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Abstract: The metal(Il) ion complexes of a pentadentate macrocycle 1, namely
3,12-dioxa-6,9,18-triazabicyclo[12.3.1]octadeca-1(18),14,16-triene-2,13-dione
are synthesized. This macrocycle is prepared from the reaction of dipotassium
salt of 2,6-pyridinedicarboxylic acid with ethylenediamine and 1,2-dibromo-
ethane. The reaction of 1 (L) in methanol with MCl,.xH,O gave complexes
with the general formula [M(L)Cl,] (where M= Ni(II) 2, Cu(Il) 3 and Zn(II) 4,
respectively). The analysis of IR, 'H- and "“C-NMR spectral data of all
complexes propose that 1 is bonded to metal(Il) ions through a nitrogen atom
of pyridine ring, two nitrogen atoms of amine groups and two oxygen atoms of
ester moieties. The thermal analysis indicated that there are no water molecules
of hydration or coordinated in the structure of the complexes. Among these
complexes, the Cu(Il) 3 complex demonstrated good antibacterial and antifun-
gal activities. The molecular geometry, AIM atomic charge and frontier mole-
cular orbitals of the compounds are investigated theoretically using DFT
method. Based on the theoretical data of these complexes represented, a bipyr-
amidal pentagonal arrangement can be envisaged in such a way that the N;0O,
pentadentate donor sites form the planar pentagonal base of the bipyramid and
the two Cl atoms occupy the vertexes.

Keywords: macrocycle ligand; pyridinedicarboxylic acid; thermal analysis;
molecular modeling; DFT calculation; antimicrobial studies.

INTRODUCTION

Macrocycles can be defined as cyclic organic framework with several pot-
ential donor atoms which surround a central metallic ion as a coordination center.
Macrocycles have received a continuous and prolonged attention due to their
wide applications as catalysts, optic and magnetic materials.'”

The various roles performed by the naturally occurring macrocycles in bio-
logical systems are well known. The synthesis of macrocycle complexes is very

* Corresponding author. E-mail: sayedalinaghitaheri@yahoo.com
doi: 10.2298/JSC161206039S

665



666 SOLEIMANI, TAHERI and SARGOLZAEI

important due to their application as dyes, pigments, and MRI contrast agents.*’
Some macrocycle complexes have been reported to display antifungal, antibac-
terial and anti-inflammatory activities.®’

A series of macrocycle complexes of Cd(Il), Zn(II), Cu(Il), Ni(II) and Co(II)
obtained from the condensation reaction of 2,6-diaminopyridine and isatin has
been investigated.® These complexes displayed significant antibacterial activity
against some selected bacterial strains.

Abdallah and co-workers synthesized tetradentate macrocycle ligand and its
complexes of N,O, donor atoms with Fe(IIl) and Cr(IIl) ions.” Their studies
cover the thermal and antimicrobial behaviour of the complexes. Thermal ana-
lysis indicated that all complexes have low stability due to the hydration water.
All compounds demonstrated an outstanding biological activity against some
bacteria (S. aureus and E. coli) and fungi (C. albicans and A. flavus).

Some other macrocycle complexes of Co(II), Ni(Il), Cu(Il) and Zn(II) have
been synthesized from condensation of glyoxal and L-leucine in ethanol.'” The
fluorescence and absorption spectroscopic studies indicated that all the
complexes display a significant binding to calf thymus DNA.

Mohamed and co-workers prepared tridentate macrocycle and its Mn(Il),
Fe(III), Co(I), Ni(II), Cu(Il) and Zn(II) complexes from triazine ligand with
NNO donation sites towards metal ions.'"" The coordination sites of triazine
ligand namely the two nitrogen atoms and oxygen atom are useful as they will
form a cavity to bind the metal ions. Therefore they can be used as analytical
reagents for determination of metal ions. The triazine ligand and all its com-
plexes are found to have biological activity against the desert locust Schistocerca
gregaria (Orthoptera, Acrididae). The thermal analysis showed neither water
molecules of coordination nor hydration in the structure of these complexes.

The macrocycle complexes of Co(Il), Ni(Il), Cu(Il) and Zn(Il) prepared
from the condensation of carbohydrazide and isatin has been investigated .’
These complexes displayed excellent antibacterial behaviour against some
pathogenic bacteria.

The synthesis and characterization of a new series of macrocycle complexes
have also been reported through template condensation reaction of 1,8-
diaminonaphthalene and dimedone in presence of divalent transition metal ions."
The in vitro antimicrobial tests of these complexes showed some notable anti-
bacterial activity against the Gram-positive (S. aureus and B. subtilis) bacteria
and yeast (C. albicans).

