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a b s t r a c t

Novel Cu(II), Co(II) and Zn(II) metal complexes containing 6�methylpyridine�2�carboxylic acid and
2,20-dipyridylamine {[Cu(6-mpa)(dipya)(OAc)]$3H2O (1), [Co(6-mpa)(dipya)Cl2]$2H2O (2), [Zn(6-
mpa)2(dipya)] (3)} were synthesized for the first time. Their structural and spectroscopic analyses
were performed by XRD, LC-MS/MS, FT-IR and UVeVis spectroscopic techniques. The DFT/HSEh1PBE/6
e311G(d,p)/LanL2DZ level was also used to obtain optimal molecular geometry, vibrational wave-
numbers, electronic spectral behaviors and major contributions to the electronic transitions for the
complexes 1e3. Their effects on a-glucosidase activity were evaluated. All complexes inhibited a-
glucosidase with the IC50 values ranging from 513.10 to >600 mM. Finally, in order to display interactions
between the synthesized complexes (1e3) and target protein (the template structure S. cerevisiae iso-
maltase), the molecular docking study was fulfilled.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

Due to their many potential applications such as catalysis,
nonlinear optics, luminescence and ion exchange, the synthesis and
physicochemical properties of pyridine derivatives, such as meth-
ylpicolinic acid, have been received great attention [1e5].
Furthermore, the ligands bearing conjugated electron-rich heter-
oaromatic rings, such as 2,20-dipyridylamine, 1,10-phenanthroline,
etc. are important in the understanding of electron transfer pro-
cesses, mixed valence complexes and photochemistry. They are also
used for the formation of different metal complexes including
transition metals in biological processes [6e8]. Diabetes mellitus
(DM) is a common degenerative disease and characterized by high
blood glucose levels. Since the effective antidiabetic treatments
attempt to decreasing blood glucose levels, keeping glucose under
control is very important [9,10]. Considering the most common
type 2 diabetes (T2DM) depending on insulin resistance, the
prevalence of T2DM in all age groups is increasing in the world and
it is estimated that it will reach 4.4% in the next ten years [11]. It is
well-known that a-glucosidase inhibitors (AGIs) delay the diges-
tion of carbohydrates and prolong the digestion time in general
carbohydrates, as well as slow the absorption of glucose and thus
blunt the increase of postprandial plasma glucose. AGIs reducing
postprandial hyperglycemia remarkably play an important role in
the treatment of T2DM and pre-diabetes situations. The positive
effects of a-glucosidase inhibitors on both postprandial hypergly-
cemia and the reducing risk of developing type 2 diabetes in pa-
tients with impaired glucose resistance have been reported
[12e14]. In spite of the variety of the available drugs, the response
and efficacy of the therapy is overly-dependent on the patients. In
this regard, the searching and development of novel and broad-
spectrum antidiabetic agents have been encouraged several
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Table 1
Crystal data and structure refinement parameters for the complex 1.

Empirical formula C19H18CuN4O4$3(H2O)
Formula weight 483.96
Crystal system Triclinic
Space group Pe1
Temperature 296
Radiation type Mo Ka
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research groups all around the world. In order to fulfill this goal,
many natural and synthetic heterocyclic compounds (benzothia-
zole, oxadiazole, xanthones, flavonoid, pyrrolidine, indole ana-
logues, etc.) have been investigated over the years, some of them
showed inhibitor activity against a-glucosidase, which is one of the
main targets of diabetes treatment [12,14e18]. However, the design
and synthesis of high affinity glucosidase inhibitors are still great
importance. In this direction, the healing effects of complexes
containing different metal ions on individuals with Type 2 diabetes
have been subject of intensive research. Particularly, metal com-
plexes of nitrogen-containing ligands are frequently used in the
field of coordination chemistry due to structurally, spectroscopi-
cally and catalytically similarity with some enzyme-substrate
complexes in our body [19e25].

The inhibitor activity of various metal ions, such as Cu2þ, Zn2þ,
V4þ, Ni2þ, Fe2þ, Mn2þ, etc., have been investigated against a-
glucosidase [26]. Up till now, the different studies on the complex
containing metal ions [27e30] have been reported. Besides, the
insulinomimetic activity of different metal complexes including
picolinic acid and its derivatives (VO(pa)2 [31], VO(6mpa)2, VO(3-
mpa)2 [32], Cr(pa)3, Mn(pa)2, Mn(pa)3, Fe(pa)2, Fe(pa)3, Co(pa)2,
Ni(pa)2, Cu(pa)2 [33] and Zn(pa)2, Zn(3-mpa)2, Zn(6-mpa)2 [34]) for
the release of free fatty acid (FFA) from rat adipocytes have been
examined. Lastly, the various metal complexes including picolinate
(pa) and 6-methyl-2-picolinmethylamide (6mpa-ma) as a-gluco-
sidase inhibitors have been obtained as Cu(pa)2, Zn(pa)2, VO(pa)2
[35] and Zn(6mpa‒ma)2SO4 [36]. To date, there are no a-glucosi-
dase inhibition activity studies of the mixed ligand metal com-
plexes including 6-mpa except for metal complexes of 6-mpa with
thiocyanate and 4(5)-methlyimidazole in the literature [37,38].

