
ORIGINAL PAPER

Synthesis, Antibacterial Studies and Crystal Structures
of Tridentate Schiff Base Ligand and It’s Cobalt(III) Complex

Mehdi Salehi • Grzegorz Dutkiewicz •

Arezou Rezaei • Ali Amoozadeh • Salman Rahmani •

Gholam Hossein Grivani • Maciej Kubicki

Received: 9 January 2012 / Accepted: 6 June 2012 / Published online: 29 June 2012

� The Author(s) 2012. This article is published with open access at Springerlink.com

Abstract The crystal structures of 4-[(2-hydroxyphenyl)

imino]-2-pentanone (H2hpac, 1) and its cobalt(III) complex

[CoIII(hpac)py3]?�PF6
- (2) have been determined by X-ray

diffraction. The ligand 1 crystallizes in orthorhombic

chiral P212121 space group, with a = 8.8405(4) Å,

b = 10.5349(8) Å, c = 11.2292)7( Å), and the complex

2—in the centrosymmetric monoclinic P2/n space group,

with a = 16.496(5) Å, b = 10.171(2) Å, c = 16.646(5) Å,

and b = 95.53(3)�. In the ligand molecule quite strong

intramolecular hydrogen bond closes six-membered ring.

The bond length pattern within this ring suggests the sig-

nificant conjugation and the structure might be therefore

regarded as the intermediate between keto-enamine and

zwitterionic forms, and the intramolecular hydrogen bond

falls into category of resonance-assisted hydrogen bonds.

In turn, intermolecular O–H���O hydrogen bonds connect

the molecules of the ligand into infinite chains along [100]

direction. In the complex, the Co(III) ion is hexa-coordi-

nated, by two oxygen and one nitrogen atoms of the dou-

bly-deprotonated ligand 1 and by three nitrogen atoms

from three pyridine ligands. The coordination polyhedron

is close to a slightly distorted octahedron. The in vitro

antimicrobial activity of the Schiff base ligand and its

corresponding complex have been tested against human

pathogenic bacterias such as Staphylococcus aureus,

Bacillus subtilis, Pseudomonas aeruginosa and Esche-

richia coli.
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Results and Discussion

Acetylacetone (acac) or pentane-2,4-dione is often used as

a good precursor in organic synthesis and as a building

block of metal–organic complexes [1, 2]. Its anion acts as

the bidentate ligand and is known to form complexes with

many transition metal ions [3–5]. A general method of

preparation of such complexes consists in a reaction of a

metal ion with acetylacetone in presence of a base which

easily separates the proton. Replacement of the ketone

functional group by the imine one results in corresponding

bidentate Schiff bases, which also proved to be useful

ligands. If 2-hydroxy aniline is used as the amine, one

can prepare the tridentate ligand. Such a ligand—4-[(2-

hydroxyphenyl)imino]-2-pentanone (hereafter referred to

as 1), known as H2hpac, where H2 represents the disso-

ciable enolic –OH and hydroxyphenyl protons—has been

already prepared and used for making the square-planar

mixed-ligand nickel(II) complex with deprotonated H2hpac

(i.e. hpac), which coordinates through the enolate oxygen,

the imine nitrogen and the deprotonated hydroxyphenyl

oxygen atoms. Additionally, the neutral N-donor, imidaz-

ole, has been used as an ancillary ligand [6]. Such
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compounds are of particular interest due to the asymmetric

intramolecular hydrogen bond, formed between oxygen

and nitrogen atoms. Depending on the position of the

hydrogen atom in this O���H���N bond (which forms a six-

membered chelate ring), these o-hydroxy Schiff bases

exhibit two tautomeric forms (cf. Scheme 1): the OH form

(A) and the NH form (B, C). Additionally, the NH tautomer

can exist in the ketoenamine form (B) or the zwitterionic

form (C) [7]. The unsaturated –CH=N– bond permits the

p-electronic coupling between acidic and basic centres of

the molecule. In many o-hydroxy Schiff bases the chelate

ring is planar, and is therefore called ‘‘pseudoaromatic’’

chelate ring e.g. [8–10]. An interesting example of such

system formed by acac and ethylendiamine fragments,

resulting in bis(acetylacetone)ethylenediimine (with an

intramolecular ionic hydrogen bond in the solid state) has

been reported by Özkar et al. [11].