Pyridinedicarboxylate can be an important starting material for producing
macrocycle ligand owing to its ability to form strong covalent bonds. The non-
-adjacent positions of the two carboxylic acid groups on the aromatic ring in
pyridinedicarboxylate leads to either an oligomer or a polymeric chain structure.
The nitrogen atom of the pyridine may also act as a potential site for coordin-
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ation.'* An excellent feature of these macrocycles is their multifarious biological
activity."” They are present in many natural products, as an oxidative degradation
product of vitamins, coenzymes and alkaloids, and are also an important compo-
nent of fulvic acids. Pyridinedicarboxylate complexes of iron are well known
electron carriers in various biological models and are diagnosed as specific mole-
cular tools for DNA splitting.'®

In continuation of our previous work,'”'* and due to versatile biological and
chemical properties of macrocycle complexes derived from 2,6-pyridinedicar-
boxylate, we are reporting the synthesis and characterization of a new macro-
cycle derived from the reaction of this dicarboxylate with 1,2-dibromoethane and
ethylenediamine, together with its complexes of three metal(Il) ions. These com-
plexes were also screened for their antimicrobial activity against some bacteria
and fungi.

The thermal analyses were carried out in an inert atmosphere of nitrogen gas.
Thermo-gravimetric studies of macrocycle and its complexes were performed to
obtain information about their thermal stability, and to decide about the presence
of the water molecules and the decomposition steps of their structures. Moreover,
the thermal analysis technique that provides extremely sensitive measurements of
heat changes can be applied widely in pharmaceutical development.

The theoretical studies of molecular and electronic structures of the macro-
cycle and its metal complexes have also been carried out. Molecular orbital cal-
culations were conducted by density functional theory (DFT) at B3LYP level
with standard 6-31G(d,p) and LANL2DZ basis sets. The calculations were per-
formed to obtain the optimized molecular geometry, charge density distribution,
highest occupied molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO) of the macrocyclic ligand and its complexes.

EXPERIMENTAL

Phosphorus pentoxide (Aldrich), DMSO (Aldrich), NiCl,-6H,0, CuCl,2H,0O and
ZnCl,-2H,0 (Merck), methanol (Merck), 2,6-pyridinedicarboxylic acid (Aldrich), 1,2-dibro-
moethane (Merck), ethylene diamine (Merck) and potassium were used as received.

Physical and spectral measurements

The 'H- and "C-NMR spectra were recorded in DMSO on a Brucker AV300 NMR spec-
trometer with the TMS as an internal reference. The elemental analyses were performed on a
Heraeus Carlo Erba 1108 elemental analyzer. The electronic spectra (10~ mol dm™ in DMSO)
were obtained with a Shimadzu UV-160 spectrophotometer. The IR spectra (4000-400 cm™)
were recorded on a Perkin-Elmer model 377 spectrometer using KBr pellets. Magnetic sus-
ceptibility measurements were done with a 155 Allied Research vibrating sample magneto-
meter at room temperature. Molar conductivities (10~ mol dm™ in DMSO) were measured
with CMD 8500 laboratory conductometer. Melting points were measured using an electro-
thermal Buchi 512 melting point apparatus. The metals were determined by spectrophoto-
metric method using an AA-670 Shimadzu atomic absorption flame emission spectrophoto-
meter. Thermal analyses (TG and DTG) were carried out on a SDT Q 600/V8.3 build 101
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thermal analyzer with a heating rate of 10 °C/min using N, atmosphere (20 mL/min). The

samples were heated up at atmospheric pressure in a temperature range of 25-800 °C.
Physical and spectral data of the compound are given in Supplementary material to this

paper.

Synthesis of macrocycle 1

Methanolic solution of potassium (0.276 g, 12 mmol; 5 mL) was added to the solution of
2,6-pyridinedicarboxylic acid (1.060 g, 6 mmol; 30 mL). The solution was refluxed for 2 h
until a pale yellow solution was obtained. Then a solution of 1,2-dibromoethane (2.256 g, 12
mmol; 10 mL methanol) was added slowly to this solution. A white precipitate forms imme-
diately which dissolves and gives a clear solution on further refluxing for 4 h. Ethylenedi-
amine (0.360 g, 6 mmol) was added, and was further refluxed for 6 h to ensure the completion
of the reaction. On cooling the solution, a white precipitate was obtained. It was filtered,
washed with methanol and dried over P40, in vacuo to give (1.473 g, 88 %) of macrocycle 1.
Elemental analysis, found % (calculated %): C 56.07 (55.91), H 5.88 (6.09), N 15.27 (15.05).
The molecular formula compatible with this analysis is (C;3H;7N30,). The compound was
decomposed at 234 °C.

Synthesis of the Ni(Il) complex 2

The macrocycle (L) 1 (530 mg, 2 mmol) was dissolved in 15 mL of hot methanol. A
solution of NiCl,-6H,0 (475 mg, 2 mmol) in the same solvent (20 ml) was then gradually
added to the solution of 1 with stirring to obtain an immediate precipitation accompanied by a
visible color change. The mixture was then refluxed for a further 8 h on a hot plate to ensure
the completion of the reaction. The green precipitate was then filtered off, washed with meth-
anol and dried over P,O4 in vacuo to give (695 mg, 85 %) of complex 2. Elemental analysis,
found % (calculated %): C 38.33 (38.17), H 4.04 (4.16), N 10.12 (10.27), Ni 14.14 (14.36). Its
molecular formula was suggested to be (C;3H;7C1,NiN;0,), and was decomposed at 261 °C.

