
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
Ju

ne
 2

02
0.

 D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 1
:4

2:
11

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Biguanide–trans
aFacultad de Ciencias Básicas, Universidad

Colombia. E-mail: richard.dvries00@usc.ed
bSão Carlos Institute of Chemistry, Univer

Carlos, SP, Brazil
cSão Carlos Institute of Physics, University o

SP, Brazil
dMolecular Genetics Group, Universidad de A

Medellin, Colombia
eDepartment of Physiology and Biochemist

Antioquia, Calle 70, No 52-21, A. A. 1226, M

† The results reported in this work are und
Office (USPTO) US62884597.

‡ Electronic supplementary information (
analysis for all compounds. CCDC 199878
data in CIF or other electronic format see

Cite this: RSC Adv., 2020, 10, 22856

Received 5th May 2020
Accepted 27th May 2020

DOI: 10.1039/d0ra04059b

rsc.li/rsc-advances

22856 | RSC Adv., 2020, 10, 22856–
ition metals complexes as
potential drug for hyperglycemia treatment †‡

Stephanny Villamizar-Delgado, ab Laura M. Porras-Osorio,a Octavio Piñeros,a
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Coordination compounds of Cu(II), Ni(II), Co(II), and Zn(II) with a type of biguanide (known commercially as

metformin) have been synthesized and characterized using spectroscopic techniques (FT-IR, UV/VIS), X-ray

diffraction techniques and thermal analysis. For all compounds, single crystals were obtained for single-

crystal X-ray diffraction. For the first time, an octahedral cobalt compound with the formula

[Co(C4H11N5)3]Cl2$2H2O that crystallizes in the monoclinic space group C2/c with one molecule in the

asymmetric unit has been obtained. Also, a novel nickel compound with the formula [Ni(C4H11N5)

(C4H10N5)]Cl$H2O that crystallizes in the monoclinic space group P21/c with two molecules in the

asymmetric unit was obtained. Finally, we obtained copper and zinc compounds that crystallize in the

monoclinic space groups P21/n and P21/c with the general formula [Cu(C4H11N5)2]Cl2$H2O and

[Zn(C4H12N5)Cl3], respectively. A structural and supramolecular analysis was developed for all

compounds using Hirshfeld surface analysis and electrostatic potential maps. The cell viability of the

obtained compounds was evaluated in C2C12 (ATCCCRL-1772™) mouse muscle cells and HepG2 (ATCC

HB-8065™) human liver carcinoma cells by the MTT assay to determine the potential of the compounds

as new safe drugs. The results demonstrate that the compounds exhibit low cytotoxicity at doses less

than 250 mg mL�1 with a cell viability greater than 80%.
Introduction

About 100 million people worldwide have type II diabetes (T2D),
making it one of the most common chronic diseases.1 Diabetes
is characterized by a high concentration of glucose in the blood
(hyperglycemia) due to the excessive production of liver glucose
and resistance to peripheral insulin.2 Currently, the underlying
causes of these physiological behaviors are not well understood,
but diabetes is known to be associated with both genetic and
acquired factors, such as unhealthy eating habits, stress,
hypertension, obesity, sedentary lifestyle, and metabolic
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syndrome.1 Of these, hyperglycemia is considered the leading
risk factor for the development of diabetic complications.

Currently, one of the most widely used pharmaceutical
compounds to control hyperglycemia in patients with T2D is
metformin hydrochloride (a biguanide derivative) due to its
effectiveness and good safety prole.3 However, it is also asso-
ciated with adverse side effects, including lactic acidosis, and
can cause serious problems in patients with cardiovascular,
renal, hepatic, and pulmonary disease.4

