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Novel transition metal complexes with the repaglinide ligand [2-ethoxy-4-[N-[1-(2piperi-
dinophenyl)-3-methyl-1-1butyl] aminocarbonylmethyl]benzoic acid] (HL) are prepared from 
chloride salts of manganese(II), iron(III), copper(II), and zinc(II) ions in water-alcoholic me-
dia. The mononuclear and non-electrolyte [M(L)2(H2O)2] �nH2O (M = Mn2+, n = 2, M = Cu2+, 
n = 5 and M = Zn2+, n = 1) and [M(L)2(H2O)(OH)] �H2O (M = Fe3+) complexes are obtained 
with the metal:ligand ratio of 1:2 and the L-deprotonated form of repaglinide. They are charac-
terized using the elemental and molar conductance. The infrared, 1H and 13C NMR spectra 
show the coordination mode of the metal ions to the repaglinide ligand. Magnetic susceptibility 
measurements and electronic spectra confirm the octahedral geometry around the metal center. 
The experimental values of FT-IR, 1H, NMR, and electronic spectra are compared with theo-
retical data obtained by the density functional theory (DFT) using the B3LYP method with the 
LANL2DZ basis set. Analytical and spectral results suggest that the HL ligand is coordinated 
to the metal ions via two oxygen atoms of the ethoxy and carboxyl groups. The structural pa-
rameters of the optimized geometries of the ligand and the studied complexes are evaluated by 
theoretical calculations. The order of complexation energies for the obtained structures is as 
follows:  

Fe(III) complex < Cu(II) complex < Zn(II) complex < Mn(II) complex. 
The redox behavior of repaglinide and metal complexes are studied by cyclic voltammetry re-
vealing irreversible redox processes. The presence of repaglinide in the complexes shifts the 
reduction potentials of the metal ions towards more negative values. 
 
DOI: 10.15372/JSC20160805 
 
K e y w o r d s: metal complexes, repaglinide ligand, synthesis, DFT, electrochemical beha-
vior. 

INTRODUCTION

For more than a decade, considerable attention has been paid to the chemistry of transition metal 
complexes containing nitrogen, oxygen, and other donors [ 1—5 ]. The chemical properties of com-
pounds containing aromatic carboxyls have been extensively investigated because of their strong ten- 
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Fig. 1. Repaglinide ligand (HL) 

 
dency to chelate transition metals. Manganese, iron, copper, and 
zinc are essential trace elements responsible for the functioning of 
many cellular enzymes and proteins [ 6 ]. Repaglinide 2-ethoxy- 
4-[N-[1-(2piperidinophenyl)-3-methyl-1-1butyl]aminocarbonyl-
methyl] benzoic acid (HL) (Fig. 1) is an antidiabetic agent from 

the class of glinides, used for the treatment of patients with type 2 diabetes mellitus [ 7 ]. In this work, 
we report the synthesis and characterization by analytical and spectral methods of novel repaglinide 
complexes with manganese(II), iron(III), copper(II), and zinc(II) and the study of the effect of repag-
linide presence around the metal center on the stability of the complexes as well as its effect on the 
potential redox of the metal ion. DFT calculations are used to evaluate the structural parameters of the 
optimized geometries of the ligand and the studied complexes and confirm their stability by calculat-
ing complexation energies. The electrochemical properties of the ligand and its complexes are investi-
gated in a DMSO solution containing 0.1 M tetrabutylammoniumhexafluorophosphate (nBu4NPF6) as 
supporting electrolyte by cyclic voltammetry.  

EXPERIMENTAL 

Reagents. All chemicals were purchased from commercial sources (Sigma-Aldrich Co., Fluka 
Co.) and used as received without further purification. 

Synthesis of metal complexes. [Mn(L)2(H2O)2] �2H2O. An aqueous solution of MnCl2 �4H2O 
(1 mmol) in bidistilled water (5 ml) was added dropwise to a solution of the HL ligand (2 mmol) in 
absolute ethanol (10 ml) in a 1:2 metal-to-ligand molar ratio. The pH was adjusted to 9 using sodium 
hydroxide (0.1 M). The resulting mixture was stirred for 2 h. One day later, the colored solid formed 
was filtered, washed with ethanol and distilled water, dried at 50 �C, and finally stored in a vacuum 
desiccator. 