Synthesis of the Cu(Il) 3 and Zn(Il) 4 complexes

The same procedure as explained above, was used for the synthesis of the Cu(Il) 3 and
Zn(I1) 4 complexes.

The Cu(Il) complex 3 was obtained as a blue precipitate with a yield of 86 %. Elemental
analysis, found % (calculated %): C 37.93 (37.73), H 4.02 (4.11), N 10.02 (10.16), Cu 15.19
(15.37). Its molecular formula was suggested to be C;3H;7;Cl,CuN;0,, and was decomposed at
251 °C.

The Zn(II) complex 4 was obtained as a yellow pale precipitate with a yield of 80 %.
Elemental analysis, found % (calculated %): C 37.93 (37.59), H 4.02 (4.09), N 10.02 (10.12),
Zn 15.19 (15.66). Its molecular formula was suggested to be C;3H;;Cl,ZnN;0,, and was
decomposed at 297 °C.

Biological activity monitoring

The antifungal and antibacterial activities of 1 and its complexes were examined in vitro
against two fungi (S. cerevisiae and C. albicans) and two Gram positive (B. subtilis and S.
aureus) and two Gram-negative (E. coli and P. aeruginosa) bacteria by the disc diffusion
method. Nystatin and ofloxacin were used as standards for comparison of the antifungal and
antibacterial activities, respectively.

The test organisms were grown on nutrient agar for antibacterial and potato dextrose agar
medium for antifungal in Petri dishes. The compounds were prepared in DMSO and soaked in
a filter paper disc of 5 mm diameter and 1.0 mm thickness. The discs were placed on the pre-
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viously seeded plates and incubated at 37 °C and the diameter of inhibition zone around each
disc was measured after 72 h for antifungal and 24 h for antibacterial activities. All experi-
ments were performed as triplicate.

Computational details

Full-unconstrained geometry optimizations of 1 and its complexes were carried out at
gradient corrected DFT using Becke’s three parameter hybrid method and the Lee—Yang—Parr
correlation functional (B3LYP) combined with 6-31G(d,p) and LANL2DZ basis sets using
GAUSSIAN 03W in gas phase."” ' The studied complexes are characterized as minima (no
imaginary frequency) in their potential energy surface.

Molecular frontier orbitals: HOMO and LUMO, and the optimized structures were pro-
jected with Gaussian view.”” Using HOMO and LUMO orbital energies, the ionization energy
and electron affinity can be expressed as: IE = —Eyonmo, EA = —Epymo, respectively. The hard-
ness, 77 and chemical potential, 4 were described by the following relations: # = (/E-EA4)/2 and
u=—(IE+EA)/2, respectively.” Electronegativity can be expressed as: y = —u.

RESULTE AND DISCUSSION

The macrocycle 1, namely, 3,12-dioxa-6,9,18-triazabicyclo[12.3.1]octadeca-
-1(18),14,16-triene-2,13-dione, was synthesized by the method described in our
previous works.'™"® First, the dipotassium salt of 2,6-pyridinedicarboxylic acid
was produced from its reaction with potassium methoxide. The interaction of this
dipotassium salt with 1,2-dibromoethane in methanolic solution, subsequently
produces bis(2-bromoethyl)-2,6-pyridinedicarboxylate intermediate which reacts
further with ethylenediamine to give the macrocycle 1 (Scheme 1).

0
COOK
1) BrCH,CH,Br o
HN
/ N\ CH,0H / N\
N + —_— N
[ N o HN
2) NH,CH,CH,NH,
COOK N/
o

Scheme 1. Reaction for preparation of the macrocycle 1.

Secondly, the complexes were synthesized from the reaction of 1 (L) with
MClL,.xH,0 in MeOH, giving the compounds that have the general formula
[M(L)CL;] (where M = Ni(II) 2, Cu(Il) 3 and Zn(II) 4, respectively, Scheme 2).

Unfortunately, our attempts to obtain single crystals of all the complexes
have not been successful. Therefore 1 and its complexes were characterized on
the basis of magnetic susceptibility measurement, electronic spectra data, 'H and
BC-NMR, and IR spectra, elemental and thermal analyses.

The molar conductance of complexes 2—4 were obtained to be 27, 35 and 23
Q' cm® mol ™, respectively. This revealed that all of the three complexes are
non-electrolyte.”* So based on elemental analysis and molar conductance data, all
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complexes have [M(L)Cl,] formula in which two chloride ions are placed on
coordination layer.