One pharmaceutical alternative for the treatment of diabetes,
metabolic syndrome, cancer, bacterial, fungal and viral infec-
tions, and other diseases is the use of metallo-drugs.5 Metallo-
drugs are pharmacological compounds that contain an organic
molecule coordinated to a metallic center.6 In this sense,
different metallo-drugs complexes form from metfomin are ob-
tained and tested its biological activity against different micro-
organism.7,8 Also, are reported patents that involve the
metformin and metals as chromium and vanadium in the
treatment of T2D and metabolism disorders.9 In other hand, has
been demonstrated the activity of different metallo-drugs based
in V(V/IV), Cr(III), Mo(VI), W(VI), Zn(II), Cu(II), and Mn(III) in the
treatment of diabetes and metabolic syndromes.10 This type of
compound can act in two different ways: (i) the metal–organic
complex exhibits the biological activity over a biological target,
and (ii) the complex act as a carrier to transport the organic
This journal is © The Royal Society of Chemistry 2020
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molecule to the active site and produce the therapeutic activity.
In both cases, the synergic action of the components improves
the biological activity while minimizing the side effects.

Our research group has focused on the development of new
molecules and metallo-drugs as pharmaceutical alternatives for
the treatment of multiples diseases, such as T2D and metabolic
syndrome.11–13 Several attempts to obtain metformin–metal
complexes have been reported, but in most cases, the structural
data could not be obtained, and in others, an incomplete
structural analysis was performed.7,14–16

To address these shortcomings, this work focuses on the
synthesis, characterization, and structural study of complexes
based on metformin and transition metals, including Co(II),
Cu(II), Ni(II), and Zn(II). We aim to make a rst close-up of the
cytotoxic activity in order to propose new therapeutic alterna-
tives in the treatment of T2D and metabolic syndrome.
Experimental section
General information

The following reagents and solvents were commercially avail-
able and used as supplied without further purication: met-
formin hydrochloride U. S. P. (Metf) (Harman Finochem
Limited); CoCl2$6H2O (99%, Sigma-Aldrich); CuCl2$2H2O (99%,
Sigma-Aldrich); NiSO4$6H2O (99%, Sigma-Aldrich); and ZnCl2-
$6H2O (99%, Sigma-Aldrich). Chemical and reagents used in
cell culture included phosphate-buffered saline 1� (PBS)
(Gibco, Carlsbad, CA, USA), low glucose Dulbecco's Modied
Eagle's Medium (LGDMEM) (Sigma-Aldrich, St. Louis, MO,
USA), high glucose Dulbecco's Modied Eagle's Medium
(HGDMEM) (Sigma-Aldrich, St. Louis, MO, USA), RPMI 1640
Medium (Sigma-Aldrich, St. Louis, MO, USA), fetal bovine
serum (FBS) (Invitrogen, Carlsbad, CA, USA), penicillin–strep-
tomycin (P/S) 10 000 U mL�1 (Invitrogen, Carlsbad, CA, USA),
glutamine (Gibco, Carlsbad, CA, USA), and the methyl thiazole
tetrazolium (MTT) assay (Amresco, Solon, OH, USA).

Thermogravimetric analysis (TGA) was performed in a TA
instrument (Discovery SDT 650) under the following conditions:
25–900 �C temperature range, under nitrogen (100 mL min�1

ow) atmosphere, and 20 �C min�1 heating rate. Fourier-
transform infrared spectrophotometry (FTIR) spectra were
recorded from KBr pellets in the 4000–250 cm�1 range on
a Shimadzu IRAffinity-1.
Synthesis of the [Co(C4H11N5)3]Cl2$2H2O complex (compound 1)

In a at-bottomed ask, 10 mL of methanolic solutions of the
Mfn ligand (C4H12N5Cl) (33 mg, 0.2 mmol) were mixed with 1.2
equivalents of NaOH and 5 mL of cobalt(II) chloride (CoCl2-
$6H2O) (23 mg, 0.1 mmol). The reaction mixture was reuxed
for 60 minutes. The resulting solution was concentrated and
cooled to room temperature. Cubic reddish crystals were ob-
tained by slow evaporation aer 4 weeks (yield ¼ 61.57%).
Elemental anal. calcd for [Co(C4H11N5)3]Cl2$2H2O (C12H37N15-
O2Cl2Co): C, 26.05; H, 6.74; N, 37.97. Found: C, 25.86; H, 6.02; N,
37.21.
This journal is © The Royal Society of Chemistry 2020
Synthesis of the [Ni(C4H11N5) (C4H10N5)]Cl$H2O complex
(compound 2)

