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Crystal structure, DFT, spectroscopic and biological activity evaluation of analgin

complexes with Co(II), Ni(II) and Cu(II)

Ahmed M. Mansour
Chemistry Department, Faculty of Science, Cairo University, Gamaa Street, Giza 12613, Egypt

Abstract

Reaction of analgin (NaL) with Co(II), Ni(IT) and Cu(II) salts in ethanol affords complexes of the
type [ML;,], which were characterized by elemental analysis, FT IR, UV-Vis., EPR, TG/DTA, magnetic
susceptibility and conductance measurements. The copper(Il) complex crystallizes in the orthorhombic
Pbca space group. Analgin behaves as a mono-negatively tridentate ligand via pyrazolone O, sulfonate
O and tertiary amino group. The interaction of the tertiary nitrogen with M™" ions is the main factor,
which determines the stability of complexes as revealed from natural bond orbital analysis data, where
the binding energy decreases with an increase in the bond length of M-N bond. Time-dependent density
functional theory calculations were applied in order to realize the electronic structures and to explain
the related experimental observations. The anti-bacterial activity was studied on Staphylococcus aureus
and Escherichia coli. Coordination of analgin to Ni(II) and Cu(Il) leads to a significant increase in its

antibacterial activity compared with the Co(Il) complex.

Key Words: Dipyrone; Crystal structure; NBO; Biological activity

* Corresponding author, Tel.: +2 02 01222211253; Fax: +20 2 35728843. E-mail: inorganic_am(@ yahoo.com
Introduction

Analgin (dipyrone, metamizole or novalgin) (Scheme 1) is the sodium salt of [(1,5-dimethyl-3-
oxo-2-phenylpyrazol-4-yl)-methylamino]methansulfonate. This drug presents antipyretic and analgesic
activity [1] as well as other beneficial effects such as vascular smooth muscle relaxant, anti-apoptotic,
and anti-convulsant [2]. Analgin has both spasmolytic action and analgesic effect makes it a favorable
drug for colic pain [3]. However, the administration of analgin may be associated with severe effects as
chemical intolerance and agranulocytosis [4]. The mode of action involves the hydrolysis to 4-methyl-
aminoantipyrine, with the latter further converted to other metabolites by various enzymatic reactions
[5]. Analgin forms the active constituent of several drugs and as a binary mixture with acetylsalicyclic
acid, and paracetamol. Several analytical techniques such as UV-Vis. [6], fluorescence [7], HPLC [8],
flow injection analysis [9], and polarographic [10] were applied for the determination of analgin in the

pharmaceuticals.
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So far, pyrazolone and its derivatives were acknowledged to possess a wide range of industrial and
pharmaceutical applications, which attracted considerable scientific and applied interest [11-12]. Thus,
it was essential for the inorganic chemists to shed more light about the coordination behavior of
analgin. To best of knowledge, no X-ray crystal data for metal complexes of analgin was reported in
the literature makes the structures of these compounds ambiguous. Binary complexes of the type ML,
(M = Co", Ni", Cu", and Zn") and Cd(NaL),Cl, were reported in the literature by Tatwawadi [13], who
assumed the interaction of analgin with M"" as a bidenate ligand. Several mixed-ligand complexes of
VO%, Crm, MnH, COHI, NiH, MOH, W02VI, and HgII metal ions were also synthesized and characterized
by Maurya et al. [14] supposing analgin coordinated through only the pyrazolone O atom. Besides, the
reaction between analgin and Fe'' in presence of different anions was followed by means of UV, IR,
and pH-metric titrations [15]. The composition and stability of Hg" complexes were pH-metrically
studied [16], where the development of complexes assumed to proceed through only the pyrazole ring

O and SOs group.