0 Cl
0/_ "\ H
N
MCl,.XH,0 / N N ]
—_—_— N —M
. PR
M= Ni, Cu, Zn o N
./ H
0 Cl

Scheme 2. Reaction for preparation of the complexes [M(L)Cl,], and its formula structure.

A single sharp band was observed at 3245 cm™' in IR spectrum of 1 that can
be assigned to stretching of V(N—H) secondary amine vibration,” although its
position was found to be lower by 20-30 cm ' in its complexes. This behavior
suggests that nitrogen atom of the secondary amines coordinated to the metal(Il)
ions.”* A medium band was observed at 1598 cm ' which was attributed to
stretching of v(C=N) of the pyridine ring. This band was shifted to lower fre-
quencies at 1582, 1580 and 1583 cm ™' in complexes 2—4, respectively. This obs-
ervation means that nitrogen atom of the pyridine ring takes part in coor-
dination.””** The band at 1275 cm ' due to v(C—O) of the ester group of 1 that
was shifted to lower frequencies at 1258, 1260 and 1262 cm™' in complexes 24,
respectively. This suggests that the oxygen atom of the ester groups are also
coordinated to metal(IT) ions.”” These facts are further supported by the appear-
ance of new bands at around 475 and 459 cm ' in all complexes, which were
attributed to the v(M—0) and v(M-N) stretching vibrations, respectively.”®

The two strong bands at 1720 and 1685 cm ' due to asymmetric and sym-
metric frequencies of v(C=0) in 1, were observed to shift to 1715-1725 and
1678-1685 cm ' in the spectra of the complexes 24, respectively.” Since no
considerable change were observed for v(C=0) of 1 and its complexes, it was
concluded that the oxygen atoms of the carbonyl in the carboxylic group were
not involved in the coordination to the metal ions.

The 'H-NMR spectrum of 1 displayed a triplet (1H, H) and a doublet (2H,
H’, HY of relative intensities 1:2 centered at 8.18 and 7.86 ppm, which is in good
agreement with the protons of the pyridine ring.*'

Two sets of peaks were observed as triplets at 3.82 ppm (4H, H”, H') and
2.64 ppm (4H, H®, H") which correspond to CH, protons adjacent to the nitrogen
atoms (—CH,N) and the oxygen atoms (—CH,O) in the macrocycle ring, respec-
tively. The singlet peak at 3.41 ppm (4H, H', H") is due to the -NCH,~CH,N—
moiety of 1.2 These peaks were all changed slightly in 4 which indicates that the
oxygen and nitrogen atoms attached to CH, participate in coordination with the
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metal ions. A broad signal obtained at 4.82 ppm (2H) is due to the N—H proton of
secondary amine group of 1 which shifts in coordination with Zn(II) ion.”

These are confirmed by the *C-NMR spectra, which show seven signals for
the 13 carbon atoms of 1 skeleton. The *C-NMR spectrum of 1 displayed two
resonances due to two different carbons of the methylene groups at 75.66 ppm
(C%, C™) adjacent to the oxygen (O—CH,) and at 63.83 ppm (C”, C') adjacent to
the nitrogen atom (N—CH,).** These resonances were shifted up-field to 71.24
and 58.76 ppm in 4, respectively, which indicates coordination of oxygen and
nitrogen donor atoms to the M(II) ions. The resonances of the two equivalent
methylenes of the ethylenediamine moiety of 1 appear at 48.72 ppm (C', Ck).35
This peak is shifted to 45.25 ppm in 4. The shielding effects on this signal in 4
suggest coordination of nitrogen donor atoms of the macrocycle ring to M(II) ions.

The peaks obtained at 124.68 ppm (C°), 136.26 ppm (C”, C% and 155.12
ppm (C“, C°) of 1 were attributed to three types of carbons of pyridine ring,**~’
and also the peak at 176.38 ppm (C/, C") is due to carbon of the carbonyl of the
ester groups.”® Carbon signal adjacent to the nitrogen atom of pyridine ring (C,
C°) changed slightly in its position in the spectrum of 4. Therefore, this may be
attributed to participation of the nitrogen atom of the pyridine ring in the coor-
dination.

The electronic spectra of 1 and its complexes show an absorption band in the
region 255-265 nm that can be attributed to t—7* intra-ligand transfer of the
pyridine ring incorporated in the skeleton of 1.**° In addition to the above band,
two other bands were also observed for complexes 2 and 3. These two bands
were at 778 nm (12853 cm ') and 470 nm (21276 cm™") for 2 that can be attri-
buted to v: 'A'}—'E', and v 'A"}—'E"| transitions in a pentagonal bipyramidal
geometry around Ni(Il) ion, respectively.*’ Since 2 is diamagnetic, so ground
state configuration is (e")*(e,)* and partial term of the electronic ground state is
'A'|. The two bands at 655 nm (15267 cm ') and 522 nm (19157 cm ") for 3 were
assigned to the A", —’E", and *A",—”E",| transitions in a pentagonal bipyramidal
geometry around Cu(II) ion, respectively.”

