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Abstract

The coumarilate (coum™) and 1,10-phenanthroline (phen) mixed ligand complexes of Co(II) (1), Ni(I) (2) Cu(Il) (3) and
Zn(Il) (4) were synthesized and structural characterizations were performed by using elemental analysis, magnetic sus-
ceptibility, solid-state UV-Vis, FTIR spectra, thermoanalytical TG-DTG/DTA and single-crystal X-ray diffraction
methods. The Co(II) and Ni(Il) complexes are salt-type compounds, and they have two moles phen ligands bound as
bidentate, two moles aqua ligands in coordination sphere and two moles anionic coum™ ligand outside of the coordination
unit as the counter-ion of the molecular structure. At the same time, the Co(Il) and Ni(Il) complexes have five moles of
aqua ligands as hydrated water outside of the molecules. It was obtained that Cu(II) and Zn(II) complex structures contain
one mole of phen ligand, two moles coordinated (coum™) ligand and a one-mole aqua ligand, and the molecules (Cu(II)
and Zn(II)) have fivefold structure and obey square pyramidal geometry. Thermal decomposition of each complex started
with dehydration (the first removal is the dehydration of complex Co(II) and Ni(I) as removal of hydrate—aqua molecules),
and then, the decomposition of organic parts was observed. The thermal dehydration of the complexes takes place in one
(Cu(Il) and Zn(IT)) or two (Co(I) and Co(Il)) steps. The decomposition mechanism, thermal decomposition steps and
thermal stability of the investigated complexes provide useful data for the interpretation of their structures. The final
decomposition products were found to be metal oxides. Some biological applications (antifungal/antibacterial) were
performed using structurally characterized compounds.

Keywords Mixed ligand complexes - Biological application - Coumarilate - 1,10-Phenanthroline - Crystal structure -
Thermal properties

Introduction

Oxygen-containing heterocyclic compounds are well known

to exhibit important biological properties such as antiar-

rhythmic, spasmolytic, antiviral, anticancer, antifungal and

54 Dursun Ali Kése anti-inflammatory activity [1-7]. Today, many of the natural

dalikose @hitit.edu.tr or synthetic derivatives with high oxygen content have

pharmaceutical applications [8, 9]. Benzofuran rings and

their derivatives from these compounds are also found in our

lives in various fields [10]. Coumarilic acid is one of these

derivatives and formed from by linking of the 2-furan car-
boxylic acid ring with the benzene ring (Scheme 1a).

Its general name is benzofuran-2-carboxylic acid also

called as coumarilic acid. The theoretical formula of the
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Scheme 1 The structure of a coumarilic acid, b 1,10-phenanthroline
molecules

162.14 g/mol, and its melting point ranges from 193 to
196 °C. Coumarilic acid is a derivative of coumarin and
found in different food sources: fruits, herbs and vegeta-
bles [11]. The benzo[b] furan system, as an important
pharmacophore, can be found in many compounds and
isolated from natural sources. It is also used as a basic part
of recently synthesized medicines (such as amiodarone and
bergapten) [12, 13].

Although there are many literature data about coumar-
ilic acid complexes of various metal cations, studies on a
mixed ligand of coumarilic acid and metal cations are very
limited [14, 15]. In the course of the studies, mixed ligand
complexes containing single-liganded coumarilic acid and
coumarilic acid-nicotinamide ligands were synthesized
and examined. The presence of a wide range of physio-
logical and biological effects of coumarilic acid and the
ligands used is important for both medical and inorganic
chemistry and increases the importance of this study.

1,10-Phenanthroline selected as the neutral ligand of
counter-ligand complexes, as shown in Scheme 1b, is the
name used to denote heterocyclic ring systems. These
heterocyclic rings are formed by the replacement of —CH
groups in the phenanthrene ring system by —N=groups.
These ring systems are termed as 4,5-diazaphenanthrene,
1,5-diazaphenanthrene and 1,8-diazaphenanthrene.

1,10-Phenanthroline has a planar heterophasic structure
and forms stable complexes with transition metals. These
stable complexes are widely used in the design of many
electronic devices such as field-effect transistors, light-
emitting diodes (LED), lasers and photovoltaic batteries
[16-18]. 1,10-Phenanthroline—copper(Il) complexes and
their derivatives are of great interest because of their many
biological effects such as inhibition of microbicidal activ-
ity, cancer and tumor formation [19].

In this study, it was aimed to synthesize mixed ligand
coordination compounds containing ligands of coumarilic
acid—1,10-phenanthroline of Co(Il), Ni(Il), Cu(I) and
Zn(I) transition metals. The structures of these synthesized
complexes were characterized by elemental analysis,
Fourier transforms infrared spectroscopy (FTIR), thermo-
gravimetric analysis (TGA/DTA), single-crystal X-ray
diffraction diffractometry (SC-XRD), solid-state ultravio-
let—visible region spectroscopy (UV-Vis), magnetic
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susceptibility and melting point determination methods.
Further biological experiments were applied to the
complexes.