Cobalt(III) complexes derived from symmetrical and

nonsymmetrical Schiff bases have drawn considerable

attention in the past for their important biological appli-

cations. A number of model complexes with cobalt(II)

and cobalt(III) have been prepared with particular

emphasis on the reactivity of the metal ions in the

transmethylation reaction and on the reversible absorption

of molecular oxygen [12–18]. As a continuation of our

studies on Schiff bases [19] we have performed the

preparation and characterization of [CoIII(hpac)py3]PF6

(hereafter referred to as 2). The spectral properties of the

complex were investigated by FT-IR, UV–Vis, and
1HNMR spectra. The X-ray crystal structures of 2 and of

the ligand 1 have been determined. The antibacterial

activities of both the Schiff base ligand 1 and it’s

complex 2 against Bacillus subtilis (Gram-positive),

Staphylococcus aureus (Gram-positive), Escherichia coli

(Gram-negative) and Pseudomonas aeruginosa (Gram-

negative) have also been evaluated.

Synthesis and Characterization

In the preparation of the cobalt(III) complex, a vigorous

stream of air was passed through a solution of CoII(hpac) in

methanol to which excess pyridine was gradually added.

The air oxidation was continued for a period of 3 h during

which the color changed from red to green. A solution of

KPF6 in methanol was then added to the resulting green

solution and stirred for 5 min. Dark red crystals of the

complex were obtained in good yield (60 %).

The IR spectra of the free Schiff base ligand and corre-

sponding complex show several bands in the 400–

4,000 cm-1 region. The NH stretching frequency of the free

ligand, observed at 3,460 cm–1, is due to the internal

hydrogen bonding vibration (O-���H–N?). The bands rela-

ted with the C=O and O–H bonds, present in the free ligand,

are not observed in the spectra of the complex. The

stretching vibration of PF6
- anion is observed at 841 cm-1

[20]. The electronic absorption spectrum of the complex,

measured in chloroform, shows a true maximum band at

575 nm. Relatively low value of e (181 M-1 cm-1) of this

band suggests that it can be assigned to the d–d transition.

The 1HNMR spectrum of 2 in CDCl3 is shown in Fig. 1

(assignment as in Scheme). These data are in good agree-

ment with the single crystal structure. The expected peaks

at 5.32 (s, N–CH2–), 2.58 (s, N=C–CH3), and 2.38 (s,

Scheme 1 The preparation of

the complex with tautomeric

forms of the Schiff base
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C=C–CH3) ppm are observed. The aromatic protons of

the phenyl group appear as a multiplet at the range

6.45–7.19 ppm (Hph), and those of three pyridine mole-

cules—at the range 7.26–8.70 ppm (Hpy).

Molecular Structures

Selected bond lengths and angles for both structures are

listed in Table 1.

Figure 2 shows the perspective view of the tridentate

Schiff base ligand 1. In the molecule 1 there is a strong

intramolecular N–H���O hydrogen bond, with the proton

located at the imine nitrogen atom. The position of this

hydrogen atom (H8) is proved by finding it in the differ-

ence Fourier map and successful refinement, as well as by

the geometry of its environment. So far, mainly neutral

O–H���N hydrogen bonds have been known in structures

of Schiff base ligands [10, 21, 22]. Hydrogen bonding

geometry is summarized in Table 2. Analysis of the bond

Fig. 1 1HNMR spectrum of

[CoL(py)3]PF6 in CDCl3

Table 1 Selected geometrical

parameters (Å, �) with esd’s in

parentheses

Ligand 1 Complex 2

C1–O2 1.3589(18) C41–O42 1.353(4)