The search for the new effective antimicrobial agents is of paramount importance, but the
discovery of new drugs having completely new chemical structures is time consuming and expensive.
Thus, molecular structure modification is better and desirable. Analgin presents a chemical structure
that favors chemical modifications by means of complexation with some transition metal ions. In the
present study, Co(II), Ni(Il) and Cu(Il) complexes of analgin antipyretic drug were synthesized, and
characterized, and tested for their biological activity against Staphylococcus aureus, and Escherichia
coli. Structural properties have been studied both experimentally and theoretically and are correlated
here. Natural bond orbital (NBO) analysis has been also performed to provide details about the type of
hybridization, and the nature of bonding in the studied complexes. With the aim of under-standing the
electronic structures of the complexes, and the related experimental observations, TD-DFT calculations

were applied.

Results and discussion
Structural characterization

The reaction of Co(NO3),-6H,0, Ni(CH3COO),-4H,0, and Cu(NOs),-3H,0 with two equivalent
of analgin in ethanol affords pink (1), blue (2) and crystalline green (3) complexes of the type [ML;] in
that order (Scheme 1). These complexes were characterized by elemental analysis, TG/DTA, IR, EPR,
UV-Vis., magnetic and conductance measurements. However, unambiguous proof of the tridentate
behavior of analgin via pyrazolone O, sulfonate O and tertiary amino group to the metal ions finally

came from the single crystal X-ray analysis of complex 3. Relevant parameters are listed in Table 1 and
2
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the molecular structure of [CuL;,] is shown in Fig. 1. Among the various vibrational bands of analgin,
the studies of the C=0, C-N, and SO; modes were found to be useful in determining the coordination
sites. The FT IR spectrum of analgin showed strong stretching C=0 band at 1660 cm™, which shifted to
lower wave number, 1604 (1), 1611 (2), and 1600 (3) suggesting the participation of the C=0 group in
the coordination sphere of the metal ions. The assignment of the stretching bands of the C-N and SO;
groups in the region between 1400 and 1000 cm™ is not easily interpreted owing to their overlap with
the aromatic bands. Therefore, it was necessary to compare first the spectrum of analgin with that of
phenazole, which have a similar structure, but without the attached of —N(CH3)CH,SO;Na group to
position 4 of the pyrazolone ring. In general, the non-coordinated anionic SO3 shows two bands due to
the asymmetric and symmetric stretching modes [17]. On coordination to the metal ion, three v(SO)
bands are observed as the Cs,-symmetry is broken. Comparison of analgin with phenazole showed two
new bands at 1182 and 1051 cm™ assigned to v*(SO), while the asymmetric mode is overlapped. In
complexes, the SO3; group gave rise to doublet structure at (1265, 1166) (1), (1263, 1169) (2), and
(1245, 1196 cm™) (3) corresponding to asymmetric and symmetric modes [18]. In addition, the v*(SO)
at 1051 cm™ in analgin was shifted to 1019 (1), 1022 (2), and 1030 cm™ (3) suggesting the contribution
of SO; in the complex formation. The v(C-N) in the uncoordinated analgin was found at 1343 cm™, and
shifted to ~ 1331 cm™ in complexes. The most noteworthy observation is that the anion of the metal
salt has no role in the complex formation as the IR spectra of the complexes, which were prepared from
either the chloride or acetate salts are typical. Therefore, analgin behaves as a N,0,0 tridentate ligand

4.
towards M"" ions.

For complexes 1 and 3, the thermal decompositions start from 270 and 236 °C with a continuous
weight loss in the temperature range of 270-546 and 236-561 °C respectively. Three endothermic stages
at 253, 383, and 513 °C for 1, and 220, 269, and 478 °C for 3 were identified and assigned to organic
ligand decomposition with high percentage of final residues (18.24% for 1 and 16.37% for 3) at 1100
°C. The final residue may be thought to be CoS, (calcd. 17.99 %; 1), and carbonized CuS (calcd. 15.72
%; 3) [19]. The simultaneous TG/DTA of 2 showed that the thermal decomposition takes place via
three complicated stages maximized at 274, 411, and 475 °C. These steps bring the total mass loss up to
88.73% of the parent complex. Such mass loss is close to the calculated value (89.08%) expected for