Experimental
Materials and methods

The chemicals Co(CH;C0OQO,),-4H,O Ni(CH3COO,),-
4H20, CH(CH3C002)2'H20, ZH(CH3C002)2'2H20,
coumarilic acid and 1,10-phenanthroline used in the syn-
thesis of complexes were obtained from the company
Sigma-Aldrich. Elemental analysis (C, H, N) was being
carried out by standard methods.

Firstly, coumarilate salt compounds with natrium cation
were synthesized by 0.005 mol of coumarilic acid dis-
solved in a 50:50 (v/v) EtOH/H,O solution in a beaker
followed by the addition of 0.005 mol of NaHCO; pro-
viding CO, output. Then, the 1,10-phenanthroline solution
(0.005 mol 25 mL H,0) was first added to the salt solu-
tions and mixed for 1 h in the magnetic stirrer. Finally, the
metal-nitrate salts (0.0025 mol) in solid phase were
appended to the main solution in 1:2 ratio concerning the
coumarilate anion and mixed for 5 h at 60 °C (Scheme 2,
Eq. 2).

The final solution was allowed to crystallize at atmo-
spheric pressure by standing at room temperature. The
crystals precipitated in approximately 20-30 days were
collected by filtration. The metal/ligand/ligand ratio were
considered as 1:2:2 for Co(Il) and Ni(Il) compounds and
1:2:1 for Cu(Il) and Zn(II) compounds obtained.

Magnetic susceptibility measurements were taken at
room temperature using a Sherwood Scientific MXI model
Gouy magnetic balance. Infrared spectra were recorded in
the 4000-400 cm ™' region with a PerkinElmer Spectrum
One FTIR spectrophotometer using KBr pellets. (Approx-
imately 0.03 grams of material was used for each pellet.)
Thermal analyses (TG, DTA) were performed by the Shi-
madzu DTG-60H system, in a dynamic nitrogen atmo-
sphere (100 mL min~") at a heating rate of 10 °C min™",
in platinum crucibles as the sample vessel, using a-Al,O3
as a reference.

Structural characterizations of these synthesized com-
plexes were characterized by elemental analysis, Fourier
transforms infrared spectroscopy (FTIR), thermogravimet-
ric analysis (TGA/DTA), single-crystal X-ray diffraction
diffractometry (SC-XRD), solid-state ultraviolet—visible
region spectroscopy (UV-Vis—-NIR), magnetic suscepti-
bility and melting point determination methods. The bio-
logic activation studies of the elucidated molecules have
been studied in cell culture medium.
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Scheme 2 Synthesis reaction of metal/coumarilate/1,10-phenanthroline coordination compounds

The antimicrobial effects of the elucidated molecules
have been studied in Mueller—Hinton agar (MHA) medium
as biological applications. Five different microorganisms
were used in this study. These microorganisms were
obtained from the culture collection of Molecular Biology
and Genetics Department at Hitit University. One fungus
(Candida albicans ATCC 10231), two gram-positive bac-
teria (Enterococcus faecalis ATCC 29212 and Staphylo-
coccus aureus ATCC 6538) and two gram-negative
bacteria (Pseudomonas aeruginosa ATCC 27853 and
Escherichia coli ATCC 25922) were wused as
microorganisms.

The substances to be antimicrobial affected (0.001 g/
10 mL) were prepared and passed through microfilters with
a porosity of 0.45 pm and sterilized. 25-uL. disks were
adsorbed from the materials prepared using 10% DMSO
(0.001 g substance/10 mL of 10% DMSO). 10% DMSO
was used as a control. It was incubated for 24 h at 37 °C,
and the inhibition zone diameters around the disks after
incubation were measured as mm =+ SD (standard devia-
tion). Ampicillin and fluconazole antibiotic disks were used
to compare the results with as standard.

Results and discussion

The elemental analysis data, decomposition points, mag-
netic susceptibility, colors and yield calculations of mixed
ligand metal complexes are listed in Table 1.