[Fe(L)2(H2O)(OH)] �H2O. A solution of FeCl3 �6H2O (1 mmol) in bidistilled water (5 ml) was 
added dropwise to a solution of the HL ligand (2 mmol) in absolute ethanol (10 ml) in a 1:2 metal- to-
ligand molar ratio. The pH was adjusted to 4 using sodium hydroxide (0.1 M). The resulting mixture 
was stirred for 3 h. One day later, the colored solid formed was filtered, washed with ethanol, and dis-
tilled water, dried at 50 �C, and finally stored in a vacuum desiccator. 

[Cu(L)2(H2O)2] �5H2O. The copper (II) complex was synthesized by reacting 5 ml of an aqueous 
solution of CuCl2 �2H2O (1 mmol) with 10 ml of an ethanolic solution of the HL ligand (2 mmol) in a 
1:2 metal-to-ligand molar ratio. The pH was adjusted to 7 using sodium hydroxide (0.1 M). The 
resulting mixture was stirred for 2 h. One day later, the colored solid formed was filtered, washed with 
ethanol and distilled water, dried at 50 �C. and finally stored in a vacuum desiccator. 

[Zn(L)2(H2O)2] �H2O. A solution of ZnCl2 (1 mmol) in bidistilled water (5 ml) was added drop-
wise to a solution of the HL ligand (2 mmol) in absolute ethanol (10 ml) in a 1:2 metal-to- ligand mo-
lar ratio. The pH was adjusted to 8 using sodium hydroxide (0.1 M). The resulting mixture was stirred 
for 3 h. One day later, the colored solid formed was filtered, washed with ethanol and distiller water, 
dried at 50 �C, and finally stored in a vacuum desiccator. 

Physicochemical measurements. Elemental analyses were performed with a Microanalyser Flash 
EA1112 CHNS/O apparatus at the �Centre Régional de Mesures Physiques� at the University of Ren-
nes1, France. Manganese, iron, copper, and zinc were determined using a Solaar Thermo Elemental 
atomic absorption spectrophotometer. Molar conductance values of the complexes in DMSO were 
measured using a JENWAY-4520 conductometer at 25 �C; the solution concentration was 10–3 �mol �L–1. 
Melting points were measured with a BUCHI B-545 capillary melting point apparatus. IR spectra 
(4000—400 cm–1) for KBr disks were recorded on a Perkin Elmer FT-IR spectrometer. 

The 1H and 13C NMR spectra in a DMSO-d6 solvent were recorded in a Bruker Avance DPX 400 
and 100 MHz spectrometer. Chemical shifts are reported in parts per million downfield from tetrame-
thylsilane as the internal reference. The electronic spectra were recorded in DMSO on a Jasco V-530 
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spectrophotometer in the range 190—900 nm. The magnetic measurements were carried out using a 
SQUID magnetometer in a 200—300 K range with an applied field of 10000 G. The electrochemical 
measurements were performed on an EDAQ Model EA161 apparatus Program EChem Version: 2.0.9. 
The cyclic voltammograms were measured at 20 �C under a nitrogen atmosphere using platinum elec-
trodes, SCE as a reference electrode, and tetrabutylammonium hexafluorophosphate (nBu4NPF6, 
0.1 M) as supporting electrolyte. 

Molecular modeling. The geometry of the synthesized complexes in gas was optimized with 
density functional theory (DFT) using Becke�s three parameter hybrid method and the Lee—Yang—
Parr correlation functional (B3LYP) [ 8 ] combined with the LANL2DZ basis set [ 9 ] using the Gaus-
sian 03 program package [ 10 ]. The synthesized complexes were characterized as minima (no imagi-
nary frequency) in their potential energy surface through the harmonic frequency analysis [ 11 ]. 

