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Abstract Two pentadentate carbohydrazone ligands,

H2L1 and H2L2, were prepared by the reaction of the

bifunctional compound carbohydrazide with 2-hydroxy-5-

nitrobenzaldehyde and 2-hydroxy-1-naphthaldehyde,

respectively. Reactions of the ligands with oxovana-

dium(IV), cerium(III), thorium(IV), and dioxouranium(VI)

ions yielded binary complexes. Reactions of the ligands

with the dioxouranium(VI) ion in the presence of second-

ary ligands (8-hydroxyquinoline, glycine, salicylaldehyde,

or benzoylacetone) yielded ternary complexes. The ligands

and metal complexes were characterized by different

techniques such as elemental and thermal analyses, IR, 1H

and 13C NMR, electronic, ESR, mass spectra, and powder

XRD as well as magnetic susceptibility and conductivity

measurements. The coordinating sites are phenolic oxygen,

azomethine nitrogen, and carbonyl oxygen. In complexes,

the ligands act as dibasic pentadentate except ternary di-

oxouranium(VI) complexes, obtained using glycine or

benzoylacetone, in which the ligands act as monobasic

pentadentate. The XRD patterns for the H2L1 ligand, its

binary dioxouranium(VI) complex, and its 8-hydroxy-

quinoline ternary complex indicate crystalline nature and

the grain size was estimated. The H2L1 ligand and its

binary complex have triclinic systems while the ternary

complex has a monoclinic system with different unit-cell

parameters. The ligands and some of their metal complexes

showed antimicrobial activity toward some Gram-positive

and Gram-negative bacteria, yeast (Candida albicans), and

fungus (Aspergillus fumigatus), and MIC values were

determined. The DNA binding properties of the oxovana-

dium(IV) complexes of H2L1 and H2L2 ligands were

investigated by electronic absorption spectroscopy and

viscosity measurements. The results indicated that these

complexes bind to DNA via an intercalation binding mode

with an intrinsic binding constant Kb of 2.55 9 104 and

3 9 104 M-1, respectively.
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Introduction

Carbohydrazide is a member of the structural sequence,

urea, semicarbazide, and carbohydrazide. Both hydrazine

groups of carbohydrazide display reactivity toward car-

bonyl compounds and give rise to a large number of

crystalline mono- and dihydrazones. Carbohydrazones and

their complexes with transition metals have been found to

be one of the most fascinating subjects in the field of

coordination chemistry as they are documented in the lit-

erature as good therapeutic, antimicrobial, anticancer, and

pharmacological agents [1–6].

It is well known that the mixed-ligand strategy, as an

effective method for constructing metal–organic frame-

works, allows tuning the coordination ability of ligands to

corporately bind with metal centers. Mixed-ligand com-

plexes have been extensively studied following recognition

that they play an important role in biological processes and

serve as suitable models for valuable information in the

elucidation of enzymatic processes of biological relevance
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[7, 8]. Also, these complexes showed significant antibac-

terial, antifungal, and anticancer activity [9–15].

Vanadium complexes have multiple biological and

pharmacological activities, including antimicrobial, anti-

leukemia, antitumor, photodynamic therapy, and as an

insulin mimetic [16–20].

The coordination chemistry of lanthanide and actinide

ions with O- and/or N-donor ligands has advanced tre-

mendously during past two decades [21–24]. The

considerable interest of these ions, especially lanthanide

ions, is due to their implications in optical imaging of cells,

as luminescent chemosensors for medical diagnostics,

contrast reagents for medical magnetic resonance imaging,

shift reagents for NMR spectroscopy as well as their

increasing utility in organic synthesis, bioorganic chemis-

try, and homogeneous catalysis [25, 26].

Deoxyribonucleic acid, DNA, plays a fundamental role

in the storage and expression of genetic information in a

cell. DNA is a particularly good target for metal complexes

as its base pairs own rich electrons. Therefore, transition

metal complexes can bind to DNA in many modes such as

electrostatic, groove, and intercalative binding. Among

them, the intercalative mode is the most important mode in

which transition metal complexes can intercalate between

the pair-bases of double helix DNA, forming p–p over-

lapping interaction. It is this interaction that greatly affects

and/or damages DNA conventional behavior and so that

these transition metal complexes possess a very broad

application background in the field of bio-inorganic

chemistry [27–29]. Hence, studies of the interaction

between transition metal complexes and DNA have been

pursued in recent years [30–33], particularly oxovana-

dium(IV) complexes, which can bind and cleave DNA [34–

37].