FTIR analysis

The some important FTIR stretching and bending peaks of
the complexes are summarized in Table 2, and the infrared
curves are shown in Fig. 1. As the ligand of coumarilic
acid in the synthesized complexes is bound to metal
cations, a shift toward the right side is observed in the
absorption bands corresponding to the functional groups. In
the case of IR spectra, the strong and broadband observed
around 3600-2900 cm ™' comes from the presence of the —
OH group in the constructions of the complexes. The C=0
group derived from the carboxylic acid group in the metal
complexes gives stretching pulses of 1634 cm™' for the
Co(II) complex, 1608 cm™!' for the Ni(I) complex,
1611 cm ™" for the Cu(Il) complex and 1616 cm™" for the
Zn(Il) complex. The aromatic C=C tensile vibration is
observed at 3060-3064 cm™"'. The aromatic C—H stretches
in the complexes give stretching vibrations between 3373
and 3447 cm™'. Carboxylic acid COO~ asymmetric and
symmetrical absorption bands correspond to stretching
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Table 1 Analytical data of metal complexes

Complex M.W./g mol™!  Yield/% Content/% Color  Decomp. temp./°C  uee/BM
Exper. (Thero.)
C H N

[Co(C2HgN,)2(H,0),1(CoHs503),5H,0  867.71 87 20.06 4.26 11.33 Purple 98 4.12
C42Hy40CoN4O 5 (19.74)  (4.94) (11.52)
[Ni(C|2HgN»)>(H,0),](CoHs03),5H,0  867.49 94 20.01 4.67 11.61 Green 102 2.96
C4oHygNy4NiO, 3 (19.78) (4.95) (11.54)
[Cu(CoH503),(C,HgN,)(H,0)] 584.02 95 21.24 3.96 12.06 Blue 214 1.71
C30H,CuN,0, (20.90) (4.36) (12.13)
[Zn(CoH503),(C1,HgN)(H,0)] 585.85 88 21.15 4.02 11.46 White 251 Dia.
C30H0N,0,Zn (19.97) (4.61) (11.65)
Table 2 FTIR spectra of metal-coumarilate—1,10-phenanthroline I
mixed ligand complexes |
Groups Co(Il) Ni(I) Cu(Il) Zn(ID) @ ’
v(OH)m20 3600-2800 3600-2800 3350-2900 3500-2900
v(= C-H), 3377 3373 3447 3374 !
WC =0y 3064 3064 3060 3064 ‘
W(C = O)xarbonit 1634 1608 1611 1616 nar ‘
V(COO-),6ym 1556 1555 1559 1560 :
WCOO0-)gym 1388 1391 1389 1387 @
Avass 168 164 170 173
0(OH)y, 1479 1480 1481 1481
v(C-N- 1342 1338 1339 1340

Cpyridin
v(Co—01—C)) 1249/1180  1253/1179  1250/1180  1250/1181 | .
WC—O)earboxyt 1305 1304 - - d
v(Ring) 1106-838  1105-845 1109-832  1107-838 %o (3)
y(M-N) 588 583 576 588 g
v(M— - - 496 502 ‘é

O)coumaritate g
v(M=0)y,0 433 427 428 433 F

vibrations in the 1555-1560 cm™' and 1387-139 cm™'
areas, respectively. The absorption bands corresponding to
the metal-oxygen (M—O) bonds forming the basis of the
complexes were observed for aqua ligands at 433 cm™! in
Co(Il), 427 cm™' in Ni(Il), 428 cm™' in Cu(ll) and
433 cm™ ! in Zn(IT) complexes, respectively. Also, just two
complexes have (M—O) bonds stretching vibrations for the
coumarilate ligand, Cu(Il) and Zn(II) complexes, so
coumarilate ligands were coordinated to metal cations in
these compounds. But in the other two complexes are the
salt type, so the anionic coumarilate ligands did not coor-
dinate to metal, Co(II) and Ni(II), cations. The vibrations
of the metal-nitrogen (M-N) bonds in the complex are
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Fig. 1 The FTIR curves of complexes, for Co(Il) is (1), for Ni(Il) is
(2), for Cu(Il) is (3) and for Zn(II) is (4)
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Fig. 2 Thermal analysis curves of molecules a Co(II) complex, b Ni(II) complex, ¢ Cu(II) complex and d Zn(II) complex
—1 —1 .
588 cm™  for the (io(H) complex, 583 cm™ " for the Nll(H) [Co(C12HsNa),(H20),](CoHs03),
complex, 576 cm™ " for Cu(II) complex and 588 cm™ " for 70-147°C
-4H,0 — [Co(C,HgN CoHs03),,,
Zn(II) complex. 2-(s) [Co(C12HgN2),] (CoHs 3)2(5)
. 6H20(g)‘ (R.2)

Thermal properties

The curves of TG, DTG and DTA for thermal characteri-
zation of complexes are shown in Fig. 2a—d. The details of
the decomposition steps are listed in Table 3.

When the Co(II) mixed ligand complex is examined on
the DTG curve, thermal degradation occurs in four steps.
The initial temperatures of the decays were determined as
40, 70, 237 and 332 °C. In the first decay step, it is thought
that a molar water ligand has been removed from the
structure.