RESULTS AND DISCUSSION 

Physical measurements. The elemental analysis data of the complexes, given in Table 1, are 
consistent with the calculated results from the empirical formulae of each complex. The results of mo-
lar conductivity measurements suggest that all the synthesized complexes are non-electrolytes [ 12, 
13 ]. The complexes are colored solids, insoluble in water, partly soluble in ethanol and methanol and 
soluble in DMSO and DMF. 

Infrared spectra. The infrared spectra of repaglinide and its metal complexes were recorded in 
the range from 400 to 4000 cm–1. The IR spectra of metal complexes are compared with that of the 
free ligand in order to determine the coordination sites that may be involved in chelation. The infrared 
spectra of the ligand shows peaks at 3307 cm–1 (NH stretching), 2947 cm–1 (CH stretching), and 
1728 cm–1 (C=O stretching). In the infrared spectra of the complexes, bands assigned to NH stretch-
ing, CH stretching, and C=O stretching were identified at 3298—3308, 2936—2942, and 1679—
1728 cm–1, respectively. The band at 1634 cm–1 assigned to the � (C=O) vibration of the COOH car-
boxylic group is present in the ligand and disappears in the complexes, which means the involvement 
of the carboxylic group in the chelation with the metal ion. The asymmetric stretching vibration of the 
carboxylate group as� (COO)–, which appears at 1540, 1568, 1540, and 1548 cm–1 for manganese (II), 
iron(III), copper(II), and zinc(II) complexes, respectively, are absent in the spectral data of the repag-
linide ligand [ 16 ]. The broad bands in the range of 3423—3459 cm–1 are attributed to the presence of 
hydrated water molecules and the bands observed at 842—815 cm–1 are assigned to coordinated water 
molecules, which are confirmed by thermal analysis data. The vibrational assignments were carried 
out also with the support of DFT calculations using the B3LYP method with the LANL2DZ basis set. 
The experimental and theoretical FT-IR spectra of the manganese(II) complex are given in Fig. 2. The 
vibrational assignments are: 1598, 1599, 1596, and 1599 cm–1 respectively, are in very good agree-
ment with the experimental values of the asymmetric stretching vibration of the carboxylate group  
 

T a b l e  1  

Analytical data and some physical properties of the metal complexes 

Exp. (Calc.), % 
Complexes 

C H N M 
Melting 
point, �C Yield, %  

�DMSO,  
�–1 �cm2 �mol–1 

[Mn(L)2(H2O)2] �2H2O 62.55 6.83 5.39 5.61 143 82 12.22
(62.90) (7.57) (5.43) (5.33)    

[Fe(L)2(H2O)(OH)] �H2O 64.56 7.56 5.61 5.72 131 68 7.50
(64.03) (7.41) (5.53) (5.51)    

[Cu(L)2(H2O)2] �5H2O 59.23 7.01 5.20 5.94 140 57 6.82
(59.41) (7.68) (5.12) (5.81)    

[Zn(L)2(H2O)2] �H2O 63.29 7.16 5.49 6.10 205 74 17.20
(64.50) (7.36) (5.57) (6.39)    
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Fig. 2. IR (experimental and DFT) spec-
tra in the 400—4000 cm–1 region for the 
              manganese(II) complex 

 

 
Fig. 3. Structure of the repaglinide ligand with numbering  

of hydrogen and carbon atoms 
 

as� (COO)–. The shift of the (C—O) band towards a higher frequency region in the complexes indi-
cates its involvement in coordination with the metal ion. Its calculated counterpart is between 1201 to 
1248 cm–1 for the metal complexes. The assignment of the proposed coordination sites is further sup-
ported by the appearance of a band at 539—560 cm–1 suggesting the � (M—O) bond. 