The aim of the present work is to study the chelating

behavior of the carbohydrazone ligands (Fig. 1) toward

oxovanadium (IV), lanthanide [cerium (III)] and actinide

[thorium (IV) and dioxouranium(VI)] ions. Also, the

ligands were allowed to react with the dioxouranium(VI)

ion in the presence of secondary ligands including N,O-

donor (8-hydroxyquinoline or glycine) or O,O-donor (sal-

icylaldehyde or benzoylacetone). The structures of the

ligands and metal complexes were characterized by ele-

mental and thermal analyses, IR, 1H and 13C NMR, ESR,

electronic, mass spectra, and powder XRD as well as

conductivity and magnetic susceptibility measurements at

room temperature. The biological activity of the ligands

and their complexes was screened against selected kinds of

bacteria and fungi. Finally, the interaction between the

oxovanadium(IV) complexes and herring sperm DNA (HS-

DNA) was investigated by electronic absorption spectros-

copy and viscosity measurements.

Results and discussion

The carbohydrazone ligands H2L1 and H2L2

The carbohydrazone ligands 2,20-[carbonylbis(hydrazin-2-

yl-1-ylidenemethylidyne)]bis(4-nitrophenol) (H2L1) and

1,10-[carbonylbis(hydrazin-2-yl-1-ylidenemethylidyne)]bis

(naphthalen-2-ol) (H2L2) (Fig. 1) were synthesized by the

condensation of carbohydrazide with 2-hydroxy-5-

nitrobenzaldehyde and 2-hydroxy-1-naphthaldehyde, res-

pectively, stoichiometrically in the molar ratio 1:2

(carbohydrazide:aldehyde). The structures of the ligands

were elucidated by elemental analyses, IR, electronic, 1H

and 13C NMR, and mass spectra. The analytical and

physical data of the ligands and their metal complexes are

listed in Table S1 (Supplementary material). The results of

the elemental analyses are in a good agreement with the

proposed formulae.

Inspection of the infrared spectral data of the carbo-

hydrazone ligands H2L1 and H2L2 along with

carbohydrazide showed the formation of the ligands. The

absorption bands of the –NH2 group in carbohydrazide

disappeared in the infrared spectra of the ligands, indicat-

ing that the condensation has occurred. This is supported
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Fig. 1 Structures of the carbohydrazone ligands H2L1 and H2L2
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by the appearance of the strong bands in the range

1,622–1,631 cm-1 in the spectra of the ligands, which can

be assigned to the stretching mode of the azomethine

moiety, m(C=N). Also, the new broad bands at 3,431 and

3,323 cm-1 can be assigned to m(OH) in H2L1 and H2L2

ligands, respectively. Also, the bands observed at 3,275,

1,674, 1,579, and 1,283 cm-1 in H2L1 ligand and 3,212,

1,676, 1,555, and 1,325 cm-1 in H2L2 ligand can be

assigned to m(NH), m(C=O), m(C=C), and m(C–O)phenolic,

respectively.

Electronic spectral data of the ligands (Table 1) were

recorded in DMF solution. Five absorption bands at 279,

296, 352, 384, and 448 nm for the former ligand (H2L1)

and 270, 292, 350, 385, and 420 nm for the latter one

(H2L2) were observed and characterized. The first and third

bands correspond to 1La ?
1A1 and 1Lb ? 1A1 transitions

of the phenyl ring [38], and the second band corresponds to

the p ? p* transition of the C=O group. The fourth band

corresponds to the p ? p* transition of the azomethine

group and the fifth band corresponds to the n ? p* tran-

sitions from the phenyl ring to the azomethine group [39].
1H NMR spectra of the ligands were recorded in DMSO-

d6 with reference to TMS. Figure S1 (Supplementary

material) depicts the 1H and 13C NMR spectra of the H2L1

ligand. 1H NMR spectral data of the ligands exhibited three

signals in the ranges 11.91–12.06, 10.64–11.24, and

7.09–9.22 ppm, which may be assigned to OH, NH, and

HC=N protons, respectively. The aromatic protons were

observed in the range of 7.23–8.72 ppm. Assignment of the
13C NMR spectral data of the ligands is based on 13C shifts

in similar hydrazone ligands [38, 40]. The signals observed

at 163.72 and 153.66 ppm in H2L1 ligand and 156.7 and

151.62 ppm in H2L2 ligand can be assigned to C=O and

C=N, respectively. Aromatic carbon atoms were detected

at appropriate shifts for both ligands.