the formation of NiO as a final residue.
Electronic structure, magnetic, and EPR

The crystal field theory of high spin octahedral Co(II) complexes [20] predicted three spin allowed
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d-d transitions namely 4T1g—>4T2g(F) (v1), 4T1g—>2A2g (v2) and 4T1g—>4T2g(P) (v3). The electronic spectr-
um of 1 showed only one band in DMSO at 275 nm as well as a shoulder at 420 nm assigned to 7-m /
aromatic system and n—n*(C=O)/4T1g—>4T2g(P) (v3), respectively. The effective magnetic moment (Llefr)
of 4.71 pp for complex 1 further complements the electronic spectral findings as this value lies in the
acceptable experimental range (4.10-5.20 pg) for high spin cobalt(Il) complexes [21]. The electronic
ground state of octahedral Ni(Il) complexes is 3A2g and three spin-allowed transitions; 3A2g—>3T2g (v1),
3A2g—>3T1g(F) (v2), and 3A2g—> 3T1g(P) (v3) are expected [22]. Some octahedral Ni(Il) complexes [23]
showed a weak broad band at about 790 nm corresponding to the spin-forbidden 3A2g—>1Eg transition.
Complex 2 displayed three bands in DMSO at 275, 400 and 535 nm assigned to the internal ligand
transitions, MLCT/n-n (C=0) and 3A2g—>3T1 ¢ (F) (v2), respectively, in an octahedral geometry. The pefr
of 2 is found to be 3.70 ug (298 K) with presence of spin-orbital coupling [24]. This value exceeds the
spin only value, but is not high as g [21]. This happens because the electric fields of atoms, ions, and
molecules surrounding metal ion in its compounds restrict the orbital motion of the electrons so that the
orbital angular momentum and hence the orbital moments are partially quenched. For octahedral Cu(II)
complexes, it has been established that the split of 2Eg and 2T2g states of D ground state may keep the
three 2B1g—>2A1g (v1), 2B1g—>2B2g (v2) and 2B1g—>2Eg (v3) electronic transitions unresolved in the spectra
of the elongated tetragonal or rhombic distortions (D4, symmetry) geometries. Complex 3 showed four
bands in DMF at 270, 375, 485, and 780 nm. The broad band at 780 nm can be assigned in terms of
overlapping of the v;-v3 bands in an octahedral geometry. The band at 485 nm has LMCT character,
which may be originated from the SO; group, while those at 270 and 375 nm are attributed to -/
aromatic/n-n*(CZO), respectively. The g of 3, corrected for diamagnetic and temperature-independent
paramagnetic contributions, is 2.57 ug (298 K). This value is higher than the spin-only value expected

for non-interacting Cu" ions (S = ', t2g6eg3), but in the acceptable range for Cu(Il) complexes [21].

The X-band EPR spectrum of 3 in solid state (Fig. 2) at 298 K exhibits typical four lines noticeable
83/65Cu (I = 3/2) hyperfine splitting with g, = 2.320 (A = 143x10™ cm™), and g, = 2.074 characterized
of mononuclear copper(Il) complexes having rhombic-octahedral with the elongation of the axial bonds
or square-based pyramidal symmetries and d,z_,2 orbital is the ground state. This spectrum usually
obtains with large ligand like analgin that increase the Cu-Cu distance and decrease the line width [25].
The geometric parameter G, which is a measure of the exchange of interaction between the copper
centers in a powdered sample, has been calculated [26] as G = (g; —2.0023)/(g, — 2.0023).

According to Hathaway [27] if G > 4, the exchange interaction is negligible and if G < 4, indicates
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exchange interaction. The value of G is found to be 4.32 indicating absence of moderate exchange

interaction among the copper molecules in the solid state.