1H and 13C NMR spectra. In the 1H NMR spectrum of the zinc(II) complex, the integrated intensi-
ties of each signal were found to agree with the number of different types of protons present in the 
complex (Fig. 3). The 1H NMR spectrum of HL shows a signal due to the presence of the OH proton 
of the carboxylic group at 12.37 ppm in the free HL ligand [ 17 ]. This signal is absent in the 1H NMR 
spectrum of the zinc(II) complex suggesting its coordination to the metal which deprotonates during 
complexation. 

The theoretical 1H and 13C NMR chemical shifts are evaluated also by DFT calculations. They are 
in reasonable agreement with those found experimentally. 1H and 13C NMR data confirm the coordina-
tion mode of repaglinide as reported previously in the IR study. The measured chemical shifts of all 
hydrogen and carbon atoms for the spectra of the Zn(II) complex are listed in Table 2. 

Electronic spectra and magnetic moments. The electronic absorption spectra of the synthesized 
metal complexes were recorded in DMSO in the range 200—1000 nm, showing two bands that are 
due to intraligand transitions (n 	 
* and 
 	 
*) [ 18 ], at the range 26.100—34.843 cm–1. 

The manganese complex in the DMSO solution shows a band at 23148 cm–1 due to the metal—
ligand charge transfer transition. The magnetic moment of this complex is �eff = 4.96 �B, which indi-
cates the presence of the Mn(II) complex in the octahedral structure [ 19, 20 ]. The electronic spectrum 
of the iron complex displays two bands at 20366 and 13736 cm–1, which may be assigned to the 
6A1g 	 T2g and 6A1g 	 5T1g transitions, indicating the octahedral geometry around the Fe(III) ion [ 21 ]. 
The calculated 2 1/� �  ratio is 1.48, suggesting an octahedral environment around the Fe(III) ion. The 
calculated crystal field parameters of this complex are 10 Dq = 13736 cm�1 and B = 214 cm�1. The  
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T a b l e  2  
1H and 13C NMR data of the zinc(II) complex 

No. of  
hydrogen  

atoms 

1H chemical  
shift �, ppm

No. of  
hydrogen  

atoms 

1H chemical 
shift �, ppm

No of 
carbon 
atoms 

13C chemical  
shift �, ppm 

No of  
carbon  
atoms 

13C chemical  
shift �, ppm 

H56 0.76 (0.6298) H60 3.47 (2.5547) C8 15.23 (8.2091) C3 127.70 (123.53) 
H55 0.76 (0.713) H32 3.08 (2.7222) C20 22.22 (17.1025) C36 126.50 (124.049)
H52 0.74 (0.850) H23 3.08 (2.8077) C50 25.32 (17.5175) C10 127.80 (124.852)
H57 0.76 (0.8671) H59 3.47 (2.8246) C54 26.79 (19.4668) C9 130.83 (130.394)
H65 1.36 (1.0295) H29 3.08 (3.1171) C47 39.59 (20.5518) C11 139.73 (133.285)
H51 0.74 (1.0537) H24 3.40 (3.5316) C19 39.79 (22.1292) C34 140.93 (134.961)
H25 1.54 (1.5054) H64 4.98 (5.31) C21 40 (23.8497) C33 151.96 (148.554)
H27 1.68 (1.5312) H58 5.41 (5.5037) C13 40.21 (36.4849) C4 157.06 (149.681)
H53 0.74 (1.5416) H44 6.89 (6.1055) C45 40.42 (39.5139) C2 169.53 (170.732)
H30 1.68 (1.6262) H38 7.13 (7.5597) C22 54.42 (50.7651) C14 172.54 (171.673)
H66 1.36 (1.7313) H42 6.77 (7.5906) C43 54.69 (51.4816)   
H49 1.54 (1.8271) H41 7.03 (7.6747) C18 54.42 (55.1463)   
H46 1.48 (1.8783) H62 7.15 (7.7816) C7 54.97 (74.4972)   
H48 1.59 (1.9064) H40 7.30 (7.9629) C35 64.56 (118.001)   
H67 1.36(2.0015) H61 6.89 (7.9849) C12 114.83 (119.756)   
H26 1.68 (2.23) H63 7.49 (8.4026) C39 120.92 (119.786)   
H31 1.68 (2.2973) H68 3.98 (3.7775) C37 124.43 (121.944)   
H28 3.08 (2.4236)       