The mass spectra of the H2L1 and H2L2 ligands (Fig. S2,

Supplementary material) showed the molecular ion peaks

at m/z = 388 and 398, respectively, confirming their for-

mula weights (388.30 and 398.42, respectively). The mass

fragmentation pattern, shown in Scheme S1 (Supplemen-

tary material), supported the suggested structure of the

H2L1 ligand.

Characterization of the metal complexes

Reactions of oxovanadium(IV), cerium(III), thorium(IV),

and dioxouranium(VI) ions with the carbohydrazone

ligands H2L1 and H2L2 yielded binary complexes. Reac-

tions of the ligands with the dioxouranium(VI) ion in the

presence of secondary ligands (L0) [8-hydroxyquinoline (8-

HQ), glycine (Gly), salicylaldehyde (Sal), or benzoylace-

tone (Bac)] yielded ternary complexes. The isolated metal

complexes were identified by elemental and thermal anal-

yses, IR, 1H and 13C NMR, electronic, ESR, and mass

Table 1 Electronic spectra, magnetic moments, and molar conductivity data of the carbohydrazone ligands H2L1 and H2L2 and their metal

complexes

No. Complex Electronic spectral bandsa/nm leff/BM Conductancea/X-1 cm2 mol-1

H2L1 279 (0.39), 296 (0.38), 352 (0.4), 384 sh (0.29), 448 (0.26) – –

1 [(L1)VO]�4H2O 548b 1.42 15

2 [(L1)Ce(EtOH)]NO3�EtOH 502b 2.00 71

3 [(L1)Th(NO3)2]�EtOH�H2O 452b Diam. 41.7

4 [(L1)UO2]�2MeOH 509b Diam. 4

5 [(L1)UO2(8-HQ)] 510b Diam. 6

6 [(HL1)UO2(Gly)]�0.5MeOH 508b Diam. Insol.

7 [(L1)UO2(Sal)]�4H2O 506b Diam. Insol.

8 [(HL1)UO2(Bac)]�MeOH 455b Diam. Insol.

H2L2 270 (0.39), 292 (0.36), 350 (0.41), 385 (0.27), 420 sh (0.27) – –

9 [(L2)VO]�3H2O 541b 1.00 18

10 [(L2)Ce(NO3)]�2.5H2O 521b 2.06 18

11 [(L2)Th(NO3)2]�4H2O 460b Diam. 42.3

12 [(L2)UO2]�2H2O 465b Diam. 16

13 [(L2)UO2(8-HQ)]�3H2O 447b Diam. 4

14 [(HL2)UO2(Gly)]�0.5H2O 449b Diam. 4

15 [(L2)UO2(Sal)]�H2O 436b Diam. 10

16 [(HL2)UO2(Bac)]�H2O 443b Diam. 13

a Solutions in DMF (10-3 M), values of emax are in parentheses and multiplied by 10-4 (mol-1 dm3 cm-1)
b Nujol mull
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spectra, powder XRD as well as magnetic susceptibility

and conductivity measurements. The prepared complexes

are stable at room temperature, non-hygroscopic, and

insoluble in water and most common organic solvents. The

melting points of the complexes are above 300 �C.

The following representative equations illustrate the

formation of some of the prepared complexes:

H2L1 þ VOSO4 � H2O þ 3H2O

! L1
� �

VO
� �

� 4H2O 1ð Þ þ H2SO4

H2L1 þ UO2 OAcð Þ2�2H2Oþ 2CH3OH

! L1
� �

UO2

� �
� 2CH3OH 4ð Þ þ 2AcOH þ 2H2O

H2L1 þ UO2 OAcð Þ2�2H2Oþ 8 - HQ

! L1
� �

UO2 8 - HQð Þ
� �

5ð Þ þ 2AcOHþ 2H2O

H2L2 þ Ce NO3ð Þ3�6H2Oþ 2LiOH � H2O

! L2
� �

Ce NO3ð Þ
� �

� 2:5H2O 10ð Þ þ 2LiNO3 þ 7:5H2O

H2L2 þ Ce NO3ð Þ3�6H2Oþ 2LiOH � H2O

! L2
� �

Ce NO3ð Þ
� �

� 2:5H2O 10ð Þ þ 2LiNO3 þ 7:5H2O

H2L2 þ UO2 OAcð Þ2�2H2Oþ Gly

! HL2
� �

UO2ðGlyÞ
� �

� 0:5H2O 14ð Þ þ 2AcOH

þ 1:5H2O

IR spectra

The IR spectra of the complexes were compared with those

of the free ligands to determine the coordinating sites that

may be involved in chelation. There are some guide bands

in the spectra of the ligands, which are of good help for

achieving this goal. These bands are bands assigned to

m(C=O), m(C=N), and m(C–O)phenolic. The strong bands

assigned to m(C=O) and m(C=N) in the free ligands were

shifted to lower frequencies in the complexes, indicating

the coordination of these groups to metal ions. On the other

hand, the band assigned to m(C–O)phenolic was shifted to

higher frequencies in the complexes, suggesting the par-

ticipation of the phenolic –OH group in chelation [41].

Also, all complexes showed a broad band in the range

3,385–3,576 cm-1 which can be assigned to the stretching

frequency of the m(OH) of the phenolic –OH group of the

ligands, uncoordinated water and/or alcohol molecules

associated with the complexes which are confirmed by

elemental and thermal analyses. In complexes 3, 10, and 11

the new bands observed in the ranges 1,360–1,384 and

1,058–1,203 cm-1 may be assigned to the monodentate

NO3
- group [41, 42]. On the other hand, complex 2

showed a new band at 1,423 cm-1 that may be assigned to

ionic NO3
- group [43, 44]. The mixed 8-hydroxyquinoline

complexes 5 and 13 showed new bands at 1,499 and

1,497 cm-1, respectively, which may be assigned to the

coordinated C=N group of the 8-hydroxyquinoline moiety

[43, 45, 46]. The mixed glycine complexes 6 and 14

showed new bands in the ranges 1,510–1,516 and

1,300–1,362 cm-1 that may be assigned to mas(COO-) and

ms(COO-), respectively, of the amino acid [13, 47]. The

higher difference between asymmetric and symmetric

vibrations suggests monodentate coordination of the car-

boxyl group of glycine with the metal ion [48, 49]. The

characteristic band of the m(V=O) is observed in the IR

spectra of the oxovanadium(IV) complexes 1 and 9 at 954

and 980 cm-1, respectively [41, 50, 51]. Also, the diox-

ouranium(VI) complexes 4–8 and 12–16 showed strong

absorption bands in the range 885–903 cm-1 which can be

assigned to the antisymmetric m3(O=U=O) vibration [52–

54]. The values of m(V=O) and m(O=U=O) are used to

calculate the force constant (F) of (V=O) and (O=U=O) by

the method of McGlynn and Smith [55]: (m)2 = (1,307)2

(FM–O)/14.103. The calculated force constant values for the

oxovanadium(IV) and dioxouranium(VI) complexes are

found to be in the ranges 7.514–7.929 and 6.466–6.732

mdyn/Å, respectively. The M–O distance is also calculated

by substitution in Jones relation [56]: RM–O =

1.08(FM–O)-1/3 ? 1.17. The values of RM–O for oxovana-

dium(IV) and dioxouranium(VI) complexes are found to be

in the ranges 1.712–1.721 and 1.742–1.750 Å, respectively.

The calculated FM–O and RM–O values fall in the usual range

for the oxovanadium(IV) and dioxouranium(VI) complexes

[57–59]. Finally, the new bands in the ranges 506–595 and

423–499 cm-1 can be assigned to the stretching frequencies

of m(M–O) and m(M–N), respectively [41, 43].

Conductivity measurements

The molar conductance values of the complexes in DMF

(10-3 M solutions) were measured at room temperature

and the results are listed in Table 1. The values showed

that all complexes have non-electrolytic nature except

complex 2 which gave molar conductance

value = 71 X-1 cm2 mol-1, suggesting its 1:1 electrolytic

nature. This is consistent with the infrared data that showed

the presence of an ionic nitrate group. In case of complexes

3 and 11, the relatively high values of the molar conduc-

tance data may be due to the partial dissociation in their

DMF solutions; however, they did not reach the previously

reported values for 1:1 electrolytes in DMF solutions

(*70–110 X-1 cm2 mol-1) [60].

