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Abstract: This study reports on the synthesis and characterization of two new coordination com-
pounds of the active pharmaceutical ingredient metformin and transition metals. The cobalt com-
pound with the formula [Co(Met)3][CoCl4]C1-3H,0 is a complex salt formed by a cationic Co(III)
octahedral and anionic Co(II) tetrahedral subunits. The Cu(Il) complex is represented by the formula
[(Cu(Met)Cl),-p-Clp] and is a dimeric compound with two chloride anions acting as a bridge, forming
shared-edge square pyramidal units. Both compounds were characterized by single crystal X-ray
diffraction, FI-IR spectroscopy and thermal analysis.
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1. Introduction

Biguanide family compounds like metformin (Met), used as first-line drugs for the
treatment of type 2 diabetes, have been identified as a pharmacological treatment to combat
these metabolic syndromes and particularly type 2 diabetes [1]. This biguanide family is
known for possessing a wide range of unique biological features, including antibacterial, an-
ticancer and cardioprotective effects, among others [2-4]. The biguanides are characterized
by possessing a structure based on amino and imino groups, which are potential electron
donors with the ability to form coordinate bonds. This ability has been extensively studied,
where complexes with metals of the entire transition series have been reported [2,5]. In fact,
in our group, we previously reported the synthesis, characterization and cytotoxic analysis
of four new coordination complexes with the formula [Co(Met)3]Cl,-2H,0 (Met-Co-1),
[Ni(Met)(Met-H)]CI-H,O (Met-Ni-1), [Cu(Met),]Cl,-H,O (Met-Cu-1) and [Zn(MetH)Cl3]
(Met-Zn-1) [6]. The studies that obtained new metallo-drugs derived from metformin and
transition metals show that there is a direct influence between the structural phase and
the synthesis methodology, since metformin has the capacity to protonate or deprotonate
depending on the synthesis medium (Scheme 1) [6]. Due to the chemical behavior of
metformin, it has been observed that this molecule has the ability to coordinate through
different modes of coordination, either coordinating by the central anionic nitrogen or
by the imino groups in chelate mode [6]. These coordination modes will depend on the
synthesis conditions, such as pH, solvent, temperature, etc. [7]. The synthesis of these
complexes with metformin is of great interest because these biguanide compounds generate
hydrogen bridges, which are involved in the interactions with biomolecules, increasing
the biological activity of these complexes and the potential use as metallo-drugs [2,8,9].
Metformin could form different structural and crystalline phases by simply modifying the
synthesis conditions; for this reason, it is relevant to study the structure of the complexes
formed from this drug. It is worth noting that in most of the metformin complexes reports,
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it was not possible to obtain the crystalline structure of the complexes, which makes report-
ing the new drug-based structures an essential objective of our research. In this case, we
describe two new coordination complexes by using single crystal X-ray diffraction, with
the formula [Co(Met)3][CoCl4]C1-3H,0 (Met-Co-2) and [(Cu(Met)Cl),-u-Cly] (Met-Cu-2).
From the structural data, molecular and supramolecular analysis was performed using
Hirshfeld surfaces and fingerprint diagrams. The supramolecular interaction data were
compared with previously reported structure data ((Met-Co-1), (Met-Ni-1), (Met-Cu-1) and
(Met-Zn-1)) to identify the most common supramolecular interactions in this family of
complexes. Finally, the complexes were characterized by infrared spectroscopy as well as
TGA-DSC thermal analysis.
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Scheme 1. Protonate—deprotonate equilibrium of metformin (Met) to form different cationic and
anionic species.

2. Materials and Methods
2.1. General Information

The following reagents and solvents were commercially available and used as supplied
without further purification: metformin hydrochloride U. S. P. (Metf) (Harman Finochem
Limited); CoCly-6H0 (99%, Sigma-Aldrich); CuCl,-2H,0 (99%, Sigma-Aldrich). Ther-
mogravimetric analysis (TGA) was performed in a TA instrument (Discovery SDT 650)
under the following conditions: within a 25-900 °C temperature range, under nitrogen
(100 mL min~! Flow) atmosphere and with a 20 °C min~! heating rate. Fourier trans-
form infrared spectrophotometry (FTIR) spectra were recorded from KBr pellets in the
4000-250 cm ! range on a Shimadzu IRAffinity-1.