C7–N8 1.4155(18) C47–N48 1.441(4)

N8–C9 1.3402(17) N48–C49 1.331(5)

C9–C11 1.377(2) C49–C51 1.415(5)

C11–C12 1.407(2) C51–C52 1.379(4)

C12–O13 1.2592(17) C52–O53 1.308(3)

Co1–O42 1.916(2)

Co1–N48 1.907(3)

Co1–O53 1.898(2)

Co1–N11 1.988(3)

Co1–N21 1.982(3)

Co1–N31 1.976(3)

C7–N8–C9 130.88(12) C47–N48–C49 127.8(3)

N8–C9–C11 120.41(13) N48–C49–C51 121.3(3)

C9–C11–C12 124.87(13) C49–C51–C52 127.0(3)

C11–C12–O13 122.40(13) C51–C52–O53 125.0(3)

C6–C7–N8–C9 37.2(2) C46–C47–N48–C49 -26.2(5)

C7–N8–C9–C11 177.23(14) C47–N48–C49–C51 172.9(3)

C7–N8–C9–C10 -0.9(2) C47–N48–C49–C50 -6.8(5)

N8–C9–C11–C12 -3.4(2) N48–C49–C51–C52 -10.2(5)

C9–C11–C12–O13 2.7(2) C49–C51–C52–O53 10.7(5)

C9–C11–C12–C14 -176.07(16) C49–C51–C52–C54 -165.5(3)
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length pattern suggests the significant conjugation within

the hydrogen-bonded six-membered ring; in principle the

structure might be regarded as the intermediate between B

(keto-enamine) and C(zwitterionic) forms in Scheme 1. In

a sense then, the structure of H2hpac can be regarded as

another example of the ionic hydrogen bonding in a solid

Schiff base ligand [7, 9]. The intramolecular ionic hydro-

gen bonding can be therefore described by employing so-

called ‘‘resonance assisted hydrogen bonding’’ (RAHB)

model which is essentially a synergetic mutual reinforce-

ment of hydrogen bonding and p-delocalization within the

heterodienic system [23]. Here, the delocalization is clearly

visible in the bond lengths (cf. Table 1): the C–O bond

distance is longer than typical range of double C=O bonds

(and compares well with the C–O distance found in the

related structure [11]). The C–N bond distance of the

azomethine group is longer than a typical C=N bond, but is

much shorter than the single C–N bond. Finally, both C–C

distances are roughly equal. As another consequence, the

six-membered hydrogen-bonded ring is almost planar, with

maximum deviation from the least squares plane through

all 6 atoms of 0.037(10) Å. The dihedral angle between

this ring and the aromatic ring is 30.4(3)�. In the crystal

structure the O–H���O intermolecular hydrogen bonds join

molecules into infinite chains along [100] direction; these

chains are additionally joined by weak C–H���p contacts

(Table 2; Fig. 3).

Figure 4 shows the perspective view of the structure of

the complex [CoIII(hpac)py3]PF6. The coordination geom-

etry around the hexa-coordinated Co(III) ion can be

described as a slightly distorted octahedron (Table 1). The

Co1 ion is coordinated by two oxygen atoms (O42 and

O53) and one nitrogen atom (N48) of tridentate Schiff base

ligand, and by three nitrogen atoms (N11, N21 and N31)

from three pyridine molecules. The trans bond angles of

O42–Co1–O53, N11–Co1–N21 and N48–Co1–N31 are

178.38(11)�, 178.66(14)� and 176.59(14)�, respectively,

and deviate only slightly from the theoretical value of 180�.