 
 

 

Found: experimental; (calc.): calculated by DFT. 
 
obtained value of the parameter  (0.24) indicates a moderate covalent character for the metal—ligand 
bond. The magnetic susceptibility measurement value for the iron complex is 5.83 �B. The electronic 
spectrum of the copper(II) complex displays a band at 13550 cm–1 which is assignable to the 
2B1g	2B2g transition. [ 22 ]. Its magnetic moment value of 1.88 �B, is characteristic of an octahedral 
configuration around the copper(II) atom. The Zn(II) complex showed an absorption band in the re-
gion of 32154 cm–1 due to the ligand—metal charge transfer, which corresponds to all paired electrons 
[ 23 ]. This complex is diamagnetic and is likely to be octahedral. 

Theoretical wavelengths (�) are also calculated using the DFT method at the B3LYP/LanL2DZ 
level and are in reasonable agreement with the experimental results of the UV-Vis spectral data. 

Molecular modeling. Geometry optimization. To obtain the molecular conformation of the com-
plexes, energy minimization studies were carried out using DFT calculations. 

Repaglinide ligand. The structural parameters of the optimized geometry of the repaglinide ligand 
are obtained from DFT-B3LYP calculations. The calculated parameters are informative and the data 
are drawn to give the optimized geometry of the molecule (Fig. 4). 

The O1—C2 bond distance is 1.390 Å and the O1—C2—C3 bond angle (115.6�) reflects the sp2 
hybridization of C2. The O1—C2—C3—C4 dihedral angle (4.7�) indicates that O1 and C4 occupy the 
cis configuration. The value of 177.2� of the O6—C2—C3—C4 dihedral angle is evidence that the 
four atoms are not in the same plane. Fig. 5 shows the contour plots of the selected molecular orbitals 
of repaglinide. The highest occupied molecular orbital (HOMO) density is distributed over the 
piperidinophenyl group, N16, H58, and O15 atoms, while HOMO-1 covers benzoic acid and the eth-
oxy group. The lowest unoccupied molecular orbital (LUMO) level is localized over benzoic acid, the 
C13 and O15 atoms and LUMO+1 covers the phenyl group. 
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Fig. 4. Molecular structure of the HL ligand 
 

 
 

Fig. 5. Contour plots of some selected molecular orbitals of the repaglinide ligand 
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Fig. 6. Octahedral form of the Mn(II) complex 
 

 
 

Fig. 7. Octahedral form of the Fe(III) complex 
 

Repaglinide complexes. Bond length and bond angle calculations. The geometry has been opti-
mized in the octahedral form for all the synthesized complexes. Each geometry optimization was com-
pleted by a calculation of harmonic vibrational frequencies to confirm the most stable geometry. Se-
lected bond distances, bond angles, and dihedral angles for the manganese(II), iron(III), copper(II), 
and zinc(II) complexes (Figs. 6, 7) are listed in Table 3. When the bond lengths in the synthesized 
complexes are compared with those in the free repaglinide ligand, it is seen that coordination elongates 
the O5a—C7a bond from 1.481 to 1.500—1.507 Å for the synthesized complexes and contracts the 
O1a—C2a bond from 1.390 to 1.334—1.345 Å. These changes in bond lengths are attributable to the 
stabilization of the synthesized complexes upon complexation via loss of the COOH proton. 