The aim of our work is to synthesize novel mixed ligand metal
complexes containing 6-methylpyridine-2-carboxylic acid (6-
mpaH) and 2,20-dipyridylamine (dipya) as effective a-glucosidase
inhibitors. In this context, as a result of our ongoing works, novel
Cu(II), Co(II) and Zn(II) complexes (complexes 1e3) containing 6-
methylpyridine-2-carboxylic acid (6-mpaH) and 2,20-dipyridyl-
amine (dipya) were synthesized for the first time. The crystal
structure of Cu(II) complex was determined by XRD spectroscopic
technique, while molecular structures of Co(II) and Zn(II) com-
plexes were defined by mass spectrometry (MS). The structure of
complex 3 was also verified by the 1H and 13C NMR spectra. The a-
glucosidase enzyme inhibition and electronic spectral behavior
studies were experimentally surveyed. Furthermore, the structural,
spectral, electronic, microscopic second- and third-order nonlinear
optical parameters of complexes 1e3 in gas phase and ethanol
solvent were examined by using DFT/HSEH1PBE/6-311G(d,p)/
LanL2DZ level. After all, to determine the ligand protein in-
teractions, molecular docking study was carried out.
Wavelength 0.71073
Crystal size (mm) 0.78� 0.61� 0.38
a (Å) 7.829 (8)
b (Å) 9.776 (10)
c (Å) 14.874 (14)
a (º) 96.432 (8)
b (º) 104.575 (7)
g (º) 103.068 (8)
V (Å3) 1055.77 (19)
Z 2
F(000) 502
Density (g cm�3) 1.522
m (mm�1) 1.08
q range (º) 1.4e27.5
Measured refls. 14175
Independent refls. 4147
Rint 0.075
S 1.11
R1/wR2 0.047/0.124
max/min (eÅ�3) 0.71/e0.64
2. Experimental and computational details

2.1. Physical measurements

FT-IR spectra of the novel synthesized complexes were recorded
by using a PerkinElmer Spectrum-Two FT-IR spectrophotometer
equipped with PerkinElmer UATR-TWO diamond ATR. The UVeVis
electronic absorption spectra of the complexes 1e3 were examined
in the range of 900e200 nm by using a HITACHI U-2900 UV/VIS
spectrophotometer in ethanol solvent with quartz cell of 1 cm.
Mass spectra of the complexes 2,3 were obtained with SHIMADZU-
8030 or AGILENT-6460 LC‒MS/MS quadrupole mass spectrometer,
equipped with an electrospray ionization (ESI þ/�) used in MS/MS
mode. The 1H and 13C NMR analysis of the complex 3were acquired
by a Varian Infinity Plus spectrometer at 300, 75MHz, respectively.
2.2. X-ray structure determination

To collect data of suitable single crystal of the complex 1, a Stoe
IPDS II diffractometer using MoeKa (l¼ 0.71073 Å) radiation at
296 K was used. The crystal structure determination details are
given in Table 1. The crystal structure of the complex 1 was solved
by direct methods using SHELXT [39] and refined by full-matrix
least-squares methods on F2 using SHELXL-97 [39]. The hydrogen
atoms bonding to carbon atoms were located from different maps
and then treated as riding atoms with CeH distances of 0.96 Å. The
H atoms of water were located in a different map refined freely.
Molecular diagrams were created using MERCURY [40]. Supramo-
lecular analyses were made and the diagrams were prepared with
the aid of PLATON [41].

2.3. Materials and synthesis of the complexes 1e3 {[Cu(6-
mpa)(dipya)(OAc)]·3H2O, (1), [Co(6-mpa)(dipya)Cl2]·2H2O, (2),
[Zn(6-mpa)2(dipya)], (3)}

All of the chemical reagents used in this study were analytical
grade commercial products. 6-mpaH (6-Methylpyridine-2-
carboxylic acid), 2,20-Dipyridylamine (dipya), copper(II) acetate
hydrate (Cu(OAc)2$H2O), cobalt(II) chloride hexahydrate
(CoCl2$6H2O) and zinc(II) acetate dihydrate (Zn(OAc)2$2H2O) were
purchased from Sigma-Aldrich. The synthesis methods of the
complexes 1e3 are as follows (see Scheme 1):

Synthesis of the complex 1: An aqueous solution (10mL) of 2,20-
dipyridylamine (1mmol) was slowly added to a solution of metal
salt (1mmol) dissolved in water (5mL). After being stirred for
45min, themixturewas added to a solution of 6-methylpyridine-2-
carboxylic acid (1mmol) dissolved in ethanol (5mL). The last
mixture was stirred at 60 �C for 4 h, and evaporated for a month at
room temperature [42]. 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 temperature. The sin-
gle crystals for the complex 1 were obtained as blue in prism
shaped.

Synthesis of the complex 2: The solid 6-methylpyridine-2-
carboxylic acid (1mmol), 2,20-dipyridylamine (1mmol) and



Scheme 1. The synthesis of the complexes 1e3.
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cobalt(II) chloride hexahydrate (1mmol) were added to a mixture
of ethanol and water (20mL, 1:1) under continuous stirring at
70 �C. This mixturewas refluxed for 4 h and allowed to evaporate at
room temperature [42]. After the period of 18 days, the powder
product for the complex 2was filtered off, washed thoroughly with
distilled water, and finally air-dried at room temperature. Anal.
Calc. for C17H19Cl2N4O4Co (complex 2): C, 43.15; H, 4.05; N, 11.84.
Exact mass (m/z): 472.01. Found: ESI-LC-MS/MS (m/z): 471 ([M]þ).
The mass spectrum for the complex 2 is given in Fig. S1.