In a at-bottomed ask, 4 mL of a solution of the Mfn ligand
(C4H12N5Cl) (66 mg 0.4 mmol) were mixed with 4mL of aqueous
nickel(II) sulfate solution (NiSO4$6H2O) (47 mg, 0.2 mmol) and
53 mg of NaOH (1.3 mmol). The reaction mixture was stirred for
60 minutes at room temperature. The resulting solution was
cooled to room temperature and ltered to separate the orange
solid (crystalline powder) obtained. The obtained solid was
dissolved in water, and HCl was added dropwise until dissolu-
tion. The compound was recrystallized by slow evaporation to
obtain prism orange crystals (yield ¼ 53.70%). Elemental anal.
calcd for [Ni(C4H11N5)(C4H10N5)]Cl$H2O (C8H23N10OClNi): C,
26.01; H, 6.27; N, 37.91. Found: C, 25.67; H, 5.81; N, 37.03.
Synthesis of the [Cu(C4H11N5)2]Cl2$2H2O complex (compound 3)

In a at-bottomed ask, 4 mL of an aqueous solution of the Mfn
ligand (C4H12N5Cl) (33 mg, 0.2 mmol) were mixed with 4 mL of
an aqueous solution of copper(II) chloride (CuCl2$2H2O)
(200 mg, 1.17 mmol) and 1.2 equivalents of NaOH. The reaction
mixture was stirred for 60 minutes at room temperature. The
resulting solution was concentrated, cooled to room tempera-
ture, and ltered to obtain a purple solid. The solid was dis-
solved in water and recrystallized by slow evaporation to obtain
purple needless crystals (yield ¼ 88.02%). Elemental anal. calcd
for [Cu(C4H11N5)2]Cl2$2H2O (C8H26N10OCl2Cu): C, 22.41; H,
6.11; N, 32.66. Found: C, 22.15; H, 6.21; N, 32.41.
Synthesis of the [Zn(C4H12N5) Cl3] complex (compound 4)

In a at-bottomed ask, 4 mL of an aqueous solution of the Mfn
ligand (C4H12N5Cl) (119 mg, 0.72 mmol) were mixed with 4 mL
of an aqueous solution of zinc(II) chloride (ZnCl2) (200 mg, 1.46
mmol) and 1.2 equivalents of NaOH. The reaction mixture was
stirred for 2.5 hours at room temperature. The resulting solu-
tion was ltered to obtain a colorless solid. The solid was dis-
solved in water and recrystallized by slow evaporation to obtain
colorless crystals (yield ¼ 60.15%). Elemental anal. calcd for
[Zn(C4H12N5)Cl3] (C4H12N5Cl3Zn): C, 15.91; H, 4.01; N, 23.20.
Found: C, 15.56; H, 3.98; N, 23.11.
Single-crystal X-ray diffraction (SCXRD) for structure
determination

SCXRD data for all compounds were collected at room temper-
ature (293 K) on a Rigaku XTALAB-MINI diffractometer using
MoKa radiation (0.71073 Å) monochromated by graphite. The
cell determination and nal cell parameters were obtained on all
reections using CrysAlisPro soware.17 Data integration and
scaling were performed using CrysAlisPro soware.17 The struc-
tures were solved and rened with SHELXT18 and SHELXL19