Crystal structure

X-ray single-crystal diffraction data revealed that complex 3 crystallizes in the orthorhombic Pbca
space group. A view of the molecular structure of 3 is shown in Fig. 1. Selected crystallographic data
are presented in Table 2. The six-coordinated Cu(Il) ion is arranged in a slightly distorted octahedral
geometry, where two analgin molecules lying in a trans-conformation are acting as tridentate chelators
forming four stable five-membered rings. An inversion centre of symmetry is found at the copper atom,
where the two ligands are adjusted in a linear way, but pointing in opposite directions. The structure is
coplanar, where the bond angles; 02-Cu-02', N9-Cu-N9', and O13-Cu-O13' equal 180 °. The
coordination sphere consists of two pyrazolone oxygen atoms [CuO2 = 2.007(2) A], two N [CuN9 =
2.009(2) A] and two oxygen atoms [CuO13 = 2.321(2) A] of SO; groups. The two anionic Cu-O13
bond lengths are equal, but they are longer than the Cu-O2 bond distances. As shown in Table 2,
thedistortion around the copper atom is low, where the bond angles are significantly deviated from
those of a regular octahedron. In the crystal packing, it is possible to observe n-n stacking interactions
between the ring planes (Fig. 3a), and also the molecules are cross-linked to each other through

0,S0...H-C with a distance of 2.734 A (Fig. 3b).
DFT/TD-DFT

To obtain an insight into the geometrical and electronic structure of the investigated complexes,
[ML,] (M = Co(Il), Ni(Il), and Cu(Il)) were optimized (Fig. S1§) at DFT/B3LYP level of theory
starting from the X-ray structure coordinates of the Cu(Il) complex. The complexes were characterized
as local minima through harmonic frequency analysis. Selected calculated bond lengths and angles are
compared in Table S17. A good agreement was found for the Cu-O bonds, while the value of the Cu-N
bond is overestimated by the DFT method. The M-N bond distance increases from Ni to Co then Cu.
The bond angles are slightly different by 2-3 °.This happens because the calculations were performed in
gaseous state, whereas packing molecules with inter- and intra-molecular interactions are treated in the
experimental measurements. The nature of the electronic transitions observed in the UV-Vis. spectra of
the complexes has been studied by time-dependent DFT. The lowest 30 singlet-to-singlet spin-allowed
excitation states were calculated using the same functional and basis set for the geometry optimization.
In the model structures of the investigated complexes, to reduce the computer time, the phenyl ring,

and two methyl groups attached to the pyrazolone ring were replaced by H atoms. The calculated d-d
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excitation wave lengths, energies of other excitation transitions (f > 0.002) and their assignments are
tabulated in Table S27. As expected, the d-d transitions are forbidden and their oscillators’ strengths
are also close to 0.0. In 320-800 nm region, the stimulated spectrum of Co(I) complex showed three
forbidden transitions at 761, 533 and 484 nm as well as a highest energy band at 335 nm corresponding
to H(B)—L+2(B), H(B)—L+5(B), H-1(B)—L+5(B) and H(B)— L(B), (H: HOMO, and L: LUMO). The
HOMO's are mainly composed of Co d character, and LUMO orbital is of Co d,2 nature (Table S37).
The transition energy at 761 nm has a ground state composed of Co d character, whereas the excitation
state is of pyrazolone m orbitals forming a MLCT. Similar, the low oscillator strength transitions at
533 and 484 nm are MLCT to system of the SO;3 groups. The band at 335 nm can be assigned to
d,, = d,2 in an octahedral structure. The HOMO-LUMO gap in 1 is 4.22 eV, which is higher than 2.
The TD-DFT spectrum of 2 displayed three transitions at 484, 415 and 409 nm with oscillator strengths
0f 0.0002, 0.0017, and 0.0011, respectively. HOMO and HOMO-1 shows predominantly 3d character.
HOMO-4, which is lower than HOMO by 3.65 eV, results from the m system of the pyrazolone rings
(Table S47). The two LUMO's (LUMO and LUMO+1) are lying close to HOMO with small energy
gap (0.81 eV) between HOMO and LUMO. These orbitals are a mixture of n orbitals resulting from
the two coordinated pyrazolone moieties. Hence, the electronic transitions; H-1—L (484 nm)/H—L+1
(409 nm) and H-4— L (415 nm) are MLCT and n-n characters, respectively. The calculated spectrum
of 3 is characterized by three lowest energy electronic transitions at 809, 569, and 526 nm assigned to
H(B)—L, H-1(B)—L, and H-3(B)—L, respectively. As shown in Fig. 4, the MO's from HOMO-3 to
LUMO are mainly Cu d character and energetically well separated from the next lower occupied MO's.
The LUMO orbital with B-spin is mainly of Cu d,2 character, whereas the HOMO orbital is coming
from the Cu d,,,. Hence, the electronic transition at 809 nm is assigned to d,, — d,2 characterized to