Electronic spectra and magnetic moment measurements

The electronic spectra of the metal complexes (Table 1)

were carried out as DMF solutions and/or Nujol mulls

where some metal complexes were sparingly soluble in

most common solvents. Comparison of the spectra of the
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free ligands with their complexes showed the persistence of

the ligand bands in all complexes. The bands of the free

ligands were slightly shifted to blue or red regions of the

spectrum in all complexes. Also, new bands were observed

in the spectra of the complexes which are listed in Table 1.

The electronic spectra of the oxovanadium(IV) com-

plexes 1 and 9 showed new bands in the range 541–548 nm

that may be assigned to the 2B2 ? 2B1 (m2) transition in an

octahedral geometry [61, 62]. In addition, the V=O

stretching frequencies for the complexes appeared in the

range 954–980 cm-1 supporting the octahedral geometry

of the complexes [63, 64]. The magnetic moment values

(Table 1) of the oxovanadium(IV) complexes of H2L1 and

H2L2 ligands are 1.42 and 1.00 BM, respectively. These

values are lower than reported (1.74–2.10 BM) and refer to

the interaction of the oxovanadium(IV) ion with neigh-

boring central ions [61].

The electronic spectra of the Ce(III) complexes 2 and

10 and Th(IV) complexes 3 and 11 showed new absorp-

tion bands in the ranges 502–521 and 452–460 nm,

respectively, which may be caused by charge transfer [52,

65–67]. The magnetic moment values of the Ce(III)

complexes 2 and 10 are in the range 2.00–2.06 BM,

which are close to the normal experimental range of

2.14–2.46 BM [68, 69].

The electronic spectra of the dioxouranium(VI) com-

plexes 4–8 and 12–16 showed new absorption bands in the

range 436–510 nm, which may be attributed to an elec-

tronic transition from the apical oxygen atoms to f-orbitals

of the uranium(VI) ion or due to a charge transfer transition

from the ligand to uranium(VI) ion [41, 52, 65, 70].

1H and 13C NMR spectra

The 1H NMR spectra of the complexes 3–5 and 11–16 were

recorded in DMSO-d6 with reference to TMS. Inspection of

these data reveals the following. (1) The disappearance of

signals assigned to OH groups in complexes 3–5, 11–13,

and 15 referring to their involvement in coordinating with

metal ion after deprotonation [50]. However, in case of

complexes 14 and 16, the signal appeared but with reduced

integration (1H), indicating that the ligand acts as a

monobasic ligand [65]. (2) The signals observed in the

ranges 9.20–13.65, 7.09–10.46, and 7.08–9.97 ppm may be

assigned to NH, HC=N, and aromatic protons, respectively.

In case of complexes 5, 13, 14, and 15 new signals

observed in the range 10.75–11.08 ppm (complexes 5 and

13), at 10.04 (complex 14), and 11.0 ppm (complex 15)

that may be assigned to the coordinated OH groups of the

8-hydroxyquinoline [71] and salicylaldehyde and NH2

group of glycine moieties [15] supporting the formation of

ternary complexes. Finally, the absence of OH protons

(hydrated H2O) may be due to their replacement by

DMSO-d6 molecules [50, 65].

The 13C NMR spectra of the complexes 4, 5, 12, and 13

were recorded in DMSO-d6 with reference to TMS. The

signals observed at 174.89 and 158.5 ppm in complex 4,

175 and 155.02 ppm in complex 5, 173.55 and 168.82 ppm

in complex 12, and 168.48 and 167.45 ppm in complex 13

can be assigned to C=O and C=N, respectively. The shift

observed in positions of these signals, as compared to

ligands, indicates the participation of the (C=O) and (C=N)

groups in chelation. Aromatic carbon atoms were detected

at appropriate shifts for all complexes. Complexes 5 and 13

showed new signals that confirmed the participation of

8-hydroxyquinoline moiety in chelation [72, 73], which is

consistent with 1H NMR and IR spectral data. Unfortu-

nately, the solubility of the complexes 3, 11, and 14–16

was not sufficient for 13C NMR measurements.