[Co(C12HsN2),(H20),](CoHs05),

40—-69°C
5H20(s> — [CO(ClegNg)Z(HQO)Z](C9H503)2

. 4H20(s) + H20<g).
(R.1)
At the temperature range of 70-147 °C, the remained
six moles (2 mol coordination and 4 mol hydrated water)

of the aqua ligands are completely separated from the
structure at the 93 °C dehydration step.

Two moles of 1,10-phenanthroline ligand and two moles
of the coumarilate ligand are degraded in the temperature
range of 237-863 °C. As a decomposition product, there
remains a black CoO compound.

237-863°C
[CO(C]QHgNz)Z](C9H503)2(S) i COO(S>

+ 2C12Hg N3 decomp) + 2CoH503(decomp)- (R3)

The DTG curve complex of the Ni(II) mixed ligand
complex 54, 97, 260; 459, 644 and 831 °C, corresponding
to the maximum temperatures. In the first decay step (at
37-70 °C), 1 mol of water ligand is moving away from the
structure.

[Ni(C12HsN2), (H20),](CoHs03),
37-70°C (..
. 5H20(S) — [Nl(clegNz)z(Hzo)z](C9H503)2
. 4H20(5) + H20<g).
(R4)

Similar to Co(I) complex, at the temperature range of
71-164 °C, all remaining aqua ligands (6 mol) are

@ Springer
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Table 3 Thermoanalytical data (TG-DTG/DTA) for the metal complexes

Complex Temp. DTA o/
range/°C °C

[Co(C12HgN>)2(H,0),1(CoH505),5H,0
C42HyoCoN4O 3
867.71 g/mol

1 40-69 55

2 70-147 93

3 237-330 282

4 332-863 626, —759

[Ni(C;2H3N>)>(H>0),](CoHs03),5H,0
CaoHaoN4NiO15
867.49 g/mol

1 37-70 54
2 71-164 97
3 235-308 260
4 310-877 459, 644,
831
[Cu(CoH503)2(C2HgN2)(H,0)]
C30H2CuN,O4
584.02 g/mol
1 102-150 127
2 191-211 201
3 212-743 257

[Zn(CoH503)2(C;.HgN>)(H,0)]

C30H20N,0,Zn

585.85 g/mol
1 144-186 158, 170
2 277-311 293
3 312-821 624

Withdrawing ~ Mass loss/% Residue/% Decomp. Color
group product
Exp. Theor. Exp. Theor.

Purple
H,O 212 2.08
6H,0 13.01 12.45
2C,HgN, 39.67 41.49
CoH50y; 3471 3529 1049 8.64 CoO Black
CoHs03

Green
H,O0 225 208
6H,0 1334 12.45
2C;,HgN, 40.38 41.50
CoHs50,; 3396 3530 10.07 8,61 NiO Black
CoHs50;

Blue
H,O 298  3.08
Ci2HgN, 30.14 30.82
CoHs0,; 50.67 5244 1621 13.62 CuO Black
CoHs03

White
H,O 3.64 3.07
CioHgN, 3095 30.72
CoHs50,; 50.88 5227 1453 13.89 ZnO Gray
CoHs03

completely got away from the structure as a decomposition
step.

[Ni(C12HsN2), (H20),](CoHs03),

71-164°C (..
. 4H2O(s) — [Nl(C]zHgNz)z](C9H503)2(S)

+ 6H20<g). (R.5)

Two moles of 1,10-phenanthroline ligand and two moles
of coumarilate ligand decay in the temperature range 235—
877 °C, leaving the medium. As a decay product, there
remains a black NiO compound.

. 235-877°C ..
[Ni(C12HgN2),](CoHs03),) ~ — " NiOyy)

+ 2C12H8N2(decomp) + 2C9H503(decomp)- (R6)

@ Springer

The Cu(Il) coordination compound exhibits three
decomposition steps. These steps start at the 102, 191 and
212 °C, and the first degradation step can be attributed to
the removal of one-mole aqua ligand in the coordination
sphere from the structure.

[Cu(CoHs503),(Ci2HsN2 ) (H20),] )
102-150°C
— " [Cu(CoH;503),(Ci2HsN2) ) + HaOyy).
(R.7)