sowares, respectively, including in Olex2.20 In all cases, non-
hydrogen atoms were clearly resolved and full-matrix least-
squares renement with anisotropic thermal parameters was
performed. In addition, hydrogen atoms were stereochemically
positioned and rened using the riding model in all cases.21 The
Co compound was rened using the Squeeze routine (Platon)22 to
RSC Adv., 2020, 10, 22856–22863 | 22857
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Fig. 1 ORTEP type diagram of the asymmetric unit for the
compounds: (a) [Co(C4H11N5)3]Cl2$2H2O, (b) [Cu(C4H11N5)2]Cl2$H2O,
(c) [Ni(C4H11N5)(C4H10N5)]Cl$H2O and (d) [Zn(C4H12N5)Cl3] showing
50% of probability ellipsoids.
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decrease the disorder solvent contribution (water in our case) to
calculate the structure factors and improve the renement
values. Oak Ridge Thermal Ellipsoid Plot (ORTEP) diagrams for
all structures were prepared with Diamond.23 Mercury program
were used for the preparation of artwork.24
Table 1 Crystallographic data and refinement parameters for (1) [Co(C4H
Cl2$H2O and (4) [Zn(C4H12N5)Cl3] compounds

Compound (1) (2)

Emp. formula C12H33N15Co, 2(Cl), H2O C16H42N2

FW (g mol�1) 535.38 739.05
Crystal system Monoclinic Monoclin
Space group C2/c P21/c

Unit cell
a (Å) 36.470(2) 13.3863(6
b (Å) 8.5892(6) 7.4187(5)
c (Å) 17.3656(13) 15.7512(9
b (�) 99.376(6) 104.757(5
Volume (Å3) 5367.1(6) 1512.64(1
Z 4 4
r calcd (mg m�3) 1.325 1.618
Abs. coeff. (mm�1) 0.872 1.476
F(000) 2248 772
q range (�) 2.7–28.0 2.7–34.5
Ref. collected/unique [R(int)] 38 196, 6485 [0.120] 4364, 284
Completeness (%) 99.6 98.8
Data/rest./param. 6485/0/323 2843/0/11
Gof on F2 1.01 1.09
R1 [I > 2s(I)] 0.0601 0.0512
wR2[I > 2s(I)] 0.1598 0.1314

22858 | RSC Adv., 2020, 10, 22856–22863
Cell cultures

C2C12 (ATCCCRL-1772™) mouse muscle cells and HepG2
(ATCC HB-8065™) human liver carcinoma cells were purchased
from the American Type Culture Collection (ATCC) (Manassas,
VA, USA). Cells were cultured at 37 �C and 5% CO2 in DMEM
supplemented with 10% FBS, 2 mM glutamine, penicillin, and
1% streptomycin (Sigma). When C2C12 cells reached 80–90%
conuency, they were differentiated into myotubes using low
glucose DMEM (5.5 mM) supplemented with 5% horse serum
(HS).25

To evaluate cell viability, HepG2 and C2C12 cells were seeded
in 96 multi-well plates at a density of 2.5� 104 cells per well and
cultured for 24 h. The cells were washed once with DMEM and
then incubated with different concentrations of extracts or
fractions (1000, 500, 250, 125, 62.5, 31.25 mgmL�1) in DMEM for
4 h (C2C12) or 48 h (HepG2). The negative control is formed by
cell culture medium with the same cell concentration and
0.05% of DMSO. Insulin 0.3 mM (INS) and metformin 5 mM
(MET) are used as positive control. Subsequently, the medium
was removed, cells were washed once, and MTT (5 mg mL�1) in
DMEM was added to each well and incubated for 4 h. The MTT-
containing medium was removed, and 200 mL of DMSO were
added to dissolve the formazan crystals. The optical densities
(OD) were measured using a Varioskan Flash spectrophotom-
eter (Thermo, Waltham, MA, USA) at 570 nm.26
Results and discussion

ORTEP type diagrams of the asymmetric unit for all compounds
are shown in Fig. 1. The hydrogen atoms for all compounds are
11N5)3]Cl2$2H2O, (2) [Ni(C4H11N5)(C4H10N5)]Cl$H2O, (3) [Cu(C4H11N5)2]

(3) (4)