2.2. Synthesis of the [Co(Met)3][CoCl4]ICI-3H,O Complex

The metformin hydrochloride compound (C4H;,N5Cl) (208.3 mg, 1.26 mmol) was
dissolved in 4 mL of methanol and mixed with 4 mL of cobalt (II) chloride (CoCl,-6H,O)
(100 mg, 0.42 mmol) methanolic solution in a flat-bottomed flask. The reaction mixed
was neutralized using 2.0 equivalents of NaOH (40 pL, 2 M) and the reaction mixture
was refluxed for 60 min. The resulting solution was cooled and a small amount of green
crystals was obtained after slow solvent evaporation (Yield ~ 10%). Elemental analysis was
calculated for (C1,H39Cl5N1503C05): C, 19.55%; H, 5.29%; N, 28.51%. Found: C, 18.89%;
H, 5.73%; N, 29.16%. Decomposition point: 310 °C. IR data (KBr pallet, v max/c m_l):
3466 (OH), 1640 and 1680 (C=N), 1070-1226 (C-N), 685 (M-N).

2.3. Synthesis of the [(Cu(Met)Cl)y-u-Cly] Complex

The metformin hydrochloride compound (C4H1,N5Cl) (192.1 mg, 1.2 mmol) was
dissolved in 4 mL of methanol and mixed with 4 mL of copper (II) chloride (CuCl,-6H,0)
(100 mg, 0.59 mmol) methanolic solution in a flat-bottomed flask. The reaction mixed



Crystals 2023, 13,1176

30f10

was neutralized using 1.5 equivalents of NaOH (30 puL, 2 M) and the reaction mixture was
refluxed for 60 min. The resulting solution was cooled and cubic blue crystals were obtained
by slow solvent evaporation with a yield of 85%. Elemental analysis was calculated
for (C4H;11C1hNsCu): C, 18.21%; H, 4.17%; N, 26.55%. Found: C, 18.44%; H, 4.21%; N,
26.92%. Decomposition point: 245 °C. IR data (KBr pallet, v max/c m~1): 1660 (C=N),
1070-1226 (C-N), 3353 (N-H), 3180, 3285 (C=N-H), 2900 (C-H), 670 (M-N), 544 (M-Cl).

2.4. Single-Crystal X-ray Diffraction (SCXRD)

Single crystals suitable for X-ray analysis were obtained by slow evaporation of
the methanol solvent from the mother liquor (see Supporting Information Figure S3).
Diffraction data for both compounds were collected at 100(2) K on a Rigaku Synergy-S
diffractometer equipped with a HyPix-6000HE detector system, using photon jet microfocus

source MoKu (0.71073 lﬁk) radiation. Cell parameters were obtained on all reflections using
CrysAlisPro software [10]. Data integration and scaling were performed using CrysAlisPro
software [10]. The structures were solved with SHELXT [11] and refined with SHELXL [12]
softwares, respectively, within the Olex2 system [13]. In all cases, non-hydrogen atoms
were clearly resolved and full-matrix least-squares refinement with anisotropic thermal
parameters was performed. In addition, hydrogen atoms were stereochemically positioned
and refined using the riding model [14]. Thermal ellipsoid diagrams and polyhedron
representation were prepared with Diamond [15]. The mercury program was used for the
preparation of artwork [16]. The CIF file of the compound was deposited in the Cambridge
Structural Data Base under the code CCDC 2277033-2277034.

3. Results and Discussion
3.1. Structural Analysis

ORTEP-type diagrams of the asymmetric unit of the [Co(Met)3][CoCl4]Cl-3H,0 (Met-
Co-2) and (b) [(Cu(Met)Cl)-u-Clp] (Met-Cu-2) complexes are shown in Figure 1. Crystallo-
graphic and refinement data are presented in the Table 1.

(a)

Figure 1. ORTEP-type diagram at the 50% probability level of the asymmetric unit of the (a) Met-Co-2
and (b) Met-Cu-2 compounds. Hydrogen atoms in Met-Co-2 were removed for clarity.

The compound Met-Co-2 is represented by the formula [Co(C4H;1N5)3][CoCl4]C1-3H,O
and it was obtained as green prismatic crystals that crystallized in the P2; /1 monoclinic
space group. The asymmetric unit is formed by one cationic complex, one cobalt tetrachlo-
ride anionic complex, one chloride anion and three water molecules (Figure 2). Although
the production of mixed-valent cobalt complexes has been studied for a long time using
different ligands [17-22], as far as we know, this is the first metformin complex with a
Co(II) /Co(IIT) mixed-valence metallic center.