Synthesis of the complex 3: The solid 6-methylpyridine-2-
carboxylic acid (2mmol), 2,20-bipyridyl (2mmol) and zinc(II) ace-
tate dihydrate (1mmol) were added to amixture of acetonitrile and
water (20mL, 1:1) under continuous stirring at 50 �C. The last
mixture was stirred within closed vial at 50 �C for 2.5 h and evap-
orated for 15 days at room temperature [43]. At the end of this
process, the powder product for the complex 3 was filtered off,
washed thoroughly with distilled water, and finally air-dried at
room temperature. Anal. Calc. for C24H21N5O4Zn (complex 3): C,
56.65; H, 4.16; N, 13.76. Exact mass (m/z): 507.09. Found: ESI-LC-
MS/MS (m/z): 507.3 ([M]þ). 1H NMR (DMSO‑d6, 300MHz) d/ppm:
2.72 (6H, s), 6.82e6.86 (2H, td, J1¼1.2 Hz, J2¼ 3.9 Hz), 7.60e7.71
(5H, m), 8.01e8.09 (5H, m), 8.18e8.20 (2H, dt, J1¼0.9 Hz,
J2¼ 4.1 Hz), 9.63 (NH, br); 13C NMR (DMSO‑d6, 75MHz) d/ppm:
25.4, 114.3, 118.4, 123.6, 130.1, 140.1, 143.2, 149.9, 152.3, 157.0, 159.6,
168.3. Themass spectrum, 1H and 13C NMR spectra of the complex 3
are given in Figs. S2 and S3.

2.4. a-Glucosidase inhibition assay

a�Glucosidase inhibition activities of the synthesized com-
plexes 1e3 were investigated by doing small changes on Sun's
protocol [44]. The a�glucosidase from Saccharomyces cerevisiae
(Sigma, G5003) was determined as the target protein using
p�nitrophenyl�a�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 (0.05M, pH 6.8). The enzymatic reaction mixture
composed of a-glucosidase (0.02 U, 20 mL), substrate (1.25mM,
30 mL), test compounds (10 mL) and potassium phosphate buffer
(140 mL) was incubated at 37 �C for 30min. After 30min of incu-
bation, the absorbance of yellow color produced due to the for-
mation of p-nitrophenol was measured using Synergy H1 (BioTek,
USA) 96-well microplate reader at 405 nm. All experiments were
performed in triplicates. The surveying of a�glucosidase inhibition
activity for the complexes 1e3 was fulfilled on the basis of our
previously reported study [37,38],

Glucosidase inhibition¼ ½ðAc � AsÞ=Ac� � 100

where Ac is the absorbance of control and As is the absorbance of
samples, respectively. The calculation of IC50 values was performed
by using Graphpad Software.
2.5. Computational procedure

To survey quantum chemical calculations of the synthesized
complexes 1e3, GAUSSIAN 09, Revision D01 [45], and GaussView 5
program [46] were used. The DFT/HSEh1PBE hybrid density func-
tional [47,48] and the combined basis set of 6-311G(d,p) [49] for C,
N, O, H atoms, and LanL2DZ [50] for Cu, Co and Zn atoms were
selected to obtain the reasonable results for the ground state ge-
ometries and vibrational wavenumbers of the complexes 1e3. To
examine the electronic spectral parameters of complexes 1e3 in
ethanol solvent and gas phase, the time dependent DFT/HSEh1PBE
(TDeDFT/HSEh1PBE) level [51] with conductorelike polarizable
continuum model (CPCM) [52] was applied. Frontier molecular
orbital (FMO) energies and some related parameters were investi-
gated at the same level. Natural bond orbital (NBO) analysis [53]
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was performed to define coordination environment around the
metal ion centers and hydrogen bonding interaction. The micro-
scopic linear optical (LO) polarizability (a and Da), second- and
third-order nonlinear optical (NLO) parameters (b and g) of the
complexes 1e3 in gas phase and ethanol solvent were obtained at
the same level. Additionally, the molecular electrostatic potential
(MEP) surfaces of the complexes 1e3 were examined by using the
same method.

2.6. Docking procedure

In order to investigate protein-ligand interactions between the
synthesized complexes (1e3) and target protein (the template
structure S. cerevisiae isomaltase (PDBID: 3A4A)) used as rigid, we
performed the molecular docking study by using the iGEMDOCK
program [54]. The ligand structures were selected as the ground
state energy conformations of each synthesized complexes ob-
tained by GAUSSIAN program. GEMDOCK parameters in the flexible
docking were applied as the initial step sizes (s¼ 0.8 and j¼ 0.2;
step-size vectors of decreasing-based Gaussian mutation and self-
adaptive Cauchy mutation, respectively), family competition
length (L¼ 2), population size (N¼ 800), and recombination
probability (pc¼ 0.3). For each ligand screened, when the conver-
gence falls below a certain threshold or reaches a maximum preset
value of 80, GEMDOCK was set to stop optimization. Thus, GEM-
DOCK provided 800 solutions in one generation and terminated
after it finished 64 000 solutions for each docked ligand.