ESR spectra

The X-band ESR spectrum of a powdered sample of

[(L1)VO]�4H2O (1) at room temperature (Fig. S3 (A),

Supplementary material) showed a broad band centered on

g = 1.97, without resolved hyperfine structure. In partic-

ular, the hyperfine coupling with the nearby 51V (I = 7/2)

nucleus is not observed. The absence of vanadium hyper-

fine coupling is common in solid state samples [74] and is

attributed to the simultaneous flipping of neighboring

electron spins [75, 76] or due to strong exchange interac-

tions, which average out the interaction with the nuclei.

On the other hand, the ESR spectrum of [(L2)VO]�3H2O

(9) at room temperature (Fig. S3 (B), Supplementary

material) exhibited an eight-line pattern corresponding to

the usual parallel and perpendicular components of g- and

hyperfine (hf) A-tensors. The calculated gk and g\ are 1.97

and 2.02, respectively. The Ak and A\ values are

162 9 10-4 and 72 9 10-4 cm-1, respectively. These

ESR parameters and energy of d–d transition were used to

evaluate the molecular orbital coefficients a2 and b2 for the

complex using the following equations [77]

a2 ¼
ð2:0027� gkÞEd�d

8kb2

b2 ¼ 7

6

�Ak
P

� �
þ A?

P

� �
þ gk �

5

14g?

� �
� 9

14ge

� 	

where P = 128 9 10-4 cm-1, k = 135 cm-1, and E is the

energy of the d–d transition. The calculated values were

a2 = 0.62 and b2 = 0.90 which agree well with those

reported for octahedral configuration around the oxovana-

dium(IV) ion [61]. The lower value of a2 compared to b2

indicates that the in-plane r-bonding is more covalent than

the in-plane p-bonding [78, 79].
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Thermal analysis

In the current study, the aim of thermal gravimetric anal-

yses is to obtain information concerning the thermal

stability of the prepared compounds and decide whether the

water and solvent molecules are in the inner or outer

coordination sphere of the central metal ion [80]. The H2L1

and H2L2 ligands are stable up to 250 and 192 �C,

respectively. Greater stability of the ligands compared with

their complexes suggests a powerful intramolecular

H-bonding in the ligands [81, 82]. Complexes 1, 6, 8, 14,

15, and 16 were taken as representative examples for

thermal analysis. The results of thermal analysis of the

complexes (Table 2) are in good agreement with the the-

oretical formulae as suggested from elemental analyses.

The first stage of decomposition of the complexes extends

up to 135 �C, corresponding to the loss of non-coordinated

or solvated water or methanol molecules during an exo-

thermic process in most cases. The second stage of

decomposition extends up to 333 �C corresponding to the

loss of the secondary ligand (glycine or benzoylacetone)

molecules during an exothermic process in most cases.

Mass spectra

The mass spectra of the complexes [(L1)VO]� 4H2O (1),

[(L1)UO2(8-HQ)] (5), and [(L2)Th(NO3)2]� 4H2O (11) as

representative complexes are depicted in Fig. S2 (Supple-

mentary material). Complex 5 showed the parent peak at

m/z = 801 which compares very well with the formula

weight of the complex (801.47). However, complexes 1

and 11 showed the parent peaks at m/z = 453 and 752,

respectively, which compare very well with the calculated

formula weights of the anhydrous complexes [(L1)VO]

(453.29) and [(L2)Th(NO3)2] (752.52).

Powder X-ray diffraction

Although single-crystal X-ray crystallographic investiga-

tion is the most precise source of information regarding the

structure of a complex, the difficulty of obtaining crystal-

line complexes renders this method unsuitable for such a

study. However, a variety of other techniques could be

used with good effect for characterizing the metal com-

plexes as X-ray powder diffraction. So, X-ray powder

diffraction (XRD) measurements of the H2L1 ligand and

complexes 4 and 5 were performed as representative

examples. The diffractograms obtained of the ligand and

complexes have been given in Fig. 2 and the observed

diffraction data, i.e., interplanar spacing d (Å), relative

intensities (I/I0), and 2h observed of the samples have been

given in Table S2 (Supplementary material). The mean

crystallite size calculations were performed using Debye–

Sherrer’s equation [83]

D ¼ Kk=ðb cos hÞ;

where D is the particle size in nm of the crystal grain, K is a

constant (0.94 for Cu grid), k is the wavelength of target

used, b is the full width at half-maximum reflection height

in terms of radian, and h is the Bragg diffraction angle at

peak position in degree. The values obtained for crystallite

size (Table 3) indicated that the particles were nano-sized.