the octahedral Cu(Il) complexes. The bands at 569 and 526 nm are LMCT character, originating from
the pyrazolone rings and SO; groups and going to Cu d,2. The highest energy bands at 462, 426, and

347 nm with significant oscillator strengths are all of n-n character.
Natural bond orbital (NBO) analysis

According to NBO [28], the electronic arrangement of Co in 1 is: [Ar]4s’?°3d"%4p"*'4d%" 5p"!

with 8.167 valence electrons. The occupancies of Co 3d are: dxyl'858 d,," " dyzl'736 dy2_y2 1421 d,2 1794
.The calculated natural charge was found to be 0.821 as results of electron density donation from two
tridentate molecules. Similar, the electronic configuration of Ni atom in 2 is [Ar]4s’*°3d%%4p®3?5p" %!

with about one electron more in the d sub-shell (9.189) comparing with complex 1 indicating that the
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quantity of the electron density donation from the two ligands is the same or slightly more excess in the

Ni" center. The occupancies of Ni 3d are: dxyl'984 d,,'"”"? dyzl'919 dyz_ 1326 dzzl'857. For complex 3,

yZ
the electronic arrangement of Cu is [Ar]4s’**3d°*?4p™*"5p""" distributed as 18 core electrons, 9.935
valence electrons (on 4s, 3d, and 4p atomic orbitals) and 0.010 Rydberg electrons (mainly on 5p

orbital) giving total 27.945 electrons and leaving 1.053. The occupancies of Cu 3d are: dxyl'985 dyy %

dy,"*” d2_ 2" d,2""". The strength of interactions between metal ion and donor sites can be

yz y?
estimated by the second order perturbation theory. The larger the E° value, the more intensive is the
interaction between electron donors and electron acceptors. For complex 1, the E? values are 290, 120,
and 280 calmol™” for LP(2)02—RY (2)Co/LP(2)039—RY (2)Co, LP(1)N4—RY (2)Co/LP(1)N41—
RY"(2)Co and LP(3)05—RY (2)Co/LP(3)043—RY (2)Co, in that order. These M-L interactions have
energies of 230, 490, and 70 calmol™ in 2, and 420, 30 and 120 calmol™ in complex 3, respectively.
Binding energies are defined as the total energy of complex minus the sum of total energies of the most
stable isolated moieties [29]. Complex 2 is more stable than 1 by ~ 2.813 kcalmol”, and than 3 by
22.615 kcalmol™. Thus, the stronger the binding capability is, the more stable the complex will be, and
the higher the metal binding selectivity of a ligand to the metal ions will result. The interaction of the
tertiary nitrogen with M"" is the main factor determining the stability of the studied complexes, where

the binding energy decreases with an increase of the M-N bond distance.