The complex 4 is diamagnetic. As it is expected due to the d'° electronic
configuration of Zn(Il) ion, electronic spectra of 4 did not show any d—d trans-
ition. By analogy to those described for the complexes 2 and 3 containing N;0,
donor atoms in 1 and two chloride ions, one can suggest pentagonal bipyramidal
geometry for 4.

Thermal analysis

Thermal gravimetric analysis offers information about the thermal stability
of the complex as well as whether the water molecules are in the inner or outer
coordination sphere of the central metal ion.*” The TG and DTG data for macro-
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cycle 1 and complexes 2—4 which were recorded under a nitrogen atmosphere are
given in Table I.

TABLE I. The thermogravimetric data (TG and DTG) of macrocycle 1 and its complexes

Compound TG range, °C DTGy, °C Mass loss (Caled.), % Assignments
(Ci3HpN;0,) 198-280 234 41.5 (40.8) — C¢H 14N,
(1) 281-335 308 58.5(59.1) - CH;0,
[Ni(C3H7N;04)Cl,] 262-340 282 18.5(17.8) -2 HC1
2) 341-534 415 63.5 (63.2) — macrocycle moiety,
18.0 (18.3) C3H5N;04
residue: NiO
[Cu(C3H1N30,)Cl,]  268-325 292 19.0 (17.6) -2 HCl
3) 326404 358 63.5 (63.1) — macrocycle moiety,
17.5(19.3) C3H5N;0;
residue: CuO
[Zn(C3H;N;0,4)Cl,]  285-355 310 18.5(17.6) -2 HCI
4) 356-495 472 63.0 (62.9) — macrocycle moiety,
18.5(19.5) C3H 5N;0;

residue: ZnO

The macrocycle 1 and its complexes decomposed in two stages. The first
step decomposition of 1 occurred at the temperature range 198-280 °C which is
associated with a DTG peak at 234 °C. This corresponds to the loss of organic
moiety (C¢H14N;) with a mass loss of 41.5 % (calcd. 40.8 %). The second step of
the decomposition happened in the range of 281-335 °C relating to a DTG peak
at 308 °C. This correlates with the loss of pyridine-2,6-dicarboxylate moiety
(C7H3NO,) with a mass loss of 58.5 % (calcd. 59.1 %).

It can be noticed that TG curve of complexes displays no mass loss up to 262
°C, indicating the absence of water molecules in the coordination sphere,* and
also confirms the stability of the complexes up to 262 °C.

The thermogram of 3 represents two decomposition steps. The first step of
the decomposition at the temperature range 268—325 °C is associated with a DTG
peak at 292 °C corresponding to the loss of two chloride ions as HCI with a mass
loss of 19.0 % (calcd. 17.6 %). The second decomposition step occurred in the
range of 326404 °C and showed a DTG peak at 358 °C which corresponds to
the loss of 1 moiety with a mass loss of 63.5 % (calcd. 63.1 %). At the end of
decomposition process, the resulting residue is CuO with a mass of 17.5 %
(caled. 19.3 %).

The thermograms of complexes 2 and 4, which are similar to 3, display two
decomposition steps. Complexes 2 and 4 were stable up to 262 and 285 °C,
respectively. The first step of the decomposition in the range 262-340 °C for 2
and 285-355 °C for 4 is associated with DTG peaks at 282, and 310 °C. This
shows the loss of two HC1 with a mass loss of 18.5 and 18.5 % (calcd. 17.8, and
17.6 %), respectively.
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The second step of the decomposition occurred in the range of 341-534 °C
for 2 and 356495 °C for 4 relating to DTG peaks at 415 and 472 °C. This can be
attributed to the loss of 1 moiety with a mass loss of 63.5 and 63.0 % (calcd. 63.2
and 62.9 %), respectively. After these decomposition steps, what is left is NiO
and ZnO with a mass of 18.0 and 18.5 % (calcd. 18.3 and 19.5 %), respectively.

The thermal properties (TG and DTG curves) of complexes 2—4 exhibited
the absence of hydrated or coordinated water molecules. Therefore the results of
thermal analyses of complexes showed good agreement with the molecular for-
mula [M(L)Cl,] as suggested from the elemental analyses.

The macrocycle 1 and its complexes have been screened for both antibac-
terial and antifungal activities. The results of the microbial screening of 1 and its
complexes are given in Table II.