The CRYSFIRE computer program [84] was used to cal-

culate the lattice parameters. The lattice parameters of the

H2L1 ligand are a = 6.944 Å, b = 9.748 Å, c = 12.52 Å,

a = 131.85�, b = 79.31�, and c = 83.71�. The crystal

system and space group of the ligand are triclinic and P-1,

respectively. The lattice parameters of complex 4 are

a = 7.706 Å, b = 11.479 Å, c = 18.613 Å, a = 58.84�,

b = 67.68�, and c = 98.70�. The analysis indicates that

complex 4 has triclinic structure with space group P1.

Table 2 Thermal analyses data (TG-DSC) of some metal complexes of H2L1 and H2L2 ligands

Complex Temperature range/�C % wt. loss found (calc.) DSC peak/�C DH/J g-1 Lost fragment

Exo Endo

[(L1)VO]�4H2O (1) 30–103 13.66 (13.71) 81 -6.73 4 H2O (hyd.)

[(HL1)UO2(Gly)]�0.5MeOH (6) 25–95 2.15 (2.14) 73 -8.22 0.5 MeOH (solv.)

[(HL1)UO2(Bac)]�MeOH (8) 38–100 3.94 (3.76) 54 -2.5 1 MeOH (solv.)

100–328 18.88 (19.05) 277 1.23 1 Bac

[(HL2)UO2(Gly)]�0.5H2O (14) 25–127 1.28 (1.20) 82 11.21 0.5 H2O (hyd.)

127–321 10.22 (9.99) 161 -1.78 1 Gly

[(L2)UO2(Sal)]�H2O (15) 38–112 2.28 (2.23) 67 0.42 1 H2O (hyd.)

112–392 15.36 (15.13) 282 -22.98 1 Sal

[(HL2)UO2(Bac)]�H2O (16) 39–135 2.35 (2.13) 112 -1.59 1 H2O (hyd.)

135–333 19.32 (19.13) 202 -110 1 Bac
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Finally, the lattice parameters of complex 5 are

a = 13.483 Å, b = 16.972 Å, c = 6.785 Å, a = 90�,

b = 118.88�, and c = 90�. The crystal system and space

group of the complex are monoclinic and P2/m,

respectively.

Finally, from the interpretation of elemental and thermal

analyses and spectral data (infrared, electronic, mass, 1H

and 13C NMR, and ESR) as well as magnetic susceptibility

measurements at room temperature and conductivity

measurements, it is possible to draw up the tentative

Fig. 2 X-ray diffraction pattern

of (1) H2L1 ligand,

(2) [(L1)UO2]�2MeOH, complex

4 and (3) [(L1)UO2(8-HQ)],

complex 5
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structures of the metal complexes. Figures 3, 4, 5, and 6

represent the proposed structures of the metal complexes.

Antimicrobial activity

The antimicrobial activity of the ligands and their metal

complexes was investigated against the sensitive organ-

isms: Staphylococcus aureus (ATCC 25923) and Bacillus

subtilis (ATCC 6635) as Gram-positive bacteria, Esche-

richia coli (ATCC 25922) and Salmonella typhimurium

(ATCC 14028) as Gram-negative bacteria, yeast Candida

albicans (ATCC 10231), and fungus Aspergillus fumigatus.

The results are listed in Table 4. Inspection of the data

given in Table 4 reveals that the ligands and their metal

complexes (except cerium(III) and thorium(IV) complexes)

are biologically active toward the tested organisms. It is

clear that H2L2 ligand is more active than H2L1 ligand

toward all organisms. Also, the activity of the ligands is

enhanced by chelation. This enhancement in activity due to

chelation can be explained on the basis of chelation theory

[85]. Chelation reduces the polarity of the metal ion con-

siderably, mainly because of the partial sharing of its

positive charge with donor groups and the possible p-

electron delocalization over the whole chelate ring. Che-

lation not only reduces the polarity of metal ion, but also

increases the lipophilic character of the chelate. As a result

of this, interaction between metal ion and the cell walls is

favored resulting in interference with normal cell pro-

cesses. If the geometry and charge distribution around the

molecule are incompatible with the geometry and charge

distribution around the pores of the bacterial cell wall,

penetration through the wall by the toxic agent cannot take

place, preventing toxic reaction within the pores [86].