All cis bond angles around Co center deviate significantly

from 90� indicating a rectangular distortion. Among the cis

bond angles, O53–Co1–N48 (95.77(12)�) has the greatest

deviation from 90�. The Co—N48 bond is shorter than

Co—Npy by approximately 0.08 Å due to the presence of

p-backbonding in Co—Nimine bond. The Co–O distances

are similar to those found in related complexes e.g. [17,

24]. The geometry of the ligand is in principle similar to

that of 1, the dihedral angle between almost planar (within

0.043(2) Å) N=C–C=C–O fragment and the phenyl ring

plane is 33.63(12)�. It should be noted however that—in

the absence of intramolecular hydrogen bond—the N=C–

C=C–O fragment deviates more significantly from the

planarity (cf. torsion angles in Table 1). The crystal

packing is determined by electrostatic interactions between

charged species; some weak C–H��F and C–H���O hydrogen

bonds provide additional weak stabilizing forces (Table 2;

Fig. 5).

Biological Properties

Potent antibacterial activity of cobalt(II) and cobalt(III)

Schiff base complexes have been reported in different

studies [25, 26]. Table 3 shows the results of antibacterial

activity studies of ligand and its complex evaluated by

Fig. 2 Perspective view of the ligand, H2hpac (1) together with

labeling scheme [17]; the displacement ellipsoids are drawn at 50 %

probability level, hydrogen atoms are shown as spheres of arbitrary

radii. Intramolecular hydrogen bond is drawn as dashed line

Table 2 Hydrogen bond data for 1 (Å, �)

D H A D–H H���A D���A D–H���A

O2 H2 O13i 0.92(2) 1.73(2) 2.6440(14) 174(2)

N8 H8 O13 0.905(19) 1.883(19) 2.6434(15) 140.3(15)

C14 H14A CgAii 0.96 2.80 3.724(3) 162

C15 H15 F3Aiii 0.95 2.60 3.386(5) 140

C15 H15 F1Aiii 0.95 2.64 3.568(4) 166

C24 H24 F6Aiv 0.95 2.64 3.513(4) 152

C25 H25 F2Aiv 0.95 2.43 3.204(4) 138

C26 H26 F1Av 0.95 2.49 3.397(4) 161

C33 H33 O42vi 0.95 2.60 3.534(4) 168

C34 H34 F6A 0.95 2.57 3.354(4) 140

C35 H35 F3A 0.95 2.44 3.311(4) 152

C35 H35 F3Avii 0.95 2.57 3.355(4) 140

C36 H36 F5Avii 0.95 2.57 3.449(4) 153

C44 H44 F6Aviii 0.95 2.50 3.356(4) 150

C50 H50C F4Avii 0.98 2.64 3.523(4) 151

C54 H54C F1Av 0.98 2.53 3.451(4) 157

CgA denotes the midpoint of the phenyl ring

Symmetry codes: i 1/2 ? x, 3/2 - y, 1 - z; ii x - 1, y, z; iii x, 1 ? y, z;
iv -1 ? x/2, 1 - y, 1.2 ? z; v 3/2 - x, 1 ? y, 1/2 - z; vi 1 - x, 1 - y,

-z; vii 3/2 - x, y, 1/2 - z; viii 1 - x, -y, -z
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Kirby–Bauer disc diffusion method against both

Gram-positive and Gram-negative bacteria. Although the

chemical compounds showed antibacterial activity in disk

diffusion assay, their minimal inhibitory concentration

(MIC) were more than 30 mg ml-1. It can be concluded

that the ligand and its complex had no antibacterial activity

against studied bacterial strains.

Experimental

Reagents and Measurements

All other chemicals were commercial reagent grade and

used as received from Aldrich and Merck. Elemental

analyses were performed by using a Perkin–Elmer 2400II

Fig. 3 The crystal packing of

H2hpac as seen along [001]

direction [6]. Hydrogen bonds

are shown as dashed lines

Fig. 4 Perspective view of the

complex, [CoL(py)3]?PF6
-

with labelling scheme [17]. The

displacement ellipsoids are

drawn at 50 % probability level,

hydrogen atoms are shown as

spheres of arbitrary radii
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CHNS–O elemental analyzer. UV–Vis spectra were

recorded on a JASCO V-570 spectrophotometer. Infrared

spectra (KBr pellets) were obtained on a FT-IR JASCO 680

plus spectrophotometer. 1HNMR spectra were obtained on

a Bruker Avance DRX 500 (500 MHz) spectrometer.