At the temperature range of 191-743 °C, two molecules
of 1,10-phenanthroline ligand, which is the organic struc-
ture of coordination complex, and two moles of coumari-
late ligands burn away from the medium. As the last
product, there remains a black CuO compound.
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-srtarz::etu‘:e Ségit:;liiiapﬁgmeters Crystal data ! 2 3 4

for complexes 1-4 Empirical formula CapHagCONLO CasHaoNiN, O 5 CoHy0CuN,O; CoHa0ZnN,O,
Formula weight 867.71 867.49 584.02 585.85
Crystal system Monoclinic Monoclinic Triclinic Triclinic
Space group P2,/c P2,/c P-1 P-1
alA 13.2078 (8) 13.1870 (9) 7.8374 (5) 7.8628 (4)
blIA 223117 (12) 22.2182 (16) 10.8634 (7) 10.9545 (6)
clA 15.3660 (9) 15.3943 (12) 16.1168 (11) 15.8450 (9)
of° 90.00 90.00 100.405 (2) 101.091 (2)
pre 112.200 (2) 112.075 (2) 94.592 (3) 94.371 (3)
bad 90.00 90.00 109.952 (2) 107.883 (2)
VIA® 4192.5 (4) 4179.8 (5) 1253.64 (14) 1261.14 (12)
V4 4 4 2 2
DJg cm™ 1.375 1.379 1.547 1.543
0 range/® 3.0-22.7 3.1-27.0 3.1-28.2 3.5-28.3
Measured refls. 116,218 84,594 64,581 56,939
Independent refls. 7793 8196 6288 6268
Rinc 0.114 0.062 0.040 0.036
S 142 1.59 1.16 1.16
R1/wR2 0.117/0.375 0.110/0.391 0.037/0.106 0.038/0.093
Apmaxd Apmin/eA™> 1.32/— 1.46 2.27/— 0.76 0.32/— 0.60 0.62/— 0.55

Q
N

C32

C31

C30

Fig. 3 The molecular structure of complex 1 showing the atom-numbering scheme
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Fig. 4 The 3D supramolecular
network in 1

Table 5 Selected bond
distances and angoles for
complexes 1-4 (A, °)

[Cu(CoHs03),(CraHsN2 )]
191-743°C

< T
XA
AL
Complex 1
Col-02 2.074 (5) Col-N2 2.141 (5) Col-N3 2.140 (5)
Col-0O1 2.091 (7) Col-N4 2.146 (5) Col-N1 2.157 (5)
02-Col-01 89.5 (3) 02-Col-N3 90.2 (2) 01-Col-N3 173.3 (3)
02-Col-N2 169.9 (2) 0O1-Col-N2 91.7 (2) 02-Col-N4 94.5 (2)
Complex 2
N1-Nil 2.093 (5) N2-Nil 2.091 (4) N3-Nil 2.079 (5)
N4-Nil 2.093 (5) Nil-02 2.059 (5) Nil-O1 2.063 (5)
02-Nil-01 89.4 (2) 02-Nil-N3 89.98 (19) O1-Nil-N3 1753 (2)
02-Nil-N2 92.4 (2) O1-Nil-N2 88.7 (2) N3-Nil-N2 96.04 (18)
Complex 3
N1-Cul 2.0244 (17) N2-Cul 2.0032 (17) 01-Cul 2.2872 (15)
04-Cul 1.9367 (15) Cul-07 1.9864 (15)
04-Cul-07 94.60 (7) 04-Cul-N2 89.17 (6) 07-Cul-N1 92.12 (7)
04-Cul-0O1 99.07 (7) 07-Cul-01 92.84 (6) N1-Cul-O1 89.01 (6)
Complex 4
O1-Znl 2.0316 (16) 04-Znl 1.9972 (16) Zn1-07 2.062 (2)
Znl1-N2 2.0981 (17) Znl-N1 2.1543 (18)
04-Zn1-01 102.69 (7) O7-Zn1-N2 141.18 (11) 04-Zn1-N1 96.76 (7)
O1-Znl1-N1 159.13 (7) 07-Zn1-N1 89.81 (8) N2-Znl1-N1 78.35 (7)

- Cuo(s) + 2C9H503(decomp) + C12H8N2(decomp)'

(R.8)

The Zn(IT) complex also degrades at the three decom-
position stages (114; 277 and 312 °C), as is the case in the
Cu(Il) complex structure. The first disruption step in the

@ Springer

range 144-186 °C is due to the removal of one-mole aqua
ligand in the coordination cage.

[Zn(CyHs503),(C12HsN2) (H20)] )

144—186°C
—

[Zn(CoH503),(C12HgNy)] ) + HaOyy).-

(R.9)
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C41 C40

C39

Fig. 5 The molecular structure of complex 2 showing the atom-numbering scheme

Fig. 6 The formation of R§(16) ring in 2

The dehydrated complex structure burns at a tempera-
ture range of 277-821 °C. In this step, the two moles of
1,10-phenanthroline and two moles of the coumarilate
ligands are separated from the structure by forming pos-
sible CO,/CO,/NO,/NO, gases as they are in other struc-
tures. Leaving behind the gray colored ZnO compound
remained in the reaction crucible as the final decomposition
product.

277-821°C
[ZH(C9H5O3)2(C12H8N2)]<S) — ZHO(S)

+ 2C9HSO3(decomp) + C12H8N2(decomp)' (RIO)

All remaining relevant oxides were investigated with IR
spectra, and the claim was supported.