0Ni2, 2(Cl), 2H2O C8H22N10Cu, 2(Cl), 2(H2O) C4H12Cl3N5Zn
428.83 301.91

ic Monoclinic Monoclinic
P21/n P21/c

) 5.1596(14) 12.5200(12)
11.562(2) 7.5140(6)

) 15.091(4) 13.0298(13)
) 95.63(3) 113.199(12)
5) 895.9(4) 1126.7(2)

2 2
1.590 1.780
1.541 2.856
446 608
2.7–26.5 3.2–29.0

3 [0.019] 5415, 1863 [0.091] 5154, 2966 [0.025]
99.9 99.2

1 1863/0/119 2966/0/120
1.04 1.09
0.0585 0.0373
0.1570 0.0928

This journal is © The Royal Society of Chemistry 2020

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra04059b


Fig. 2 Polyhedral representation and coordination mode of the ligand
in the compound 1.

Fig. 4 Representation of the conformer A and the coordination
polyhedron for the compound 2.

Fig. 5 Conformer representation and superposition of the conformer
A (light green) and B (red), in the compound 2.
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available to show the ionic behavior of the complexes. The
crystallographic and renement data are present in Table 1.

The [Co(C4H12N5)3]Cl2$H2O compound (1) was obtained as
cubic reddish crystals that crystallized in the C2/c monoclinic
space group with one molecule of the cationic complex, two
chloride anions, and one molecule of water in the asymmetric
unit (Fig. 1a). The cationic complex is present as a six-
coordinated arrangement (CoN6), generating a distorted octa-
hedral polyhedron formed by three molecules of metformin in
the chelate h2 mode (Fig. 2).

The crystal packing of this compound is governed by elec-
trostatic interactions between the ions and hydrogen interac-
tions of the amine and methyl groups of the biguanidine ligand
and water molecules with N2–H2A/O1, O1–H1A/Cl2, and N7–
H7A/Cl1 distances of 2.976(5), 3.127(4), and 3.185(5) Å,
respectively (Fig. 3a). It is important to note that voids with
a size of 667.6 Å3 able to accommodate up to 16 water molecules
Fig. 3 (a) interactions of the secondary coordination sphere; (b) view
in the ac plane of the chains, (c) crystal packing and voids along [001]
direction for the compound 1.

This journal is © The Royal Society of Chemistry 2020
are present in the interlayer region (Fig. 3c). The disordered
water molecules present in the voids join the layers giving rise to
the formation of the 3D crystal packing of the complex.

The [Ni(C4H11N5)2]Cl$H2O compound (2) was obtained as
yellow crystals that crystallized in the P21/c monoclinic space
group. The compound contains two cationic complexes, two
chloride anions, and two water molecules in the asymmetric
unit (Fig. 1c). The complexes are formed by one metformin
ligand and one deprotonatedmetformin coordinated to the Ni2+

center, forming a four-coordinated arrangement (NiN4) with
a distorted square planar polyhedron or parallelepiped (Fig. 4).

The two conformers observed in the asymmetric unit present
slight differences in the size and torsion of the polyhedron
edges. The torsion angle values were 0.862(13)� and�0.804(13)�

for conformer A and B, respectively. A root-mean-square devia-
tion (RMSD) analysis of the atomic positions of the conformers
was performed with a similarity value of 0.025 (Fig. 5).

In this compound, the deprotonation of metformin (met-
forminyde anion) in the secondary amine was observed. This
deprotonation generates an increase in the imine C]N bond
length with values around 1.31 Å in comparison with the neutral
ligand (1.29 Å). Furthermore, a decrease in the C1–N3 bond
length of the secondary amine with values around 1.35 Å was
observed. Also, it was possible to compare the neutral metfor-
min in the compound (2) and the compound [Ni(C4H11N5)2](-
OH)Cl reported by Lemoine et al.,14 where the C]N distances
present values of 1.320(9) and 1.307(1) Å, and values of C–N of
1.349(9) and 1.371(8) Å. This behavior indicates a possibility of
the formation of three resonant structures (Scheme 1) that
stabilize the anion and enable the formation of the complex.
RSC Adv., 2020, 10, 22856–22863 | 22859
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Scheme 1 Metformin reaction with and resonant structures of the
anion metforminyde.