Proton chemical shifts are reported in ppm relative to an

internal standard of Me4Si.

Synthesis of Schiff Base Ligand 1

The Schiff base ligand, 4-[(2-hydroxyphenyl)imino]-2-

pentanone (H2hpac), was prepared as described in the lit-

erature [6]. The single crystals suitable for X-ray data

collection were obtained by slow evaporation of the etha-

nol solution (after 2 days). The crystals were filtered off,

washed with a small amount of cold methanol and dried

under vacuum.

Synthesis of Complex 2

To a stirring solution of Co(CH3COO)2�4H2O (0.125 g,

0.5 mmol) in methanol (25 ml) was added an equimolar of

H2hpac (0.095 g, 0.5 mmol). The pink solution turned

brown immediately upon the formation of [CoII(hpac)]

complex. To this solution was added 4 mmol of pyridine,

and air was bubbled through the reaction mixture for about

3 h. 0.5 mmol of KPF6 was then added to the resulting

green brown solution and stirred for 5 min. The single

crystals suitable for X-ray data collection were obtained by

slow evaporation of the methanol solution after 3 days. The

crystals were filtered off,washed with a small amount of

cold methanol and dried under vacuum. FT-IR (KBr,

cm-1): 1,574 (C=N), 841 (s, PF6) UV–Vis: kmax (nm), e (L

mol-1 cm-1) (CH3CN) 196 (79,000), 275 (70,000), 336

(24,600), 586 (181). 1HNMR (500 MHz, CDCl3, d, ppm):

2.38 (s, 3H, Ha), 2.58 (s, 3H, Hb), 5.32 (s, 1H, Hc),

6.45–7.19 (4H, phenyl ring proton) 7.26–8.70 (15H, pyri-

dine C–H proton). Anal. Calcd. For C26H26N4O2PF6Co: C,

49.54; H, 4.16; N, 8.89; Found: C, 49.05; H, 4.10; N,

8.68 %.

Fig. 5 The crystal packing of

[CoL(py)3]PF6 as seen along

[001] direction [33]. The dashed
lines denote short contacts

(cf. text)

Table 3 Zones of inhibition of chemical compounds against patho-

genic bacteria

Zones of inhibitiona (mm)

H2hpac (1) [CoIII(H2hpac)py3]PF6 (2)

Bacillus subtilis 8 11

Staphylococcus aureus 14 12

Escherichia coli 6 8

Pseudomonas aeruginosa – –

a Concentration of 30 mg ml-1 of each chemical compound was

used for disc diffusion assay
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X-ray Crystallography

Diffraction data for ligand (1) were collected at room

temperature by the x-scan technique on an Agilent Tech-

nologies SuperNova four-circle diffractometer with Atlas

CCD detector [27], equipped with microfocus CuKa radi-

ation source (k = 1.54178 Å), while for the complex (2)

on an Agilent Technologies Xcalibur four-circle diffrac-

tometer with Eos CCD detector [27] and graphite-mono-

chromated MoKa radiation (k = 0.71069 Å). The data

were corrected for Lorentz-polarization as well as for

absorption effects [27]. Precise unit-cell parameters were

determined by a least-squares fit of 2,198 (1) and 6,083 (2)

reflections of the highest intensity, chosen from the whole

experiment. The calculations were mainly performed

within the WinGX program system [28]. The structures

were solved with SIR92 [29] and refined with the full-

matrix least-squares procedure on F2 by SHELXL97 [30].