3. Results and discussion

3.1. Molecular geometries of the synthesized complexes 1�3

The synthesis procedures for complexes 1e3 are given in
Scheme 1. The single crystal structure of complex 1was determined
by X-ray diffraction analysis. Table 1 depicts the crystal data and
structure refinement parameters of complex 1. The complex 1
crystallizes in the triclinic space group P-1. Fig. 1 shows the crystal
and optimized theoretical molecular structures of the complexes
1e3. The coordination around Co(II) and Zn(II) atoms in complexes
2,3 are similarly described as a distorted octahedron geometry
while the coordination around Cu(II) atom in complex 1 is deter-
mined as a distorted trigonal bipyramidal geometry. The complex 1
contains a central Cu(II) ion coordinated by 6-mpa, dipya and ac-
etate ligands. The complex 2 consists of Co(II) central ion coordi-
nated by 6-mpa and dipya ligands, and two chlorine atoms, while
the complex 3 includes a Zn(II) ion coordinated by two 6-mpa and
Fig. 1. The single crystal structure and superimposed structure of theoretical (red stick) and
the optimized molecular structures of the complexes 2 and 3 at HSEh1PBE/6e311G(d,p)/La
dipya ligands.
As can be seen in Fig. 1, N, O atoms of pyridine and carboxylate

parts constitute the five membered chelate rings formed by coor-
dinating to Cu(II), Co(II) and Zn(II) centers. Similarly, six membered
rings consist of the centers of Cu(II), Co(II) and Zn(II) with pairs of
cis nitrogen donor atoms belonging to chelating 2,20-dipyridyl-
amine ligands. The M(II)eN1 and M(II)eO2 bond lengths for
complex 1 have been observed at the range of 2.019(3) and
2.154(2). These distances for the complexes 1e3 have been calcu-
lated at the range of 1.991e2.176 and 1.875e2.174 Å by HSEh1PBE
level. These results are consistent with the same bond lengths in
previously reported metal complexes containing picolinate ligand
[37,55e58] (see Table S1). Considering the coordination of M(II)
centre with N atoms of dipya, the Cu/Co/ZneN bond distances
changedwith coordination aroundM(II). The O�M�N and N�M�N
bond angles belonging to five/six-membered chelate ring formed
by metal(II) ion and coordinated O and N atoms of 6-mpa ligand/N
atoms of dipya ligand are obtained at the range of 78.0e83.2� and
76.4e91.5� by HSEh1PBE level, respectively (see Table S1). These
angles for complex 1 were observed at 80.0(11) and 89.5(11)o,
respectively. The bond lengths and angles belonging to the coor-
dination geometry around Cu(II), Co(II) and Zn(II) atom for com-
plexes 1e3 are consistent with previously reported values of
different complex structures [37,59].

The crystal packing structure of complex 1 displays the OeH/O
type intermolecular hydrogen bonding interactions among the
carboxylate group of 6-mpa ligand, oxygen atom of acetate ligand
and three water molecules (see Fig. 2). The D/A bond lengths
showing OeH/O type intermolecular hydrogen bonding in-
teractions were observed range from 2.833(4) to 2.923(4) Å. All
possible interactions together with symmetry codes for the com-
plex 1 are presented in Table 2.

3.2. Vibrational frequencies

We have investigated the FTeIR spectra and theoretical vibra-
tional frequencies for the complexes 1e3 in order to assign vibra-
tional modes and determine coordination environment around the
M(II) for complexes 1e3. Table 3 depicts theoretical results ob-
tained by HSEh1PBE/6-311G(d,p)/LanL2DZ level and scaled by 0.96
[60]. Fig. 3 represents the FTeIR spectra of the complexes 1e3. It
was reported that the stretching vibrations of OH and NH group
approximately appear at the range of 3700e3500 and
3500e3300 cm�1 [61]. The OH stretching vibration modes of un-
coordinated water molecules in complexes 1,2 were observed
range from 3248 to 3507 cm�1, the corresponding modes were
experimental (black stick) structures for the complex 1 except for hydrogen atoms, and
nL2DZ.



Fig. 2. The crystal packing structure of the complex 1.

Table 2
Hydrogen‒bond parameters for the complex 1 (Å and º).

D‒H$ $ $A D‒H H$$$A D$$$A D‒H$$$A

O6eH6A$ $ $O3 0.82 (2) 2.06 (2) 2.861 (4) 167 (4)
O6eH6B$ $ $O5 0.79 (2) 2.05 (2) 2.833 (4) 171 (5)
O5eH5A$ $ $O1 0.81 (2) 2.14 (2) 2.923 (4) 163 (5)
O7eH7A$ $ $O6 0.84 (2) 2.06 (2) 2.866 (5) 161 (4)
N3eH3$ $ $O4i 0.86 1.96 2.777 (4) 159
O5eH5B$ $ $O1ii 0.81 (2) 2.28 (4) 2.961 (4) 142 (5)
O7eH7B$ $ $O2iii 0.83 (2) 2.07 (2) 2.875 (4) 165 (4)

Symmetry codes: (i) ‒xþ1, ‒yþ1, ‒zþ2; (ii) ‒xþ1, ‒yþ2, ‒zþ1; (iii) x‒1, y, z.

Table 3
Comparison of the FTeIR and calculated vibration frequencies for the complexes
1e3.