In the ML complexes (M = Fe(III) and Cu(II)), the M—O1a bond lengths are 2.016 and 1.937 Å 
respectively. They are shorter than Zn—O1a and Mn—O1a bond lengths of 2.024 and 2.076 Å. The 
Fe—O1a bond length is longer than Fe—O1b by 0.086 Å. Also, it is found that the Mn—O5b and 
Fe—O5b bond lengths of 2.260 and 2.191 Å are longer than Mn—O5a and Fe—O5a bond lengths of  
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T a b l e  3  

Calculated structural parameters of the synthesized complexes 

Parameters Mn(II)  
complex 

Fe(III)  
complex 

Cu(II)  
complex 

Zn(II) 
complex Parameters Mn(II) 

complex
Fe(III)  

complex 
Cu(II)  

complex 
Zn(II) 

complex

Bond length, Å Bond angles, deg. 
M—O1a 2.076 2.016 1.937 2.024 O1a—M—O1b 179.1 156.1 179.6 178.8 
M—O1b 2.076 1.930 1.937 2.023 O5a—M—O5b 178.5 171.8 178.9 178.2 
M—O5a 2.255 2.122 2.113 2.184 O13a—M—O13b 179.8 164.2 179.9 179.7 
M—O5b 2.260 2.191 2.126 2.187 O5a—M—O1a   79.8   81.9   85.5   82.2 
M—O13a 2.254 1.845 2.354 2.180 O5b—M—O1b   79.5   82.6   85.0   81.8 
M—O13b 2.261 2.256 2.350 2.190 O5a—M—O1b 101.4 101.9   94.1   96.8 
O1a—C2a 1.335 1.345 1.342 1.334 O5b—M—O1a   99.4   90.9   95.4   99.3 
O1b—C2b 1.334 1.340 1.340 1.332 O5a—M—O13a   86.6   95.1   85.8   86.4 
O5a—C4a 1.428 1.424 1.425 1.427 O5b—M—O13b   86.0   83.5   85.5   85.9 
O5b—C4b 1.429 1.428 1.427 1.429 O5b—M—O13a   93.5   91.7   94.4   94.2 
O5a—C7a 1.500 1.507 1.504 1.500 O5a—M—O13b   93.5   91.2   94.1   93.5 
O5b—C7b 1.500 1.513 1.505 1.500      

 

Dihedral angles, deg. 
O1a—M—O5a—C4a 56.1 53.8 54.6 55.2 C2b—C3b—C4b—O5b 4.6 7.1 3.7 4.8
O1b—M—O5b—C4b 56.0 47.9 55.1 55.3 C3a—C4a—O5a—C7a 88.6 106.8 91.2 92.1
M—O1a—C2a—C3a 1.1 5.0 2.0 1.2 C3b—C4b—O5b—C7b 86.7 93.7 88.0 90.2
M—O1b—C2b—C3b 0.3 9.1 4.9 0.3 C4a—O5a—C7a—C8a 83.4 98.0 81.4 81.5
O1a—C2a—C3a—C4a 28.6 21.3 24.8 27.3 C4b—O5b—C7b—C8b 82.2 89.2 78.0 82.5
O1b—C2b—C3b—C4b 28.1 25.7 23.5 26.7 C9a—C3a—C4a—C12a 3.8 4.1 3.8 4.1
C2a—C3a—C4a—O5a 4.3 4.4 3.5 4.5 C9b—C3b—C4b—C12b 3.7 4.0 3.6 3.9

 
2.255 and 2.122 Å, while the Cu—O13b bond length is shorter than Cu—O13a by 0.004 Å. These re-
sults indicate that the coordination geometry around the metal center is a distorted octahedron. 
[ 24, 25 ]. The O1a—M—O1b and O5a—M—O5b bond angles deviate from linearity (180�) for the 
complexes, indicating a distortion in the basal plane around these metal ions. The calculated M—
O1a—C2a—C3a and M—O1b—C2b—C3b dihedral angles of 0.3—9.1 Å show a cis configuration of 
both metal—C3a and metal—C3b. Mn(II), Fe(III) Cu(II), and Zn(II) complexes are stable in the octa-
hedral environment. 

Molecular parameters. The molecular parameters: total energy, dipole moment, Mulliken charge, 
HOMO, LUMO, and energy gap were calculated and presented in Table 4. The minimized energies of 
Mn(II), Fe(III), Cu(II), and Zn(II) octahedral complexes decrease in the following order: 
Zn(II) complex > Mn(II) complex > Fe(III) complex > Cu(II) complex. 