TABLE II. Antimicrobial activity of macrocycle 1 and its complexes; diameter of growth
of inhibition zone, mm

Microbe
Compound - , . — :
S. aureus B. subtilis _E. coli P. aeruginosa_S. cerevisiae C. albicans
Macrocycle (1) 4 5 4 4 - -
[Ni(L)CL] (2) 14 13 12 16 - -
[Cu(L)CL,] (3) 30 27 31 30 25 18
[Zn(L)CL,] (4) - - 18 15 8 14
Ofloxacin 36 34 38 36 - -
Nystatin — - — - 19 24

The antimicrobial monitoring data displayed that macrocycle 1 does not
exhibit any activity. The complex 2 represented antibacterial activities against
Gram positive bacteria (B. subtilis and S. aureus) and Gram negative bacteria (E.
coli and P. aeruginosa), while complex 4 demonstrated antibacterial activity
towards Gram negative bacteria (E. coli and P. aeruginosa), and antifungal acti-
vity against fungi (S. cerevisiae and C. albicans). The complex 3 also exhibits
good activities against Gram-positive and Gram-negative bacteria and fungi,
albeit it has lower antimicrobial activity compared to standard antibiotic oflox-
acin and antifungal drug nystatin.

The results from this investigation have also demonstrated that coordination
of metals to macrocycle serves to amend the antimicrobial activity of the ligand.
The increased activity of the metal complexes can be described based on
chelating theory. The other factors such as conductivity, solubility and bond
distance between the metal and ligand also increase the activity.*

Molecular modeling

Molecular orbital geometry optimization permits a quantitative discussion
about not only the geometry, but also the ground electronic properties of the
ligands and their complexes. Electronic and geometric structures of the inves-
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tigated macrocycle and its complexes were computed by the optimization of their
bond angles, dihedral angles and bond lengths. The optimized molecular struc-
tures with minimum energies and its atom numbering obtained from the quantum
chemical calculations for 1 and its complex 3 are shown in Figs. 1 and 2, res-
pectively. The selected bond lengths and bond angles of 1 and its complexes are
listed in Table S-I of the Supplementary material.

?

Fig. 2. The optimized geometry of complex 3.

As can be seen, based on the coordination number seven, and the bond
angles close to 72° in equatorial plane, all complexes have distorted pentagonal
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bipyramidal geometry. The two axial positions are occupied by chloride ions,
while the pyridine nitrogen atom, the two nitrogen atoms of amino groups and
the two oxygen atoms of ester moieties of 1, occupy the equatorial positions.

The N1-Cu-O11, N1-Cu-012, N15-Cu-O11, N16-Cu-O12 and N15-Cu—
—N16 bond angles in 3 have values of 71.48, 71.48, 71.27, 72.40 and 73.30°,
respectively. The bond angle C139—-Cu—Cl40 is found to be 177.26°. These results
indicated that 3 has distorted pentagonal bipyramidal geometry.

The bond lengths of the adjacent atoms attached to the central atom are
slightly increased. These behaviors are caused by macrocycle 1 atoms parti-
cipating in the coordination process of the metal ions. For example the N1-C2,
012-C8, N16—C19, N15—C17 and O11-C13 bonds in 3 are slightly increased to
be 1.357, 1.384, 1.482, 1.486 and 1.462 A, respectively. The other bond distances
in 1 are either affected slightly or not affected at all by the coordination to the
metal ion. The bond distances of the coordinating atoms with the central metal
atom in 3 are found Cu—N1 = 2.160, Cu—O1 = 2.424, Cu—012 = 2.428, Cu—N15
= 2.340, Cu-N16 = 2.340 A in equatorial, and Cu—CI39 = 2.512, Cu—Cl40 =
=2.514 A in axial positions.

The two Cu—N,pine bond distances (Cu-N15 = 2.340 and Cu-N16 =2.340 A)
are longer than the Cu-N,, distance (Cu-N1 = 2.160 A). It seems pyridine nit-
rogen atom is a stronger donor than nitrogen of amine group. These values are in
good agreement with the observed X-ray data for Cu(Il) complexes with N30O2
macrocycle including pyridine moiety and chloride ion.**

The calculations showed that 2 and 4 have similar geometry to that of 3. The
N1-M-O11, N1-M-012, N15-M-0O11, N16-M-012 and N15-M-N16 bond
angles in 2 and 4 have values 70.77-73.71, 70.13-76.08, 71.20-72.25, 72.21-
—78.25 and 71.70-74.87°, respectively. The bond angles C139-M—Cl40 are also
found to be 178.90 and 176.38° for 2 and 4, respectively. Therefore, these results
indicate that the complexes 2 and 4 have distorted pentagonal bipyramidal geo-
metry.

Energy of some bonding molecular orbital for macrocycle ligand 1 and its
complexes are shown in Table S-II of the Supplementary material.

Binding energy is more stable in complexes compared to macrocycle ligand
1. For example energy of N1-C2 bond in macrocycle 1 is found to be —0.848
a.u., and for its complexes 2—4 to be —0.880, —0.874 and —0.848 a.u., respectively.
Also it can be seen that the energy of all bonds is more stable for complexes. So
it demonstrates that complexes are more stable than macrocycle 1.