The scattering factors incorporated in SHELXL97 were

used. The function
P

w(|Fo|2 - |Fc|
2)2 was minimized,

with w-1 = [r2(Fo)2 ? (A.P)2 ? B.P] (P = [Max (Fo
2,

0) ? 2Fc
2]/3). The final values of A and B are listed in

Table 4. All non-hydrogen atoms were refined anisotropi-

cally. All hydrogen atoms from the complex (2) and methyl

hydrogen atoms from the ligand (1) were placed in ideal-

ized positions and refined as ‘riding model’ with isotropic

displacement parameters set at 1.2 (1.5 for methyl groups)

times Ueq of appropriate carrier atoms. All other hydrogen

atoms from 1 were found in the difference Fourier map and

isotropically refined. The crystals of the complex (2) have

been found to be twinned, appropriate SHELX refinement

procedure has been applied (BASF factor refined at

0.249(1)).

CCDC 860226 (1) and 860227 (2) contain the supple-

mentary crystallographic data for this paper. These data can

be obtained free of charge from the Cambridge Crystallo-

graphic Data Centre via www.ccdc.cam.ac.uk/data_request/

cif or e-mail: deposit@ccdc.cam.ac.uk.

Antibacterial Activity

The antimicrobial activity of synthesized compounds was

evaluated by disk diffusion assay [31] and twofold dilution

method [32]. The Gram negative and Gram positive stan-

dard strains, namely Bacillus subtilis (B. subtilis; PTCC

No: 1023; ATCC 6633); Staphylococcus aureus (S. aureus;

PTCC No: 1431; ATCC 25923), Escherichia coli (E. coli;

PTCC No: 1399; ATCC 25922), and Pseudomonas aeru-

ginosa (P. aeruginosa; PTCC No: 1430; ATCC 27853)

were purchased from Iranian Research Organization for

Science and Technology (IROST). All bacteria were grown

on Muller–Hinton Agar plates (37 �C, 24 h) and the zones

of inhibition were measured after 24 h. Each organism was

tested in duplicate on different days to measure the

reproducibility of the test. Ampicillin, chloramphenicol,

kanamycin, and penicillin were purchased from PadtanTeb

Company (Iran) and used as reference antibacterial agents.

Conclusion

A new cobalt(III) complex with a tridentate Schiff base

ligand and pyridine has been synthesized and characterized

by spectroscopic measurements. Structures were deter-

mined by X-ray diffraction. The cobalt ion is coordinated

by one N and two O atoms from a Schiff base ligand and by

the N atoms of three pyridine molecules to form a distorted

Table 4 Crystal data collection and structure refinement

1 2

Molecular formula C11H13NO2 C26H26CoN4O2�PF6

Formula weight 191.22 630.41

Crystal system Orthorhombic Monoclinic

Space group P212121 P2/n

a (Å) 8.8405(4) 16.496(5)

b (Å) 10.5349(8) 10.171(2)

c (Å) 11.2292(7) 16.646(5)

b (�) 90 95.53(3)

V (Å3) 1045.82(11) 2779.9(13)

Z 4 4

Dx (g cm-3) 1.214 1.506

F(000) 408 1,288

l(mm-1) 0.68 0.75

h range (�) 6.4–73.3 3.2–28.8

hkl range -10 B h B 8 -20 B h B 21

-13 B k B 13 -13 B k B 13

–13 B l B 12 -20 B l B 22

Reflections

Collected 2,741 10,210

Unique (Rint) 1804 (0.017) 10,210

With I [ 2r(I) 1,725 4,173

Number of

parameters

158 362

Weighting scheme

A 0.0507 0.0050

B 0.0572 0

Final R index

[I [ 2r(I)]

R1 = 0.0303,

wR2 = 0.0828

R1 = 0.0468,

wR2 = 0.0783

R index [all data] R1 = 0.0316,

wR2 = 0.0843

R1 = 0.1241,

wR2 = 0.0910

Goodness-of-fit on

F2
1.05 0.64

Max/min Dq
(e Å-3)

0.11/- 0.10 0.60/-0.60
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octahedral geometry. The intramolecular ionic hydrogen

bonding is observed in the enolic form of the ligand.
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