)(bpy)(H2O)2]·H2O 724.25 ± 0.66
Genistein 16.575 ± 0.23
Acarboseb 906
Resveratrolc 12.70
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range of 2.910 µM and > 600 µM [7, 35]. In the present 
work, among the synthesized mixed-ligand (6-mpa and 
bpy) complexes of Hg(II), Co(II), Cu(II), Mn(II), Ni(II), 
and Fe(II) metals, the complex 1 has shown high inhibitory 
activity against α-glucosidase.

Considering X-ray crystallographic and molecular-dock-
ing studies on the inhibition mechanism of glucosidases, 
it is estimated that the hydrolysis can occur as a result of 
formation of anhydride moiety between the carbonyl of the 
complexes 1–7 and carboxylate group of the amino acid resi-
dues in the enzyme active site. Besides, it is detected that the 
interactions of hydrogen-bonding and van der Waals among 
synthesized complexes and amino acid residues effect on the 
α-glucosidase inhibition.

In vivo cytotoxic assay of the complex 1 was evaluated. 
The cytotoxic effect of the Hg(II) complex (complex 1) was 
determined using the MTT assay on healthy cell. The IC50 
value was calculated as 24.141 ± 1.039 μM, which is 131.20-
fold less than IC50 value of 0.184 ± 0.015 μM for enzyme 
inhibition. According to this result, it can be assumed that 

the toxic effect of complex 1 on the healthy cell is negligible 
at concentrations exhibiting glucosidase inhibitory activity. 
In comparison of the previous studies above, it is obvious 
that complex 1 (IC50 = 0.184 µM) is the best α-glucosidase 
inhibitor.

Analysis of molecular docking

To demonstrate protein–ligand interactions between the syn-
thesized complexes (1–7) and target protein [the template 
structure S. cerevisiae isomaltase (PDBID: 3A4A)], we per-
formed the molecular-docking study using the iGEMDOCK 
program [49]. To provide more clearly evaluation of in vitro 
results, the results of electrostatic (E), hydrogen-bonding 
(H), and van der Waals (V) interactions for the protein–com-
plex profiles were identified. Table S5 displays the estimated 
interactions and theirs energy values for the complexes 1–7. 
The stabilization structures of the complexes 1, 3, 6, 7 given 
in Fig. 7 show interacting of complex structures with amino 
acid residues through some hydrogen-bonding and van der 

Fig. 7   3-D structures showing 
interactions between main/side 
chain amino acids and ligand of 
the complexes 1, 3, 6, 7 
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Waals interactions. It is clear that the energy values of V 
interactions forming between the same amino acid residues 
and non-coordinated parts of ligands around M(II) ions 
depend on ligand and metal type.

Complex 1 (0.184 ± 0.015 µM), which is the Hg metal 
ion complex, exhibited the most inhibitor activity among 
the complexes having bpy ligand substitution. According to 
docking results, total energy value of complex 1 calculated 
at − 93.0 kcal/mol displays that more interaction between the 
complex and amino acid residues. In the same or different 
amino acid residues interactions, the total hydrogen-bonding 
interaction energy values for complexes 1–7 were obtained 
at the range of − 3.5 and − 18.4 kcal/mol. In general, the 
H-bonding interactions for complexes 1–7 originate from the 
carbonyl oxygen atom of 6-mpa ligand or O atom of nitrate 
ligand with Oδ, Nξ of same or different amino acid residues. 
In spite of emerging more H interactions for the complexes 
2, 3, the α-glucosidase enzyme inhibition results (> 600 µM) 
were observed at lower level. For complex 6, prominent H 
interaction obtained at − 8.1 kcal/mol energy value is deter-
mined between the S (side chain)-ASP242 Oδ (with 2.67 Å 
bond distance) and carbonyl oxygen atom of 6-mpa ligand. 
Likewise, major H interactions for the complexes 2, 3 cal-
culated at − 2.5 and 5.5 kcal/mol energy values are defined 
between the S-ASP242 Oδ (with 3.05 and 2.80 Å bond dis-
tance) and carbonyl oxygen atom belonging to 6-mpa ligand/
nitrate ligand. In complexes 1–7, even though complex 1 
includes less H interactions with − 3.5 kcal/mol energy, it 
is more active than the other complexes 2–7. We have also 
fulfilled ligand (6-mpa and bpy)-based docking study, It 
was observed the interactions between the amino acid resi-
due and ligand the same as complex–protein interactions 
in different energy values. These energy differences can be 
explained as the reason for the change in their inhibition 
values.

In brief, the docking and in vitro results is remarkable 
scientific report for mixed-ligand (6-mpa and bpy) complex 
in use of complex 1 as novel drug candidate for DM II.

Conclusion

The complexes 1–7 {[Hg(6-mpa)2(bpy)(OAc)]·2H2O, (1), 
[Co(6-mpa)2(bpy)2], (2), [Cu(6-mpa)(bpy)(NO3)]·3H2O, 
(3), [Mn(6-mpa)(bpy)(H2O)2], (4), [Ni(6-mpa)(bpy)
(H2O)2]·H2O, (5), [Fe(6-mpa)(bpy)(H2O)2]·2H2O, (6), 
[Fe(3-mpa)(bpy)(H2O)2]·H2O, (7)} as the potential 
α-glucosidase inhibitors were first synthesized and their 
structure characterizations were performed by XRD, 
LC–MS/MS, FT–IR, and UV–Vis spectra. The IC50 values 
of the synthesized complexes (1–7) for α-glucosidase inhibi-
tion were found to be between 0.184 and > 600 µM range. 
According to these results, complex 1, which is a potential 

α-glucosidase inhibitor candidate, demonstrates the strong-
est inhibitor activity against α-glucosidase. Furthermore, to 
investigate the detailed structural, vibrational and electronic 
properties and to interpret to the corresponding experimen-
tal results, TD/DFT calculations with HSE06 method and 
6-311G(d,p)/LanL2DZ basis set were carried out. Electronic 
spectra and theoretical results for the complexes 1–7 dis-
played that metal–ligand and ligand–ligand charge transfer 
were assigned as n → π* and π → π* transitions. The d → d 
(MMCT) and MLCT transitions for the complexes 2–7 were 
emerged as theoretical absorption peaks. It is clearly deter-
mined that NBO results confirm the coordination between 
LP electrons of the donor N/O atoms and M(II) ions in com-
plexes 1–7. It is clearly said that there is a well agreement 
between the theoretical and corresponding experimental 
results. According to the NLO results, it could be concluded 
that the complex 4 is a powerful indicator for microscopic 
second-order and third-order NLO property. Considering 
in vitro and docking studies, present paper is a remarka-
ble scientific study of mixed-ligand complexes containing 
6-mpa and bpy ligands that suggests the use of complex 1 
as novel strong drug candidate for DM II.

Supplementary data  Crystallographic data for the structural 
analysis has been deposited with the Cambridge Crystallo-
graphic Data Centre, CCDC Numbers: 1812523 (complex 1) 
and 1857711 (complex 2). Copies of this information may be 
obtained free of charge from the Director, CCDC, 12 Union 
Road, Cambridge CB2 1EZ, UK (fax: + 44-1223-336033; 
e-mail: deposit@ccdc.cam.ac.uk or http://www.ccdc.cam.
ac.uk).
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