The dipole moment is the indicator of the symmetry of the molecules. The Fe(III) complex hav-
ing the dipole moment value of 3.0 D is the lowest symmetrical complex compared to the other com-
plexes. 

The Mulliken charge is related to the electron density and is a very useful descriptor in under-
standing sites for the electrophilic attack and the nucleophilic reaction. The manganese, copper, and 
zinc valence in their complexes is 2+ and 3+ for complexed iron while the net charges of these metals 
are +0.787 e, +0.834 e, and +1.046 e, respectively for Mn(II), Fe(III), and Zn(II). The net charge of 
copper is lowest (+0.473 e), showing that the metal center in the studied complexes obtained part of 
electrons from ligand donor atoms. These results show that the covalent character of metal-ligand 
bonds decreases in the following order: Cu(II) complex > Mn(II) complex > Fe(III) complex > Zn(II) 
complex. The net charges of donor atoms (Table 4), confirm the electron transfer to metal ions. 
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            T a b l e  4  

Some energy properties of the synthesized complexes  

Parameters Mn(II) complex Fe(III) complex Cu(II) complex Zn(II) complex 

Energy, a.u. –3177.2632 –3196.1186 –3269.3990 –3138.8974 
Dipole moment, Debye 0.4 3.0 1.0 0.7 
Charge of Mulliken, e:     

 M   0.787   0.834   0.473   1.046 
 O1a –0.555 –0.529 –0.501 –0.589 
 O1b –0.553 –0.473 –0.502 –0.586 
 O5a –0.461 –0.476 –0.437 –0.484 
 O5b –0.460 –0.459 –0.434 –0.484 
 O13a –0.748 –0.701 –0.716 –0.771 
 O13b –0.747 –0.721 –0.716 –0.770 

HOMO, eV –5.938 –5.853 –6.024 –6.019 
LUMO, eV –1.294 –3.514 –3.512 –1.315 
�E, eV   4.644   2.339   2.512   4.704 

 
The frontier orbitals HOMO and LUMO are very important parameters for the chemical reaction 

and take part in chemical stability [ 26—28 ]. The transitions can be described from HOMO to LUMO 
which determine the molecular electron transport properties. Fig. 8 shows the energy levels of HOMO 
and LUMO for the iron(III) complex. 

For the manganese complex, the HOMO density is distributed over the metal, coordination water, 
COO–, and the ethoxy group while the LUMO density covers the ethoxy and benzoic acid groups. 

For iron, copper, and zinc complexes, HOMO is localized on the piperidinophenyl group. 
The LUMO density covers iron, H2O, and OH for the iron complex; copper, COO–, H2O, and the 

ethoxy group for the copper complex, and benzoic acid for the zinc complex. 
Higher HOMO energy values show that the molecule is a good electron donor and LUMO pre-

sents the ability of a molecule for receiving electrons. 
Binding energies and stability. The complexation energy or binding energy Ecomplexation is esti-

mated by the energy difference between the optimized complex Ecomplex and the single point energy of  
 

 
 

Fig. 8. Frontier molecular orbitals HOMO and LUMO of the iron(III) complex 
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T a b l e  5  

Complexation energies (Kcal/mol) for the  
studied complexes obtained at the DFT level 

Complex Ecomplexation, Kcal/mol 

Mn(II) complex   –645.57 
Fe(III) complex –1440.22 
Cu(II) complex   –715.87 
Zn(II) complex   –673.98 

 
 
 
 

isolated metal Emetal (metal = Cu(II), Mn(II), Fe(III), and Zn(II)) and linking metal groups (L = anion 
ligand, H2O, and/or OH–) in the optimized complex, in the gas phase [ 29, 30 ]. The calculation of 
binding energies for various coordination complexes is performed as follows: 

complexation complex metal L( ).E E E E� � � �  
The most stable complex corresponds to the greatest negative value of the complexation energy. 