The cationic complex is formed by one Co(III) metallic center coordinated by three met-
formin molecules bonded through the nitrogen atoms in a CoNg arrangement, generating a
distorted octahedral polyhedron (Figure 2). The anionic complex is formed by one Co(II)
center coordinated by four chloride atoms forming a tetrahedral arrangement (Figure 2).
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Table 1. Crystallographic and refinement data for Met-Co-2 and Met-Cu-2 complexes.
Compound Met-Co-2 Met-Cu-2
Emp. Formula C12H39C15N1503C02 C4H11C12N5Cu
FW (g-mol 1) 736.69 263.62
A (A) 0.71073 0.71073
Crystal system Monoclinic Monoclinic
Space group P2y /n P2y /n
Unit cell
a(A) 10.3808 (2) 7.5287 (3)
b (A) 26.2761 (5) 16.5771 (4)
c(A) 11.3407 (3) 7.9737 (3)
B () 101.374 (2) 113.925 (4)
Volume (A%) 3032.62 (12) 909.64 (6)
Z 4 4
Peale (Mmg-m3) 1.614 1.925
Abs. Coeff. (mm™1) 1.578 2.940
F(000) 1517 532
0 range (°) 24t028.7 2.5t028.7
Refl. collected /Unique [Rint] 43&(6).7094/478?31 12’[85. 32313 55
Completeness (%) 100 100
Data/restraints
/parameters 7831/2/433 2355/0/118
Goof on F2 1.084 1.078
R1[I>20(D)] 0.0352 0.0237
wR2 [I > 20(I)] 0.0723 0.0644

Tetrahedral
polyhedron

©
Distorted octahedral
polyhedron

Figure 2. Polyhedron representation of the coordination metal in the [Co(Met);]?* and [CoCl4]?~
subunits presented in the Met-Co-2 complex.

The cationic part of this complex [Co(Met)3]** presents high similarity with the com-
pound previously reported with the formula [Co(Met);]Cl,-2H,0O (Met-Co-1) [6]. Although
both compounds present a distorted octahedral configuration, a root-mean-square devi-
ation (RMSD) comparative analysis reveals differences in the torsion of the coordinated
ligands (see Figure 3) and in the size of the polyhedron because of the small differences in
the ionic radii of 0.745 and 0.61 A for Co(II) and Co(IlI), respectively [23].
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Bl Met-Co-1
B Met-Co-2

RMSD: 0.3331

Figure 3. RMSD comparative analysis of the cationic [Co(Met)3]?* (Met-Co-1 = blue, reference [6])
and [Co(Met)3]3* subunits (Met-Co-2 = red, this study).

From the supramolecular view, the Met-Co-2 complex is formed by two subunits:
[Co(Met)3]** and [CoCl4]*~. The cationic units are joined along the [001] direction by
N-H---O, O-H:--Cl and N-H---Cl interactions with distances of 2.964, 3.139 and 3.240 A,
respectively (Figure 4). The chains of the cationic subunit are linked by the anionic subunits
along the [100] direction through O-H---Cl and N-H---Cl weak interactions, with distances
of 3.257 and 3.270 A, respectively. Finally, the crystal packing is formed by O-H---Cl and
N-H---O intermolecular interactions between the cationic subunits, the chloride anion
and the water molecules, giving rise to the formation of chains along the [010] direction
(Figure 4).

Figure 4. Infinite chains of [Co(Met)3]?* cationic subunits along the [001] direction and crystal
packing of the Met-Co-2 compound.

The compound Met-Cu-2 is represented by the formula [Cu(C4H;11N5)Cl),-pu-Cly] and
it was obtained as blue crystals that crystallized in the P2; /n monoclinic space group. The
asymmetric unit is formed by a Cu(II) metallic cation coordinated to one chelate metformin
ligand and two chloride atoms (Figure 5). This complex presents a dimeric structure com-
posed of two copper atoms joined through two bridge chloride ligands (p-Cl), two terminal
chlorides and one metformin molecule coordinated through the nitrogen atoms to each
metal center in a distorted square pyramid arrangement (t = 0.18) (Figure 5) [24].

The Met-Cu-2 complex shows N-H:--Cl intermolecular interactions between dimeric
units with a distance of 3.295 A forming infinite chains along the [10—1] direction. The
chains are linked along the [101] direction by N-H---Cl and C-H---C interactions with
distances of 3.313 and 3.719 A and linked along the [010] direction by the same interactions
with distances of 3.650 and 3.333 A, respectively (Figure 6).
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Distorted square Share-edge square
pyramid polyhedron pyramid polyhedron

Figure 5. Polyhedron representation of the dimeric structure presented in the Met-Cu-2 complex.
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Figure 6. Chains of the dimeric units along the [10—1] direction and crystal packing of the Met-Cu-
2 compound.

3.2. Supramolecular Interaction Analysis

To better understand the supramolecular interactions present in the complexes Met-
Co-2 and Met-Cu-2, the Hirshfeld surface (HS) and fingerprint plots (FPP) analyses were
performed [25-27]. These tools are used to generate a d;,o;; surface or normalized contact
distance based on the contact distances between the donor and acceptor atoms [25]. The
color code corresponds to the sum of the van der Waals radii distances (red < sum VdWradii;
blue = sum VAW radii; white > sum VdW radii) (Figure 7).