Antibacterial activity

The antimicrobial activities of analgin and its complexes were studied using two microbes; S.
aureus and E. coli and compared to tetracycline used as a standard. Preliminary screening was carried
out at 20 mg/mL. In classifying the antibacterial activity as Gram-positive or Gram-negative, it would
be expected that a much greater number of drugs would be active against Gram-positive than Gram-
negative bacteria [30]. Analgin showed lower activity against S. aureus (G") than tetracycline, and was
inactive against E. coli. It is clear from the inhibition zone diameter data of the investigated complexes
that the antibacterial activity of analgin is affected by type of the divalent cation. Coordination of
analgin to Co(II) did not alter the toxicity, but the formation of complexes 2 and 3 results in excellent
activity against the resistant £ coli (G'), as well as S. aureus bacterium. The activity of 2 and 3 did not
discriminate between the tested organisms. The higher toxicity of 2 and 3 can be explained by Tweed’s
chelation theory [31], which explicated that the lipophilicity of the free organic ligand is changed by
reducing of the polarizability of the M"" ion via the L—M donation, and the possible electron

delocalization over the complexes. Lipophilicity is an important factor associated with the membrane
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permeation in biological systems: the higher the lipophilicity, the easier penetration in the cell through

the cellular membrane.
Conclusion

Co(II), Ni(Il), and Cu(Il) complexes of analgin antipyretic drug were prepared in good yields,
characterized, and tested for biological activity against S. aureus and E. coli. Unequivocal proof of the
tridentate nature of analgin finally came from the X-ray crystallography data. M(II) ion is arranged in a
slightly distorted octahedral geometry, where two analgin molecules are acting as tridentate chelators
forming four stable five-membered rings. The experimental studies were complemented by quantum
chemical calculations. Coordination of analgin to Co(II) did not alter the toxicity, but the formation of

Ni(II) and Cu(Il) complexes results in excellent activity against the tested organisms.

Experimental
Synthesis of complexes

Instruments

FT IR spectra were recorded as potassium bromide pellets using a Jasco FTIR 460 plus in the
range of 4000 to 200 cm™. Elemental microanalysis was performed using Elementer Vario EL IIL
TG/DTA analysis was performed in nitrogen atmosphere (20 mL min™) in a platinum crucible with a
heating rate of 10 °C min" using a Shimadzu DTG-60H simultaneous DTG/TG apparatus. Magnetic
measurement was carried out on a Sherwood scientific magnetic balance using Gouy method [30], and
Hg[Co(SCN)4] was used as a calibrant. Electronic spectra were scanned on a Shimdazu Lambda 4B
spectrophotometer in both DMSO and DMF solutions. A digital Jenway 4310 conductivity with a cell
constant of 1.02 was used for the molar conductance study. X-band EPR measurements were
performed on solid samples at 298 K using a Bruker EMX spectrometer. The magnetic modulation
frequency was 100 kHz and the microwave power was set to 0.201 mW. The g-values were obtained
by referencing to a diphenylpicrylhyrdazyl (DPPH) sample with g = 2.0036. The modulation amplitude

was suited at 4 Gauss while the microwave frequency was determined as 9.775 GHz.
Synthesis

Two mmole of Analgin (646 mg) and one mmole of Co(NOs3),-6H,0 (291 mg), Ni(CH3COO),-4H,0O
(248 mg), or Cu(NOs3),-3H,0 (241 mg) were dissolved in ethanol (15 mL) and heated to reflux (1-3h),
where pink Co(II) (1), blue Ni(Il) (2) and crystalline green Cu(Il) (3) complexes were precipitated.
Diffusion of analgin solution to Cu*" ions in ethanol gave green crystals suitable for X-ray structure

analysis. Lower molar conductance values (in DMF) were reported for the complexes compared with
8
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the reported values [32] for 1:1 (65-90 Q'cm’mol™) and 1:2 (130-170 Q'cm’mol™) electrolytes in

DMEF, indicating their non-electrolytic nature.