The most important orbitals in a molecule are the frontier molecular orbitals
(FMOs), called HOMO and LUMO. The determination of energies of the HOMO
(n-donor) and LUMO (m-acceptor) are significant parameters in quantum
chemical calculations. The HOMO is the orbital that primarily acts as an electron
donor and the LUMO is the orbital that largely acts as the electron acceptor.
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The calculated energies (eV) of important molecular orbitals containing
HOMO and LUMO, electronegativity (y), chemical potential (x), global hardness
(n) for 1 and its complexes are listed in Table S-III of the Supplementary mat-
erial.

The HOMO and LUMO orbitals for macrocycle 1 and its complexes are also
shown in Figs. S-1 and S-2 of the Supplementary material, respectively.

The Enomo and Epymo and their neighboring orbitals are all negative, which
demonstrate that the prepared complexes are stable.*”*® The HOMO-LUMO
energy gap of 1 is small, which means that the charge transfer occurs easily. The
lower HOMO energy values show that the ability of the molecules donating
electrons is weaker. On the other hand, the higher HOMO energy implies that the
molecule is a good electron donor. LUMO energy presents the ability of a
molecule to receive an electron.”* The orbital energy level analysis for com-
plexes 2—4 display that Eyomo values are —6.232, —6.125 and —5.558 eV,
respectively, while Eyyvo values are —2.820, —3.225 and —-2.80 eV, respectively.
As aresult, 4 is a better electron donor, while 3 is a better electron acceptor.

The HOMO of 1 is concentrated on two nitrogen atoms of amine groups,
while LUMO is concentrated on pyridine ring atoms and carboxyl groups. Cal-
culations showed that contribution of the central atomic orbitals in the formation
of HOMO (18 % Cu) and LUMO (58 % Cu) for 3 is greater than HOMO (7 % Ni
and 4 % Zn) and LUMO (2 % Ni and 1 % Zn) for complexes 2 and 4. The
contribution of the chloride ion in the formation of HOMO for 4 (94 % Zn) is
greater than HOMO for complexes 2 (3 % Ni) and 3 (12 % Ni). This behavior
can be attributed to the stronger interaction of the hard base chloride ion with
harder acid Zn®>" than Ni*" and Cu®".

AIM atomic charge calculation has a significant role in the application of
quantum chemical calculations of molecular systems; this is due to the fact that
the atomic charges affect some properties of molecular systems including dipole
moment, and molecular polarizability.**' The selected net charges at the atomic
sites of 1 and its complexes are given in Table S-IV of the Supplementary mat-
erial.

The charges on two of the hydrogen atoms (H24 and H38) are greater than
other hydrogen atoms in the compounds. This is because they are connected to
nitrogen atoms (N15 and N16) of amine groups.

All carbon atoms of 1 have negative charges, except the carbon atoms of
carboxyl groups (C7 and C8) that have highly positive charges. These carbon
atoms of the carboxyl group (C7 and C8) together with the carbon atoms attached
to the pyridine nitrogen (C2 and C6) are positively charged in the complexes, but
the other carbon atoms have still negative charges.

The negative charges of the oxygen atoms (O11 and O12) of the carboxyl
groups and the nitrogen atoms (N15 and N16) of amine groups increased in coor-
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dination with the metal ion. The charges on O11, O12, N15 and N16 atoms for 1
are —0.816, —0.825, —0.718 and —0.712, respectively, while the charges for the
atoms in 3 are —0.928, —0.937, —0.948 and —0.947, respectively.

The charge of the Ni*" in the free state is 2.0. It is seen that the positive
charge of the metal ion decreases to 1.027 in 2, which indicates that the transfer
of electrons from 1 to the metal ion has occurred, and the coordination bonds
have formed. Our calculations show that a total of 0.580 is transferred to Cu(II)
during the coordination process, and the net charge on the Cu(Il) reduces to
1.420. Similar behaviour in charge transfer is noted in case of 4. The charge on
central metal ion reduces to 1.405 after coordination.

The charge of the chloride ion in the free state is —1.0. It is seen that the
negative charge of the chloride ion decreases to —0.679 in 2, which indicates that
the transfer of electrons from chloride ion to the metal ion has occurred, and the
coordination bonds have formed. Our calculations show that a charge equal to
—0.350 from chloride ion is transferred to Cu(Il) during the coordination process,
and the net charge on chloride ion reduces to —0.650. Similar behavior of charge
transfer is noted in the case of 4. The charge on the chloride ion after coordin-
ation reduces to —0.606.

Thus it can be concluded from the distribution of electric charges on the
atoms of the complexes that much electron transfer occurs from the macrocycle
to the metal ions, and therefore a strong interaction occurs between 1 with
metal(II) ions.

CONCLUSIONS

The macrocycle 1, namely, 3,12-dioxa-6,9,18-triazabicyclo[12.3.1]octadeca-
-1(18),14,16-triene-2,13-dione, was prepared via the reaction of dipotassium salt
of 2,6-pyridinedicarboxylic acid with ethylenediamine and 1,2-dibromoethane.
The complexes of 1 were prepared from its reaction with MCl,-xH,O. The
complexes have the general formula [M(L)Cl,] (where M = Ni(Il) 2, Cu(Il) 3 and
Zn (II) 4, respectively).