As can be observed in Figure 7, the red regions are located above the amine and methyl
groups and above the chloride atoms. This can be seen most clearly in the interaction
values obtained from the FPPs, where it can be observed that the crystalline packing is
influenced by weak H:--H contacts but with a significant contribution of N---H and Cl.--H
contacts. Figure 8 shows the intermolecular contribution in all the previously identified
metformin complexes [6] and the complexes reported in this study. In all cases, a different
behavior is evident depending on the nature of the complex. The complexes that present
chlorides coordinated to the metal center present a greater amount of halogen interactions.
Meanwhile, the other complexes show more H---H contacts and a strong dependence of
N---H interactions in the crystal packing. This distribution of intermolecular interactions
can give us an idea of how each of the molecules may interact in the presence of a protein
active center, as is shown below.
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Figure 7. Hirshfeld surfaces and fingerprint plots for (a) Met-Co-2 and (b) Met-Cu-2 complexes.

INTERMOLECULAR CONTRIBUTION

EH-Cl(%) DH-N(%) CH-C(%) [H-H (%)
69.1
70 -

601 52.8

Met-Cu-2 Met-Cu-1 Met-Co-2 Met-Co-1 Met-Ni-1 Met-Zn-1

Figure 8. Intermolecular contact values for Met-Cu-1 *, Met-Cu-2 **, Met-Co-1 *, Met-Co-2 **,
Met-Ni-1 * and Met-Zn-1 * complexes. (* Reference [6]; ** this study).

3.3. IR Analysis

The infrared spectra of metformin hydrochloride and its complexes were examined
to confirm the obtained complexes and to verify the coordination modes of the ligand. In
both compounds, the most significant bands of the metformin ligand were observed (see
Supporting Information Figure S1). For Met-Co-2, a wide band at 3466 cm ™! is associated
with the O-H water vibration. The vibrational bands associated with N-H stretching of
the C=N-H and NH, groups were observed at 3180, 3285 and 3353 cm ! for the Met-Cu-2
complex [28,29]. For the Met-Co-2 compound, these two bands overlap with the vO-H
band from the water molecules. Two high intensity broad bands were observed for the
asymmetrical and symmetrical C=N vibrations at 1640 and 1680 cm~! for the Met-Co-2



Crystals 2023, 13,1176

8 of 10

compound, and one band was observed at 1660 cm™~! for the Met-Cu-2 complex [29].
C-N stretching of the amine has been observed in the region between 1070 cm ! and
1226 cm ! [28,29].

3.4. Thermal Stability

Both compounds were analyzed by TGA-DSC analysis in a temperature range of
25-900 °C (see Supporting Information Figure 52). The Met-Co-2 compound presented
an early degradation due to the loss of three water molecules and one metformin ligand
(experimental = 24.8%, theoretical = 24.9%) in a 62-310 °C range. Decomposition of the
complex was observed over 310 °C. The Met-Cu-1 complex presented a thermal stability
up to 245 °C, where the decomposition of the molecule was observed.

4. Conclusions

In this study, two new metformin complexes with Co(Il)/Co(Ill) and Cu(II) were ob-
tained. The complexes are represented by the [Co(Met);][CoCl4]C1-3H,0 and [(Cu(Met)Cl),-
u-Clp] formulae. Met-Co-1 is a complex salt formed by a cationic [Co(Met)3]** and an
anionic [CoCly]?>~ in an octahedral arrangement and a tetrahedral arrangement, respectively.
As far we know, this is the first metformin complex with a Co(II)/Co(III) mixed-valence
metallic center. Met-Cu-2 is a dimeric compound formed by two metallic centers joined by
two chlorides in p-Cl mode forming a shared-edge square pyramid polyhedron configu-
ration. As expected for metformin-derived compounds, the crystal packing is governed
by strong H---N hydrogen interactions and weak Cl---H and H---H interactions, which
results in the formation of the supramolecular structure. Metformin-derived coordina-
tion complexes and their structural and supramolecular analysis are a step forward in
understanding their potential use as drugs.

The synthesis methodology used to obtain the reported compounds was based on the
work previously carried out in our group. A metal-ligand ratio of 1:3 and an excess of base
(NaOH) were used to obtain the Met-Co-2 complex. In this case, the excess base and the
presence of moisture favored the partial oxidation of Co(Il) to Co(Ill) and the formation of
the Met-Co-2 compound. Something similar was observed in the synthesis of the Met-Cu-2
complex, where the use of methanol as solvent and an excess of base favored the formation
of the dimer. These results show that small modifications in the reaction conditions can
lead to the formation of different crystalline phases.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/cryst13081176/s1, Figure S1: IR spectroscopy for Met-Co-2 and
Met-Cu-2 complexes; Figure S2: TGA and DSC analysis for Met-Co-2 and Met-Cu-2 complexes;
Figure S3: Pictures of Met-Co-2 and Met-Cu-2 crystals.
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