X-ray diffraction analysis

Suitable CrystalS of C42H40CON4013 (1), C42H40N4Ni013
(2), C30H20CHN207 (3) and C30H20N207Zn (4) were
selected for data collection which was performed on a
Bruker APEX-II diffractometer equipped with graphite-
monochromatic Mo-K, radiation. The structures were
solved by direct methods using SHELXS-97 [20] and
refined by full-matrix least-squares methods on F* using
SHELXL-97 [20] from within the WINGX [21] suite of
software. All non-hydrogen atoms were refined with
anisotropic parameters. The H atoms of C atoms were
located from different maps and then treated as riding
atoms with C—H distances of 0.93 A. The water H atoms
were located in a difference map refined freely. Molecular
diagrams were created using MERCURY [22].
Supramolecular analyses were performed, and the dia-
grams were prepared with the aid of PLATON [23].
Details of data collection and crystal structure determi-
nations are given in Table 4.

Complexes 1 and 2
The molecular structures of complexes 1-2, with the atom-
numbering schemes, are shown in Figs. 3 and 4. The

asymmetric units of 1-2 contain one M(II) ion (M(I) =
Co(Il) in 1 and Ni(Il) in 2), two phenanthroline ligands,
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Table 6 Hydrogen-bond parameters for complexes 1-4 A, °)

D-H--A D-H H-A DA D-H--A
Complex 1
C2-H2---010! 0.93 2.50 3.240 (14) 137
C10-H10---05" 0.93 2.53 3204 (9) 130
O1-H1B---07 0.80 (11) 1.87 (12) 2.594 (12) 149
02-H2A---N3 0.79 (10) 2.52 (10) 2984 (7) 120
02-H2B---06 090 (7) 1.85(7) 2.696 (10) 156
09-H9B---04 0.87 1.93 2.790 (13) 169
010-HI10B---04  0.99 1.76 2750 (12) 176
Ol11-H11A--06  0.84 1.66 236 (2) 140
Complex 2
C1-H1--05' 0.93 252 3.188 (8) 129
C9-H9---011" 0.93 246 3.230 (14) 141
O1-H1A--010  0.82(2) 1.87(3) 2673 (13) 167
OI1-HIB--07 0.82(2) 1.87(5) 2607 (11) 148
02-H2A---06 083 (2) 191 (3) 2693 (10) 156
02-H2B---03" 0.83 (2) 2.10(9) 2664 (9 126
09-H9A.---04 0.92 1.92 2.823 (12) 169
010-H10A--06  0.80 1.76 241 (2) 138
013-H13B---010" 0.87 2.08 2.83 (3) 144
OI13-HI3A--03  0.83 2.11 2.68 (2) 125
Complex 3
C3-H3---041 0.93 2.58 3417 (3) 150
O7-H7A---01" 0.80 2) 254(2) 33224 166
O7-H7B---02 0.84 (2) 1.85(2) 2654 (3) 161
Complex 4
C12-H12---01' 0.93 2.53 3352 (2) 148
07-H7A---05 083(2) 1842 26422 163
O7-H7B---02 084 () 173(2) 2552(3) 163

Symmetry codes: (i) —x+1, —y+1, —z+1; (ii) x, —y+1/2, z + 1/2 for
1; (i) x, —y+3/2, z — 1/2; (ii)) —x+1, —y+1, —z+1; (iii) x, —y+3/2,
2+ 12 (v) x, 3,z — 13 (v) x, y, z+ 1 for 25 (i) —x+1, —y+1,
—z+1; (i) —x, —y+1, —z+1 for 3; (i) —x+1, —y+1, —z+1 for 4

two non-coordinated coumarilate ligands, five non-coor-
dinated water molecules and two aqua ligands. Each M(II)
ion is coordinated by four nitrogen atoms of two different
phenanthroline ligands and two oxygen atoms from aqua
ligands. The coordination geometry around the M(II)
cation can be described as a distorted octahedral geometry.
The M-O bond lengths are 2.074 (5) and 2.091 (7) Ain1
and 2.059 (5) and 2.063 (5) Ain2, respectively. The M-N
bond lengths are ranged between 2.140 (5)-2.157 (5) Ain
1 and 2.079 (5)-2.093 (5) Ain 2, respectively (Table 5).
The 3D supramolecular network of molecules is shown in
Fig. 5 for complex 1 and Fig. 6 for complex 2.
Molecules of 1 are linked by C-H:--O hydrogen bonds,
while molecules of 2 are linked into sheets by a combi-
nation of O-H:--O and C—H---O hydrogen bonds (Table 6).

@ Springer

In 2, strong hydrogen bonds are observed between
coumarilate ligands and water oxygen atoms, with the
O---O distances ranging from 2.664 (9) to 2.83 (3) A. The
combination of O—H---O hydrogen bonds produces R§(16)
ring (Fig. 7). All of these intermolecular interactions give
three-dimensional framework results.