Assignments Complex 1 Complex 2 Complex 3

FTeIR HSEh1PBE FTeIR HSEh1PBE FTeIR HSEh1PBE

n OH 3507 3780 3351 3719 � e

n NH 3423 3518 3217 3526 3354 3512
n OH 3309 3456 3248 3636 � e

n CH dipya 3140 3115 3140 3160 3178 3135
n CH 6-mpa 3113 3109 3108 3089 3110
n CH dipya 3084 3109 3083 3105 3069 3107
n CH3 OAc 2991 3047 � e � e

n CH3 6-mpa 2911 3022 2988 3043 3017 3028
n COO� 6-mpa 1651 1693 1651 1748 1637 1721
b HOH 1651 1597 1628 � e

n COO� OAc 1585 1645 � e � e

n NC dipya 1563 1624 1595 1590 1591
n CC 6-mpa 1602 1622 1618 1601
n CC dipya 1564 1591 1610 1531 1610
b HCC dipya 1582 1481 1484 1480 1479
n NC 6-mpa 1531 1575 1557 1573 1274 1276
b HCC 6-mpa 1575 1451 1450 1448
b HCH 6-mpa 1476 1452 1417 1437 1464 1451
b HCH OAc 1411 1423 � e � e

n COO� OAc 1404 1368 � e � e

n COO� 6-mpa 1372 1338 1305 1313 1314 1337
g HCCC dipya 1011 1020 939 969 962 971
g HCCC 6-mpa 907 989 983 988 989 986
g HOHO 770 769 527 567 � �
g CZnCN � e � e 712 711
g CCNCu 538 499 � e � e

n CoO � e 507 465 � e

g ZnCCN � e � e 433 439
b CoNC � e 408 402 � e

n CoCl � e 348 � e

y: Stretching; b: in plane bending; g: out-of plane bending.
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calculated at 3456e3780 cm�1 range (see Table 3). The NH
stretching vibration modes belonging to the dipya ligand for
complexes 1e3 were observed at 3423, 3217, 3354 cm�1, the cor-
responding modes were calculated at 3518, 3526, 3512 cm�1,
respectively. This NH broad band was confirmed by previously re-
ported studies [43,62]. This peak is observed as a broad band due to
high electron delocolization in the dipya ligand and electron tran-
sitions arisen from coordination. 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 [61]. The
ring CH stretching vibration modes of 6-mpa and dipya ligands
appeared at above 3000 cm�1, as can be shown in FTeIR of the
complexes 1e3 (see Table 3). The CN stretching vibrational modes
of 6-mpa ligand for the complexes 1e3 emerged at 1533, 1557,
1274 cm�1, respectively, these modes were found to be 1575, 1573,
1276 cm�1 by HSEh1PBE/6-311G(d,p)/LanL2DZ level. These results
exhibit that there is a good agreement between experimental and
theoretical vibrational wavenumbers. The CH in-plane bending
vibrational peaks of 6-mpa ligand arisen approximately at
1400 cm�1 are consistent with previously reported results [37,63].

As can be seen in Fig. 3, the asymmetric/symmetric COO�

stretching modes from FT-IR spectra of complexes 1e3 were found
to be 1651/1372, 1651/1305 and 1637/1314 cm�1. These differences
between experimental/theoretical asymmetric/symmetric COO�

modes found at 346e279/435e355 cm�1 range display that 6-mpa
ligand coordinates to metal ions as a monodentate ligand via
carboxylate group. These results are coherent with different metal
complexes [37,55e58,63,64]. Besides, the experimental/theoretical
peaks arising from COO� stretching mode of OAc ligand for the
complex 1 were found to be 1585/1645 cm�1 (see Table 3). The
other detailed vibrational modes belonging 6-mpa, dipya, acetate
and water ligands were assigned in Table 3.
3.3. The electronic absorption spectra, FMOs, MEP and NBO
parameters

The TDeHSEh1PBE-6e311G(d,p)/LanL2DZ level was used to
interpret the electronic absorption spectra, major electronic tran-
sitions and oscillator strengths. Fig. 4 depicts the UVeVis spectra of



Fig. 3. The FT�IR spectra of the complexes 1e3.
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the complexes 1e3 in ethanol solvent. The remarkable contribu-
tions from FMOs to the electronic transitions were described by
using SWizard [65] program. The electronic spectral parameters are
comparatively given in Table S2. Theoretical absorption peaks for
complexes 1,2 corresponding the highest electronic absorption
wavelength in ethanol solvent were appointed as d/d transition.
This transition formed frommetal tometal charge transfer (MMCT),
from metal to ligand and from ligand to metal charge transfer
(MLCT) transitions (see Table S2 and Fig. 5). These peaks for com-
plexes 1,2 in ethanol solvent were calculated at 594 and 586 nm
with the contributions H�13/L b(þ15%)/H�17/L b(þ13%) and
H‒9/Lþ1 (þ10%)/H‒17/Lþ1 (þ9%), respectively. The absorption
peaks of the complexes 1e3 in ethanol solvent arisen from n/p*
and p/p* transitions exhibiting metaleligand and ligandeligand
charge transfers emerged at the range of 384e219, 320e200 and
311e227 nm. The corresponding theoretical peaks in ethanol sol-
vent were found to be 364e244, 320e235 and 299e227 nm range.
It is clear that the remarkable contributions to electronic transitions
originated from different frontier molecular orbitals, as can be seen
in Table S2. It is concluded from Fig. 5 that the lowabsorption bands
of complexes 1e3 arisen from intraligand charge transfer (ILCT).
Fig. 4. The UVeVis spectra in ethanol solvent of the complexes 1e3.
Considering the Tauc and Menth's equation [56,66], the optical
band gap energy values are calculated by using following equation