Fig. 7 Coordination polyhedron for the compound 3.
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The crystal packing of the Ni complex is formed by electro-
static interactions between the complex and the chloride anion.
Along the [101] direction, the formation of chains by N8–H8/
O2 and O2–H2D/N13 interactions with distances of 2.873(5)
and 2.901(4) Å, respectively, was observed. The chains are
joined by N–H/Cl interactions along [100] and [010] directions
with distances around 3.34 Å (Fig. 6).

The [Cu(C4H12N5)2]Cl2$H2O compound (3) was obtained as
purple crystals, as previously reported by Lemoine et al.14 The
asymmetric unit is formed by a half Cu2+ metallic cation located
in a symmetry center, which is coordinated by one chelate
metformin ligand, one chloride anion as a counter-ion, and one
free water molecule. The complex is formed by the coordination
of two chelate metformin ligands to generate a four-coordinated
rectangular polyhedron (CuN4). In this case, the sizes of the
edges are 2.694(6) and 2.781(7) Å for the distances N1–N5 in the
same ligand and N5–N1i between the ligands, respectively
(Fig. 7).

Similar to the previous cases, the crystal packing is formed
by electrostatic interactions between the cationic complex and
Fig. 6 (a) Chains formed along the [101] directions and (b) crystal
packing of the [Ni(C4H11N5)2]Cl$H2O compound.

22860 | RSC Adv., 2020, 10, 22856–22863
the chloride anions. In addition, we observed N1–H1/O1, O1–
H1A/Cl1, N2–H2/Cl1, and N3–H3/Cl1 interactions with
distances of 2.977(7), 3.098(5), 3.244(6), and 3.368(5) Å,
respectively (Fig. 8a). These interactions allow the formation of
layers in the plane (216) (Fig. 8b). The layers stack along the
[101] direction by O1–H1B/Cl1 interactions with a distance of
3.172(5) Å giving rise to the crystal packing arrangement
(Fig. 8c).

Finally, the compound [Zn(C4H11N5)Cl3] (4) was obtained as
colorless crystals, as previously reported by Zhu et al.16 with one
Zn2+ metal coordinated by three chloride anions and one
protonated metformin molecule in the asymmetric unit. The
nal complex presents a tetrahedral (ZnNCl3) arrangement
around the Zn center (Fig. 9).

Structurally, distortion in the protonated metformin ligand
with a N4–C2–C1–N2 torsion angle of 93.13� is observed in
comparison with values around 0� for the ligand in the previous
complexes and 119.7� for the hydrochloride of metformin.27

This behavior is due to a double bond loss of the imine and the
formation of primary amines that induce a steric effect and
distort the ligand (Fig. 9). In contrast to the structure reported
by Zhu et al.,16 which proposed the formation of C4H12N5

+ with
the positive charge centered in the N coordinated to the zinc,
Fig. 8 (a) Interactions along [110] direction, (b) layers formed between
the complex in the plane (216) and (c) crystal packing for the
compound 3.

This journal is © The Royal Society of Chemistry 2020
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Fig. 9 Coordination polyhedron and distortion of the ligand in the
compound 4.

Fig. 10 (a) Cl/H interactions along [001] direction, (b) interaction
along [100] and [010] direction and (c) crystal packing for the
compound 4.