Table 5 presents the complexation energies for the studied complexes. As can be observed, the 
order of complexation energies for the obtained structures is as follows: Fe(III) complex < Cu(II) 
complex < Zn(II) complex < Mn(II) complex. 

Electrochemical behavior. Cyclic voltammetry was carried out on a 103 M solution of the com-
pounds in DMSO, containing 0.1 M tetrabutylammonium hexafluorophosphate (TBAPF6) as support-
ing electrolyte. The redox properties of the repaglinide ligand and Mn(II), Fe(III), Cu(II), and Zn(II) 
complexes have been studied in the DMSO solution at a platinum electrode, within a potential range 
from 1.5 to –1.5 V. The potentials were measured versus the saturated calomel electrode. 

The cyclic voltammetry study of the complexes shows irreversible redox processes for all pro-
ducts. The frontier orbital LUMO for the repaglinide ligand is distributed over benzoic acid. This is 
proved by the appearance of a reduction wave at Epc = –0.57 V and an oxidation peak at –0.26 V in the 
ligand voltammogram. The obtained reduction in the voltammogram of Mn(II)L may be attributed to 
the Mn(II)/Mn(I) system at Epc = –1.04 V and Epa = –0.71 V. For the iron complex, LUMO is distri-
buted over the metal center, which leads to an easier reduction for metal, therefore its voltammogram 
presents a first electrochemical process Fe(III)/Fe(II) at Epc = –0.73 V and Epa = 0.45 V. and a second 
process at Epc = –0.91 V and Epa = –0.70 V corresponding to the reduction of the ligand coordinated to 
the metal atom. 

For the copper complex, LUMOs are distributed near the metal center allowing its easy reduction 
when it is coordinated to the repaglinide ligand. The copper complex has a cathodic peak at Epc = 
= –0.95 V and an anodic one at Epa = –0.75 V, corresponding to Cu(I)/Cu(0) reduction (Fig. 9). The 
second reduction Cu(II)/Cu(I) appears at Epc = 0.07 V with Epa = 0.84 V. The oxidation peak at 1.06 V 
is due to the oxidation of Cu(II) to Cu(III) in the copper complex [ 31 ]. 

The comparison of the redox data of the repaglinide ligand and the zinc complex implies that the 
first reduction process corresponds to the repaglinide ligand, Epc = –0.26 V and Epa = –0.024 V. The 
second reduction process is attributed to the metal center reduction Zn(II)/Zn(I), which is observed at 
Epc = –0.60 V. 

The presence of the repaglinide ligand in the complexes shifts the reduction potentials of the 
metal ions towards more negative values. It could be concluded that the complexation of metals stabi-
lises degree (II) for manganese, copper and zinc, and degree (III) for iron. 

CONCLUSIONS 

In the present study we have synthesized novel manganese(II), iron(III), copper(II), and zinc(II) 
complexes of repaglinide, which were characterized by several spectrometric methods. Spectral cha-

 
Fig. 9. Cyclic voltammogram of the copper(II) 

complex in 0.1 M TBAPF6 in DMSO at 
100 mV/s under N2 
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racterizations show that the coordination number of Mn(II), Fe(III), Cu(II), and Zn(II) ions is six and 
they have a distorted octahedral geometry. The comparison between the experimental and theoretical 
results indicates that the B3LYP/LANL2DZ density functional method is able to provide satisfactory 
results to predict the structural parameters. 

The experimental FT-IR, UV-Visible spectra for all the complexes and 1H and 13C NMR for 
Zn(II)L are in reasonable correlation with the theoretical data (DFT). 

The stability sequence observed for the studied complexes is: Fe(III) > Cu(II) > Zn(II) > Mn(II). 
The HOMO-LUMO energy gap suggests the eventual charge transfer interactions taking place 

within the synthesized complexes. The redox behavior was explored by cyclic voltammetry based on 
the metal-centered reduction for all complexes. The reduction/oxidation potential depends on the 
structure and conformation of the central atom in the coordination compounds. The repaglinide ligand 
stabilise its complexes in the distorted octahedral geometry around the metal center. 
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