ðahnÞ ¼ C
�
hn� Eg

�1=2 (1)

where the absorption coefficient a is obtained by a ¼ 2:303A=d
formula (A is the absorbance in the UVeVis region and d is the
cuvette length (1 cm)), C is a proportionality constant related to the
effective masses associated with the bands, hn is the photon energy
and Eg is the direct band gap energy. According to Fig. 6, the Eg band
gap energy values of the complexes 1e3were found to be 4.70, 4.92
and 5.15 eV, respectively (see Fig. 6). The theoretical energy gap
obtained from FMO energies were calculated at 4.40 for a spin, 3.34
and 4.32 eV.

In this context, to determine the relationship among the phys-
icochemical properties of the molecules, such as molecular chem-
ical stability and chemical reactivity, we examined energy gap
results. To obtain FMO energy values of the complexes 1e3 in
ethanol solvent, the HSEH1PBE/6-311G(d,p)/LanL2DZ level was
used. It could be usually noted that the electron donating and
electron withdrawing ability symbolize the HOMO and LUMO,
respectively. The FMO energy values of the complexes 1e3 in
ethanol solvent were obtained at �6.44 for a spin, �6.51, �6.25 eV
(HOMO),�2.05 for a spin,�3.17,�1.93 eV (LUMO), as can be seen in
Fig. 5. The c, h and S parameters, called as electronegativity,
chemical hardness and softness, obtained from FMO energies are
computed by using equations given references therein [56,67]. The
c parameters for the complexes 1e3 were found at 4.25 for a spin,
4.54 for b spin (complex 1), 4.84 (complex 2), 4.09 (complex 3) eV.
The h and S parameters for the complexes 1e3 were calculated at
2.20 for a spin, 1.90 for b spin (complex 1), 1.67 (complex 2), 2.16
(complex 3) eV, and 0.46 for a spin, 0.53 for b spin (complex 1), 0.60
(complex 2), 0.46 (complex 3) eV�1, respectively. It could be
concluded from these results that the complex 2 with smaller h
parameter, higher c and S parameters provided the more efficient
charge transfer, and could be easily polarized. The main reason is
due to the effect of d-orbital occupation on the coordination ge-
ometry of the complexes.

The NBO calculations for the complexes 1e3 were obtained by
using HSEh1PBE/6-311G(d,p)/LanL2DZ level. To survey inter- and
intra-molecular bonding, and interactions among bonds in coor-
dination environments of M(II) ions, as well as charge transfer or
conjugative interaction in molecular system, NBO study was per-
formed. In this NBO analysis, the intense interaction between
electron donors and acceptors, and the degree of conjugation of the
investigated molecular system were evaluated by determining the
higher stabilization energies (E(2)). The second-order perturbation
approach [56,68,69] was applied to investigate the hyper-
conjugative interaction energies. The delocalization between lone-
pair (n) orbitals of nitrogen/oxygen/chloride atom and anti-lone-
pair (n*) orbitals of M(II) ion was clearly determined (see
Table S3). This delocalization effect playing significant role on the
coordination environments of the Cu(II), Co(II) and Zn(II) ions in the
complexes 1e3 was appointed as n/n* interactions. The coordi-
nation environments of M(II) ions were verified by these in-
teractions obtained at the range from 15.69 to 66.82 kcal/mol for
the complexes 1e3. The E(2) values for the complexes 1e3 defined
as the stabilization energy were found range from 74.04 to
0.51 kcal/mol. Moreover, the stabilization interactions as well as
hydrogen-bonding interactions for the complex 1 among the
carboxylate group of 6-mpa ligand, oxygen atom of acetate ligand
and three water molecules were given in Table S3. The E(2) values of
hydrogen-bonding interactions for the complex 1were found at the
range of 1.23 and 9.35 kcal/mol.



Fig. 5. The most active occupied and unoccupied molecular orbitals in electronic transition of the complexes 1e3 obtained by HSEh1PBE level in ethanol solvent.

Fig. 6. The graphs of optical band gap energy for the complexes 1e3.
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The MEP surface is remarkably used in the research of relation
between structure-activity and physicochemical properties of
compounds containing biomolecules and drugs [70,71]. The MEP
describes molecular shape, size and ESP regions interconnecting
color classification at the same time. Fig. 7 displays the MEP sur-
faces of complexes 1e3. The MEP color code values between the
Fig. 7. Molecular electrostatic potential (MEP) surfaces for the
deepest red and blue for the complexes 1e3 are the range
from�9.934e�2 to 9.934e�2 a.u., from�0.174e�2 to 0.174e�2 a.u.
and from �9.397e�2 to 9.397e�2 a.u., respectively. The negative
regions emerged at red color determining electrophilic reactivity
are over the electronegative O atoms belonging the carboxylate
groups and water ligands uncoordinated with M(II) ions. The pos-
itive regions appeared at blue color describing nucleophilic reac-
tivity are over the H atom belonging to N atom of dipya ligand, as
can be seen in Fig. 7.
3.4. The NLO parameters

Lately, due to engaging applications in the field of optical
communication, optical switching and dynamic image processing,
etc. [72e74], the development of device application for organic,
inorganic and organometallic NLO materials is possible with
involving both theoretical and experimental studies in different
fields, such as physics, engineering, etc. Theoretical calculations
provide an important contribution to understand the electronic
polarization underlying the molecular NLO processes and establish
of structureeproperty relationships.