Complexes 3 and 4

The molecular structures of complexes 3—4, with the atom-
numbering scheme, are shown in Fig. 8. The asymmetric
units of 3—4 contain one M(II) cation, one phenanthroline
ligand, two coumarilate ligands and one aqua ligand. Each
M(I) ion is coordinated by two nitrogen atoms of
phenanthroline ligand, two oxygen atoms of two different
coumarilate ligands and one oxygen atom from the aqua
ligand. The coordination geometry around the M(II) cation
can be described as a distorted square pyramidal geometry.
The M—Ocarhoxy1 bond lengths are 1.9367 (15) and 2.2872
(15) A in 3 and 1.9972 (16) and 2.0316 (16) A in 4, while
the M—O,qu, bond length is 1.9864 (15) A in 3 and 2.062
(2) Ain 4, respectively. The M—N bond lengths are 2.0032
(17) and 2.0244 (17) A in 3 and 2.0981 (17) and 2.1543
(18) A in 4, respectively (Table 5).

Molecules of 4 are linked by a combination of O-H---O
and C-H---O hydrogen bonds, while molecules of 3 are
linked by C—H---O hydrogen bond (Table 6). In 4, atom C3
atom in the molecule at (x, y, z) acts as hydrogen-bond
donor, via atom H3, to atom O4i, so forming a centrosym-
metric R§(14) ring centered at (n + 1/2, 1/2, 1/2) [n = zero
or integer] [() —x+ 1, —y + 1, — z + 1]. Similarly,
water O7 atom in the molecule at (x, y, z) acts as hydrogen-
bond donor, via atom H7A, to atom Ol“, so forming cen-
trosymmetric R%(S) ring centered at (n, 1/2, 1/2) [n = zero
or integer] [(ii) — x, — y + 1, — z + 1]. The combination
of these hydrogen bonds produces edge-fused R3(8)R3(14)
rings which is running parallel to the [010] direction
(Fig. 9). In 3, atom C12 atom in the molecule at (x, y, z) acts
as hydrogen-bond donor, via atom HI2, to atom Oli, SO
forming a centrosymmetric R%(l4) ring centered at (1/2,
172,12) [G) —x+ 1, —y+ 1, — z+ 1].

The solid-state UV-Vis spectroscopy

Electronic transition values were subtracted from the
spectral patterns of the synthesized metal-coumarilate—
1,10-phenanthroline mixed ligand complexes according to
the visible region spectroscopy (UV-Vis) recorded at
900-200 nm (Fig. 10). The electronic transition peaks are
listed in Table 7. According to these results, the d—d tran-
sitions of the Co(Il) complex are seen at wavelengths of
63221 nm  (*T;y — *Toe)(F) and 53327 nm (‘T —
4T1g)(P). The three spin-permuted d—d passages possessed
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Fig. 7 The 3D supramolecular network in 2

Fig. 8 The molecular structure
of complexes 3—4 (M = Cu(Il)
in 3 and Zn(1II) in 4) showing the
atom-numbering scheme

by the Ni(Il) complex were found to be 815.03 nm The spectrum for the Cu(Il) complex is similar to the
(3A2g - 3T1g)(P), 607.71 nm (3A2g - 3T1g)(F) and  electronic transitions in other Cu(II) complexes in the lit-
441.26 nm (3A2g — 3ng)(F) wavelengths, which indicate erature [14, 15], but the peak intensity is higher. (This is
the splitting of the d orbitals of the Ni(II) metal cation to  seen when complexes of Cu(II) metal cations are com-
support the octahedral geometry. pared.) So, the copper metal cation has a single electronic

transition similar to the structure in the pseudo-octahedral,
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Fig. 9 The formation of edge-
fused R3(8)R3(14) rings in 3

Absorbance

200

400 600

Wavelength/nm

Fig. 10 UV-Vis-NIR spectra of complexes 1-4

but that the energy difference between the bands with the
transition is higher. For this reason, the transition can be
attributed to the passage of the square pyramidal structure
(Ajg = Byy). The structure analyzed by single-crystal
XRD results supports UV-Vis results. As shown in the
magnetic susceptibility results, there is no d—d electron
transition in the square pyramidal splitting which can occur
when the orbitals in the last orbit of the metal cation in the
Zn(Il) complex, which has the diamagnetic property, are
fully charged.