= Complex 1 (CysH3,CoNgOsS,): Yield: 73%: %Calced. (%Found). C, 45.95 (45.48); H, 4.75 (4.77); N,
12.37 (12.63). FT IR: 1604, v(C=0); 1331, v(C-N); 1256 v***(S-0); 1166 v**(S-0); and 1019 v**(S-O)
cm™. UV-Vis. (DMF): 275 and 420 nm. pegr = 4.71 pg (298 K). Molar Cond. (10 M, DMF): 13.51
Q'em’mol™.

= Complex 2 (Cy6H3:NgNiOgS,): Yield: 77%: %Calcd. (%Found). C, 45.96 (45.39); H, 4.75 (4.78); N,
12.37 (13.50). FT IR: 1611, v(C=0); 1331, v(C-N); 1263 v***(S-0); 1169 v*(S-0); and 1022 v*(S-0),
cm™. UV-Vis. (DMF): 275, 400 and 535 nm. pes = 3.70 pg (298 K). Molar Cond. (10° M, DMF):
13.01 @'em’mol ™.

= Complex 3 (Cp6H3,CuN¢OsS,): Yield: 68%: %Calcd. (%Found). C, 45.64 (44.80); H, 4.71 (4.64); N,
12.28 (12.27). FT IR: 1600, v(C=0); 1331, v(C-N); 1245 v***(S-0); 1196 v**(S-0); and 1030 v*(S-0),
cm™. UV-Vis. (DMF): 270, 375, 485 and 780 nm. pegr = 2.57 pg (298 K). Molar Cond. (10> M,
DMF): 18.12 Q' cm’mol ™.

X-ray diffraction analysis

Crystallographic data were collected on Enraf-Nonius CAD4 single crystal X-ray diffractometer
with graphite monochromated Mo-K, radiation (A = 0.71073 A) at 298 K. All the diffracted intensities
were corrected for Lorentz-polarization and absorption [33-34]. The structure was solved by STR92 [35]
computer program in the space group Pbca and then refined with the SHELX software package [36].
All hydrogen atoms were included in calculated positions. The figures involving hydrogen-bonds and
packing were drawn by Mercury [37]. Crystallographic data have been deposited with the Cambridge
Crystallographic Data Center as supplementary publication no. CCDC-986306 for complex 3.

DFT calculations

Geometry optimizations of complexes 1-3 in the gas phase were carried out at DFT/B3LYP method
combined with LANL2DZ basis set [38] using Gaussian03 [39], where singlet state was assigned to
complex 2 and doublet state to both 1 and 3. The starting geometry for optimization was constructed
based on crystallographic data without any symmetry restriction. The complexes were characterized as
local minima through harmonic frequency analysis. Electronic transitions were calculated by TD-DFT
[40]. Natural bond orbital (NBO) analysis and the analysis frontier molecular orbitals were performed

at the same level of theory.

Antibacterial activity
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The antimicrobial activities of the test samples were determined by a modified Kirby-Bauer disc
diffusion method [41] under standard conditions using Mueller-Hinton agar medium (tested for
composition and pH), as described by NCCLS [42]. The antimicrobial activities were carried out using
culture of Staphylococcus aureus as Gram-positive bacterium and Escherichia coli as Gram-negative
bacterium. The solution of 20 mg/mL of each compound (free ligand, metal complexes and standard
drug Tetracycline) in DMSO was prepared for testing. Centrifuged pellets of bacteria from a 24 h old
culture containing approximately 10*-10° CFU/mL (colony forming unit) were spread on the surface of
Mueller Hinton Agar plates. Then the wells were seeded with 10 mL of prepared inocula to have 10°
CFU/ml. Petri plates were prepared by pouring 100 mL of seeded nutrient agar. DMSO (0.1 mL) alone
was used as control under the same conditions for each microorganism, subtracting the diameter of
inhibition zone resulting with DMSO, from that obtained in each case. The antimicrobial activities

could be calculated as a mean of three replicates.
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Coordination of analgin to Ni(II) and Cu(Il) ions as a mono-negatively tridentate ligand leads to a

significant increase in its antibacterial activity compared with the Co(Il) complex.