The HSEH1PBE level was used to investigate the LO and NLO
parameters of the complexes 1e3 in gas phase and ethanol solvent.
By using equations given references therein [56,57,74], the a, Da, b
and g parameters of the complexes 1e3 in gas phase and ethanol
solvent were calculated (see Table S4). It could be noted that all LO
complexes 1e3 obtained by HSEh1PBE level in gas phase.
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and NLO parameters of the complexes 1e3 are observed with the
substantial difference/similarity owing to M(II) ions and their co-
ordination environments. Due to the d-orbital effect on the coor-
dination geometry around M(II) ions, there is not observed
remarkable difference between second-order b and third-order g
parameters for the complexes 1e3. In comparison of LO and NLO
parameters for molecular systems without experimental mea-
surements, the results of p-Nitroaniline (pNA), nitrobenzene
[75e77] and urea [78], which are the prototypical compounds,
were used. The b values of the complexes 1e3 in gas phase/ethanol
solvent were found to be 7.2� 10�30/7.4� 10�30, 8.1� 10�30/
10.6� 10�30 and 5.0� 10�30/3.0� 10�30 esu, respectively. From
Table S4, the largest b value obtained for the complex 2 in gas phase
and ethanol solvent are 8.1� 10�30 and 10.6� 10�30 esu. These
results demonstrate that the b parameter for the complex 2 is
62.30/0.88 and 81.54/1.15 times higher than those of urea
(0.130� 10�30 esu)/pNA (9.2� 10�30 esu). Unlike, the g values for
complex 2 in gas phase and ethanol solvent are found to be
26.8� 10�36 esu and 77.2� 10�36 esu, respectively. These values
are about 1.79 and 5.15 times higher than that of pNA
(15� 10�36 esu). According to calculated b and g parameters in gas
phase and ethanol solvent, the complex 2 is a powerful indicator for
microscopic second�order NLO property whereas the complexes
1,3 are remarkable indicator for microscopic third�order NLO
property. The linear optical polarizability (a) values of the com-
plexes 1e3 in mentioned solvents are calculated at 42� 10�24/
56.1� 10�24, 42.2� 10�24/58.8� 10�24 and 46.1� 10�24/
62.4� 10�24 esu, respectively. It is clear that all of the calculated a
values for the complexes 1e3 are higher than that of pNA
(17� 10�24 esu). According to our previous results, all results are
comparable for the same parameters [37,38,56,57]. It could be
interpreted that the main reasons for the change in the NLO pa-
rameters of these complexes are the different substitution and
metal ions in coordination. In brief, it can be said that
second�order NLO parameter for the complex 2 and third�order
NLO parameters for the complexes 1,3 are notable.
3.5. a-Glucosidase inhibition studies

The a-glucosidase activity studies of the synthesized complexes
(1e3) were fulfilled according to literature [37,41]. Table 4 dem-
onstrates the IC50 values for a-glucosidase inhibitions of the com-
plexes 1e3. The IC50 values were obtained range from 513.10 mM to
>600 mM. The complex 1 displayed the strongest inhibitor activity
against a-glucosidase with the IC50 value of 513.10 mM. This value is
1.77-fold higher and 40.40 lower than those of acarbose
(IC50¼ 906 mM) [79,80] and resveratrol (IC50¼12.70 mM) [81,82],
well-known as a-glucosidase inhibitors, respectively.

The following points could be concluded from Table 4 with
Table 4
In vitro inhibition IC50 values (mM) of the complexes 1e3 for a�glucosidase.

Compound IC50 (mM)a

6�Methylpicolinic acid (6-mpaH) not active
2,20‒Dipiridilamin (dipya) not active
Complex 1 [Cu(6-mpa)(dipya)(OAc)]$3H2O 513.10± 0.75
Complex 2 [Co(6-mpa)(dipya)Cl2]$2H2O >600
Complex 3 Zn(6-mpa)2(dipya) >600
Genistein 16.575± 0.23
Acarboseb 906
Resveratrolc 12.70

a IC50 values represent the means± S.E.M. of three parallel measurements
(p< 0.05).

b From ref. [79,80].
c From ref. [81,82].
regard to structure-activity relationship (SAR):

(i) The complex 1 (IC50¼ 513.10 mM) has a distorted trigonal
bipyramidal geometry whereas the complexes 2 and 3
(IC50¼ >600 mM) have a distorted octahedron geometry. This
difference of coordination for complex 1 displays minor
variation for enzyme activity.

(ii) Among complexes with the same coordination (complexes 2
and 3), the changing metals and the coordination environ-
ment of Co(II) and Zn(II) ions have not showed a significant
effect on a-glucosidase inhibition. According to the results of
molecular docking, although complex 3 has more van der
Waals interactions with the amino acid residues in the active
site of the enzyme, its coordination environment and these
interactions site did not significantly affect a-glucosidase
inhibition.