The absorption band seen at a low wavelength with high
severity does not belong to the d—d transition, but the
stronger energy metal — ligand (M — L) belongs to the
charge transfer transition. Absorption bands at wavelengths
of 247,38 and 311,11 nm for Co(Il) complex, 249,77 and
325,41 nm for Ni(II) complex, 238,15 and 308,42 nm for
Cu(Il) complex, respectively, belong to metal — ligand
(M — L transitions. The strong DTGs at the wavelengths
of 247.17 and 311.23 nm for the Zn(IT) complex belong to
ligand — metal (L — M) charge transfer. All of the solid-
phase data of metal cation complexes are suitable for the
literature [24-26].

Table 7 The UV-Vis spectra of metal-coumarilate mixed ligand complexes

Transitions

Complexes

C4HyoCoN4O 3

Ci2HyoNgNiOy3
(octahedral)

C30H20CUN207 (Square
pyramidal)

C30H20N>07Zn (square
pyramidal)

(octahedral)
d-d 632,21 (*Tyy = “Top)(F)
d—d 53327 (*Tyy — “Typ)(P)
d—d
M—L 247,38; 311,11
L->M -

815,03 CAze = T )(P)

607,71 CAze — >T1)(F)
441,26 CAgg = *Tao)(F)
249,77; 325,41

852,56-496,13 631,92 -
(Alg - B]g)

238,15; 308,42 -
- 247,17, 311,23
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Table 8 Some biological applications results of complexes

Samples Staphylococcus aureus Enterococcus faecalis

Escherichia coli Pseudomonas aeruginosa Candida albicans

Antimicrobial activity (inhibition diameter, mm + SD)

Complex 1 ND 50+ 1.0
Complex 2 ND ND
Complex 3 1.0 £ 0.5 1.0 £ 0.5
Complex 4 20+ 1.0 ND
Standard® 7.00 £ 1.00 9.50 £ 2.00
Standard” ND ND

3.0+ 0.5 ND 6.0+ 1.0
1.0 £ 0.5 1.0 £ 0.5 40+ 15
3.0+ 1.0 ND 5020
20+ 0.5 1.0 £ 0.5 6.5+ 2.0
10.50 £ 2.50 8.75 £ 2.25 ND

ND ND 10.50 £ 1.50

ND not determined, Standard®: ampicillin, Standard®: fluconazole

Biological applications

The antimicrobial (antibacterial, antifungal) activity of the
synthesized complexes is given in Table 8.

Co(Il) complex was found to be effective on Candida
albicans and also low inhibition effect on Enterococcus
faecalis and Escherichia coli. Ni(Il) complex was found to
be effective in Candida albicans and also the low inhibi-
tory effect on Gram-negative microorganisms (Escherichia
coli and Pseudomonas aeruginosa). Cu(Il) complex was
found to be effective on Candida albicans and also low
inhibition effect on Staphylococcus aureus, Enterococcus
faecalis and Escherichia coli. Zn(II) complex was found to
be effective in Candida albicans, and a low rate of inhi-
bition was also found in Staphylococcus aureus, Escher-
ichia coli and Pseudomonas aeruginosa.

Conclusions

The mixed ligand complexes of cobalt (II), nickel (II),
copper (II) and zinc (IT) metal cation were synthesized with
coumarilic acid and 1,10-phenanthroline ligands. The ratio
of metal/coumarilate/1,10-phenanthroline ligands was
determined as 1:2:2 in Co(II) and Ni(Il) complexes and
1:2:1 in Cu(II) and Zn(II) complexes. The Co(II) and Ni(II)
cations in the structures have completed their octahedral
sphere with two moles bidentate bonded 1,10-phenanthro-
line and two moles aqua as a ligand by entering the coor-
dination sphere. The both of the structures include four
moles hydrated water molecules but they are not isostruc-
tural, so the water molecules outside of the coordinate
system are located in different spatial regions. According to
the structural analysis results obtained, the complexes of 3
and 4, whose structure was identified, were determined as
isostructural and their coordination modes are square
pyramidal. The complexes of 1 and 2 are salt type, and two
moles coumarilate anions are settled outside of the

coordination spheres that are counter-ions of metal cations.
1 and 2 are similar to each other because their thermal
degradation steps are similar to each other, whereas
structures 3 and 4 are isostructures, the same. The bio-
logical activation studies of the elucidated molecules have
been studied in cell culture medium. Synthesized mole-
cules have been found to have higher activity, especially
against Candida albicans fungus. It has been observed that
these activities are close to the effect of gentamicin and
fluconazole drugs present in the market.

Supplementary material

Crystallographic data for the structural analysis have been
deposited with the Cambridge Crystallographic Data Cen-
tre, CCDC No. 1468909 for 1, 1468910 for 2, 1468911 for
3 and 1468912 for 4. Copies of this information may be
obtained free of charge from the Director, CCDC, 12
Union Road, Cambridge CB2 1EZ, UK (fax: +44-1223-
336033; e-mail: deposit@ccdc.cam.ac.uk or http://www.
ccde.cam.ac.uk).
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