Fig. 11 Molecular representation, dnorm Hirshfeld surface and finger print
plots for (a) [Co(C4H11N5)3]Cl2$2H2O, (b) [Ni(C4H11N5)(C4H10N5)]Cl$H2O,
(c) [Cu(C4H11N5)2]Cl2$H2O and (d) [Zn(C4H12N5)Cl3] compounds.
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indicating the formation of C]N+]C bond, we observed from
the analysis of bond distances, asymmetric values in the C1–N3
and N3–C2 bonds with values of 1.343(3) and 1.378(4) Å,
respectively. A N5–C2 bond distance decreasing, with a value of
1.300(3) Å, is associated with the formation of a double bond or
resonance structure (Fig. 9).28 Also, we observed distortion in
the tetrahedral polyhedron due to differences in the Zn–Cl
distances ranging between 2.242–2.259(9) Å, the distance Zn1–
N3 with a value of 2.062(2) Å, and values of angles between
106.8–116.4�.

From the supramolecular point of view, the crystal packing is
formed mainly by Cl/H bonds. The formation of chains by
halogen–hydrogen interactions along the [001] direction with
N–H/Cl distances of 3.368(3), 3.359(3), and 3.726(3) Å was
observed (Fig. 10a). The formed chains are joined by N4–H4A/
Cl1 interactions with a distance of 3.359(3) Å. Finally, along the
[010] direction, we also observed halogen interactions N1–
H1B/Cl3 with a distance of 3.372(2) Å (Fig. 10b) giving rise to
the 3D crystal packing (Fig. 10c).
Fig. 12 Intermolecular contacts values for (1), (2), (3) and (4)
compounds.
Supramolecular interactions analysis

To understand the supramolecular behavior of the obtained
compounds, Hirshfeld surface (HS) and nger print plot anal-
yses were performed. Hirshfeld surface analysis provides
information about the regions in the molecule where interac-
tions occur.29 With this tool, it is possible to generate a surface
dnorm map that shows (i) the interactions with distances less
than the sum of the van der Waals radii as concave red regions
This journal is © The Royal Society of Chemistry 2020
and (ii) the interactions equal to or greater than the sum of the
van der Waals radii as white and blue regions, respectively.29 In
Fig. 11, it is possible to observe in the HS that the red regions
are located on the donor–acceptor amine and imine groups. The
nger print plots quantify the contribution of each interaction
to the crystal packing (Fig. 11).30

It is also possible to observe that in all the cases, the stron-
gest and most important contributions to the crystal packing is
given for N/H, O/H, and H/Cl interactions, characterized by
the presence of narrow peaks in the bottom of the nger print
plots. In addition, we observed important interactions,
including C/H and H/H, where the H/H interactions are the
more abundant interactions in the crystal packing (Fig. 12).
Only in the Zn complex, we observed a high contribution of H/
RSC Adv., 2020, 10, 22856–22863 | 22861
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Cl interactions in the formation of the crystal packing. The
different interaction values observed in all cases are character-
istic of the nature of each complex and its crystal packing
(Fig. 12).
Vibrational spectroscopy and thermal analysis

The interpretation of FTIR spectra was performed considering
the most important internal vibrations of the functional groups
in the complexes (ESI S1‡).31 A N–H stretching vibration of the
C]N–H group is observed in the region between 3100–
3490 cm�1 for all compounds with high intensity.31 In
[Co(C4H12N5)3]Cl2$H2O (compound 1), the bands are over-
lapping by the O–H vibrations of the water molecules present in
the structure.32 Two bands with medium-weak intensities in the
region around 1470–1540 cm�1 are assigned to in-plane NH2

deformation.31 In the region at 2800–3000 cm�1, we observed
symmetric and asymmetric stretching C–H vibrations of the
methyl groups. The two peaks at 1570 and 1610 cm�1 are related
to asymmetrical and symmetrical C]N vibrations. The peaks in
the region around 1050–1250 cm�1 are assigned to C–N
stretching of the aliphatic amine.31