So far, the IC50 values of various metal complexes of picolinate
(pa) and 6-methyl-2-picolinmethylamide (6mpa-ma) for a-gluco-
sidase inhibition have been reported at 1.28 mM, 15.4 mM, >1mM,
9.6 mM for Cu(pa)2, Zn(pa)2, VO(pa)2 [35] and Zn(6mpa-ma)2SO4

[36] complexes, respectively. Up to now, many organic molecules
(oxadiazole, xanthones, flavonoid and indole analogues, etc.) have
been synthesized as a-glucosidase inhibitors [12,15e18]. The inhi-
bition values of them were observed at low micromolar. These
compounds have stronger inhibitory activity than the synthesized
complexes in this study. Moreover, a-glucosidase inhibition values
of our previously synthesized mixed-ligand (6-mpa with NCS and
MeI ligands) metal complexes were obtained at the range of
2.91 mM and >600 mM [37,38]. In present work, among the syn-
thesized mixed-ligand (6-mpa and dipya) complexes of Cu(II),
Co(II) and Zn(II) metals, the Cu(II) complex has the most effective
inhibitory activity against a-glucosidase.

3.6. Molecular docking

So as to show protein-ligand interactions between the synthe-
sized complexes (1e3) and target protein (the template structure
S. cerevisiae isomaltase (PDBID: 3A4A)), we carried out the molec-
ular docking study by using the iGEMDOCK program [54]. To
investigate in vitro results, the results of electrostatic (E), hydrogen-
bonding (H), and van der Waals (V) interactions for the protein-
complex interaction profiles were determined. Table S5 depicts
the estimated interactions and theirs energy values for the com-
plexes 1e3. The stabilized structures due to the interacting of
complex structures with amino acid residues through some
hydrogen-bonding and van der Waals interactions are given in
Fig. 8. It is concluded that the variations of energy values of V in-
teractions forming between the same amino acid residues and non-
coordinated parts of ligands around Cu(II), Co(II) and Zn(II) ions
depend on ligand and metal type.

Complex 1 (513.10± 0.75 mM), which is a Cu metal ion complex,
exhibited the high inhibitor activity against a-glucosidase among
complexes having dipya ligand substitution. According to docking
results, total energy value of complex 1 calculated at�91.8 kcal/mol
are higher than those of the complexes 2 and 3. In the different
amino acid residues interactions, the total hydrogen bonding
interaction energy values for complexes 1e3 were found range
from �3.5 to �6.7 kcal/mol. In general, the H bonding interactions
for complexes 1e3 originate from the nitrogen atom of dipya ligand
with OD, NZ of same or different amino acid residues. Although the
H interactions for the complex 1 emerge higher than the complexes
2 and 3, there are no major difference among the a-glucosidase
enzyme inhibition results. For complex 1e3, prominent H-in-
teractions obtained at �3.2 and �3.5 kcal/mol energy values are



Fig. 8. 3-D structures showing interactions between main/side chain amino acids and ligand of the complexes 1e3.
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determined between the OD1 of S (side chain)-ASP307 (with 3.14Å
bond distance)/O of M (main chain)-SER157(with 2.93Å bond
distance)/O of M (main chain)-PRO312 (with 2.88Å bond distance)
and nitrogen atom of dipya ligand. Unlike, major H-interaction for
the complex 1 calculated at �3.5 kcal/mol energy value is defined
between the NE2 of S (side chain)-HIS280 (with 3.05 and 2.80Å
bond distance) and oxygen atom belonging to acetate ligand. In
brief, the docking and in vitro results are a remarkable scientific
report for mixed-ligand (6-mpa and dipya) metal complexes.
4. Conclusion

The complexes 1e3 {[Cu(6-mpa)(dipya)(OAc)]$3H2O, (1), [Co(6-
mpa)(dipya)Cl2]$2H2O, (2), [Zn(6-mpa)2(dipya)], (3)} were firstly
synthesized and their structure characterizations were performed
by XRD, LC-MS/MS, NMR, FTeIR and UVeVis spectra. The IC50
values of the synthesized complexes 1e3 for a-glucosidase inhibi-
tion were found range from 513.10 to >600 mM range. According to
these results, complex 1 has the most effective inhibitory activity
against a-glucosidase. Furthermore, TD/DFT calculations with
HSEh1PBE method and 6-311G(d,p)/LanL2DZ basis set were ful-
filled to investigate the detailed structural, vibrational and elec-
tronic properties. Electronic spectra and theoretical results for the
complexes 1e3 demonstrate metaleligand and ligandeligand
charge transfer assigned as n/p* and p/p* transitions. It is
clearly determined that NBO results confirm the coordination be-
tween LP electrons of the donor N/O/Cl atoms and M(II) ions in
complexes 1e3. It is concluded that there is a well agreement be-
tween the theoretical and corresponding experimental results.
According to the NLO results, it could be estimated that the com-
plex 2 is a powerful indicator for microscopic second�order NLO
property while the complexes 1 and 3 are remarkable indicator for
third�order NLO property. Considering in vitro and docking
studies, present paper is a scientific study of mixed-ligand metal
complexes containing 6-mpa and dipya ligands. Finally, it is fore-
seen that the better values in the NLO and IC50 parameters of new
complexes to be synthesized may be possible with the change of
substitute and metals in coordination.
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