Analyses of the NMR and IR spectral data and molar conductivity measure-
ments propose that 1 is bonded to metal(Il) ions through a nitrogen atom of
pyridine ring, the two nitrogen atoms of amine groups and the two oxygen atoms
of ester moieties. Thermal gravimetric analyses displayed that these complexes
can be stable up to 262 °C.

The complex 2 exhibited antibacterial activities against Gram-positive bac-
teria (B. subtilis and S. aureus) and Gram-negative bacteria (E. coli and P.
aeruginosa), while 4 showed antibacterial activity against Gram-negative bac-
teria (E. coli and P. aeruginosa), and antifungal activity against fungi (S. cere-
visiae and C. albicans). The complex 3 demonstrated good activities towards
tested bacteria and fungi.
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The optimized structures of 1 and its complexes were computed by theor-
etical DFT method, and all the complexes have distorted pentagonal bipyramidal
geometry. The HOMO and LUMO energies were also determined. The charges
on the atoms of compounds have also been calculated, and it has been found that
much electron transfer occurs from 1 to the central atoms in the complexes. This
behaviour confirms strong interaction of 1 with metal(II) ions.

SUPPLEMENTARY MATERIAL

Physical and spectral data of the compound are available at the pages of journal website:
http://www.shd.org.rs/JSCS/, or from the corresponding author on request.
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U3BOJ
KOMIIJIEKCH IMHKA, BAKPA U HUKJIA CA MAKPOLIMUKJIMYHUM JIMTAHOOM KOJH
JE CHHTETHUCAH U3 MTMPUIUHINKAPBOKCHU/THE KMCEJIMHE: CIIEKTPOCKOIICKA,
TEPMAJIHA U TEOPHJCKA UCITUTHBAIHA

ESMAIEL SOLEIMANI, SAYED ALI NAGHI TAHERI u MOHSEN SARGOLZAEI
Faculty of Chemistry, Shahrood University of Technology, Shahrood, Iran

Cuntetucanu cy metan(Il) KoMIiekcu ca MaKpOLMKJIWYHHUM TEHTaJeHTaTHUM JIUTaH-
nom  3,12-muokca-6,9,18-tpuasabunywio[12.3.1]okranexa-1(18),14,16-tpuen-2,13-guoHom
(L, 1). OBaj MaKpOLMKJIUYHH JIUTAH] je HoOHjeH y peakluHjHd KaJlujyMoBe COMH 2,6-THPUIUH-
IUKapOOKCHIIHE KHUCETWHe ca eTWwIeHAuaMuHoM U 1,2-nubpomeranom. Y peaxnuju 1 (L) ca
MCl2-xH20 y MetaHony HacTtajy kommiekcu onute ¢opmysne [M(L)Cl2] (M = Ni(II) 2, Cu(II)
3 u Zn(II) 4). Ha ocHoBy IR 1 NMR ("Hu "C) CIEKTPOCKONCKUX Mepewa HaheHo je fa je y
CBUM KOMIUIEKCHUMA JTHUrany 1 KOOpOWUHOBAH 3a UCIIUTHBAHE jOHE MeTasla IMPeKo aToma a3oTa
W3 MUPUIMHA, IBA aTOMa a30Ta aMHUHCKHX Tpyla U JBa aTOMa KHCEOHHKA W3 eCcTapCcKe rpyIe.
Ha ocHOBy TepmainHe aHanu3e HaheHO je Ja y CTPYKTYPH UCIIUTHUBaHUX KOMILJIEKCa He 10CToje
KOODJUHOBAHM WM XUIpaTHCAHU MOJIeKyad Boje. Of CBUX CHUHTETHCAaHHUX KOMILIEKCa, camo
je xommnekc daxpa(Il) 3 mokasao nodpy aHTUDaKTEpHUjCKy U aHTUDYHTalIHy aKTUBHOCT. ['eo-
MeTpuja KoMmIiekca, Manukenoso (Mulliken) HaenexkTpucame aToma U MOJeKyJICKe opOuTane
[M(L)Cl2] xommiekca ucnutTHBaHM cy npumeHoM DFT mertome. Ha OCHOBY Teopujckux
M3payyHaBama 3a UCIUTHBaHEe KOMIUIEKCE PETIIOCTAaB/beHa je IIeHTaroHalHa SUnUpaMuiaiHa
reomerpuja ca N3Oz xpomodopom y MiaHapHOj EHTaroHaaHOj OCHOBX SUnmUpamuie ca ABa
XJIOPUIO JIUTAaHA Y HEHOM aKCHjaTHOM ITOJI0KA]jy.

(TTpumisero 6. nenembpa 2016, pesuaupano 13. mapra, npuxsaheso 31. mapra 2017)
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