The metal–metformin complexes show a similar thermal
prole (ESI S2‡) with an initial mass loss for free water of 6.87%,
5.8%, and 8.1% (Tonset ¼ 82, 67, 80 �C) for compounds 1, 2, and
3, respectively. These mass losses are in agreement with the
calculated values for two water molecules for 1 (6.72%) and 3
(8.3%) and one molecule for 2 (4.9%). The compounds 1, 2, 3,
and 4 exhibit a decomposition temperature around 240 �C,
312 �C, 238 �C, and 221 �C (Tonset), respectively.
Fig. 13 Cytotoxicity of different molecules on cell lines C2C12 and
HepG2. Cells seeded in 96-well plates were treated with the mole-
cules for 4 h (C2C12) or 48 h (HepG2). The cytotoxicity was evaluated
by MTT assay. Values are expressed as mean � SEM. ANOVA with post
hoc Tukey for multiple comparisons was performed. **p < 0.01; *p <
0.05. n ¼ 3. Insulin 0.3 mM (INS) and metformin 5 mM (MET) are used
as positive control.

22862 | RSC Adv., 2020, 10, 22856–22863
Cytotoxicity test

C2C12 cell lines (mouse muscle) and HepG2 (human liver
carcinoma) are widely used in the evaluation of the potential
activity of new molecules with antidiabetic activity or different
metabolic activity.33 They are in vitro models that give prelimi-
nary information on the activity of specic molecules in
reversing metabolic abnormalities in organs and or tissues
involved in the establishment of diabetes.34 Cell viability was
evaluated using the MTT assay aer the treatment of the three
different compounds for 4 hours (C2C12) or 48 hours (HepG2)
(Fig. 13). Compound 1 (Co) demonstrated a signicant reduc-
tion (around 50%) in cell viability in both cell lines at concen-
trations of 500 and 1000 mg mL�1. Compound 2 (Ni) reduced
cell viability at concentrations$250 mgmL�1 in C2C12 cells and
$62.5 mg mL�1 in HepG2 cells. Compound 3 (Cu) exhibited
toxicity at concentrations $500 mg mL�1 in C2C12 cells and at
1000 mg mL�1 in HepG2 cells (Fig. 13). Of note, it is impractical
to develop therapeutic agents that must be administered at high
concentrations. In addition, cell viability assays consider that
a compound is safe, practicability values higher than 80%.35

These results shows that compounds 1–3 exhibit low cytotox-
icity at concentrations below 62.5 mg mL�1 (�0.1 mM), and at
a high concentration of 1000 mg mL�1 (�1.8 mM), the cell
viability is reduced in some cases around 50% in both cell lines.
These results are consistent with different studies that evalu-
ated the cell viability of metformin,36,37 indicating that the new
compounds could potentially be used as safe drugs with
minimal side effects. It is important to note that these tests are
a preliminary evaluation of the viability of the compounds as
safe drugs, and more studies must be conducted in order to
know the effect of these molecules on healthy cells and the
possible physiopathological mechanisms that intervene in the
control of appetite, the increase in body weight and other
associated metabolic factors.
Conclusions

In this work, we synthesized four compounds from the met-
formin ligand and divalent transition metals. The structural
analysis reveals that all compounds crystalize in the monoclinic
crystal system and centrosymmetric space groups, such as C2/c,
P21/c, and P21/n. In addition, we observed different coordina-
tion modes and structural features of the metformin ligand,
which depends on the protonation state of the ligand. For the
rst time, we reported an octahedral Co–metformin complex
and a Ni–metformin–metforminyde planar square complex.
The supramolecular analysis based on the Hirshfeld surface
showed important differences between Co, Ni, and Cu
compounds in comparison with the Zn compound. The three
rst complexes show a high contribution of H/H interactions
compared with Zn, which shows a major contribution of H/Cl
interactions to the crystal packing. In all structures, the N/H/
H/N play an important role in crystal packing in decreasing
order of Ni > Co > Cu > Zn. C2C12 and HepG2 cells were treated
with the Co, Ni, and Cu compounds, and cell viability was
This journal is © The Royal Society of Chemistry 2020
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evaluated using the MTT assay. The results demonstrate that
the compounds exhibit low cytotoxicity at high concentrations.
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