The minimum inhibitory concentration (MIC) was

determined for the synthesized compounds and the results

are listed in Table 5. H2L2 is more active than H2L1 toward

all organisms. The complexes showed enhanced activity

than the ligands. Against Staphylococcus aureus, complex

5 showed a promising activity (MIC = 2 lg/cm3) while

complex 9 showed an intermediate activity (MIC = 16 lg/

cm3). The other complexes showed lower activity

(MIC = 60–70 lg/cm3). Against Bacillus subtilis, com-

plex 5 showed a higher activity (MIC = 4 lg/cm3) while

complexes 1, 4, 8, and 9 showed an intermediate activity

(MIC = 8–18 lg/cm3). The other complexes showed

lower activity (MIC = 36–42 lg/cm3). Against Salmo-

nella typhimurium, complexes 4, 5, and 13 showed an

intermediate activity (MIC = 15–18 lg/cm3) while com-

plex 12 showed a lower activity (MIC = 66 lg/cm3).

Against Escherichia coli, complex 5 showed a promising

higher activity (MIC = 6 lg/cm3) while complexes 8, 9,

and 12–14 showed an intermediate activity

(MIC = 43–45 lg/cm3) and complex 4 showed a lower

activity (MIC = 68 lg/cm3). Against Candida albicans,

complex 5 showed a promising higher activity

(MIC = 2 lg/cm3) while complexes 1 and 9 showed an

intermediate activity (MIC = 6–7 lg/cm3). The other

complexes showed lower activity (MIC = 26–31 lg/cm3).

Finally, against Aspergillus fumigatus, complex 5 showed a

Table 3 Particle sizes of H2L1 ligand and its dioxouranium(VI)

complexes 4 and 5

2h d/Å
´

FWHM; b Crystallite

size/nm

H2L1 26.852 3.318 2.457 9 10-3 60.6

[(L1)UO2]�2MeOH (4) 6.608 13.366 1.822 9 10-3 79.6

[(L1)UO2(8-HQ)] (5) 7.501 11.777 2.738 9 10-3 53
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the carbohydrazone ligand H2L1
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promising higher activity (MIC = 1 lg/cm3) while com-

plexes 1 and 13 showed an intermediate activity

(MIC = 8 lg/cm3). The other complexes (4 and 12)

showed lower activity (MIC = 36–38 lg/cm3).

Finally, the dioxouranium(VI) complex 5 seems to be

promising as it showed antimicrobial activity and MIC

values that are comparable to (and sometimes higher than)

those of chloramphenicol, cephalothin, and cycloheximide
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and thus can be further explored as specific antimicrobial

drugs.

DNA binding affinity of oxovanadium(IV) complexes

As one of the trace bioelements existing in the human

body, vanadium complexes have been found to present

numerous biological and pharmaceutical applications. This

bioelement takes part in various DNA maintenance reac-

tions and thereby prevents genomic instability which

otherwise leads to cancer. In the current study, the DNA

binding properties of the oxovanadium(IV) complexes

were investigated by electronic absorption spectroscopy

and viscosity measurements.

Electronic spectral studies

Electronic absorption spectroscopy has been widely

employed to determine the binding ability of metal com-

plexes with DNA [87–90]. The binding ability of the

synthesized oxovanadium(IV) complexes [(L1)VO]� 4H2O

(1) and [(L2)VO]� 3H2O (9) with HS-DNA was investi-

gated by measuring the spectral changes of their electronic

spectra during the interaction with DNA. Complex binding

with DNA through intercalation usually results in

hypochromism and bathochromism, due to intercalative

mode involving a strong stacking interaction between an

aromatic chromophore of the bound ligand and the base

pairs of DNA [91, 92]. Therefore, to obtain the evidence

for the binding mode of compounds to DNA, spectroscopic

titrations of compound solutions with DNA have been

performed. Absorption titration experiments of oxovana-

dium(IV) complexes in buffer were performed using a

fixed concentration of oxovanadium(IV) complex to which

increments of the DNA stock solution were added. The

absorption spectra of complex 9 in the absence and pre-

sence of DNA are given in Fig. 7. The binding of

oxovanadium(IV) complexes 1 and 9 to duplexes DNA led

to decrease in the absorption intensities (hypochromism)

with a small amount of red shifts in the UV–Vis absorption

spectra (bathochromism) where in the presence of DNA,

the absorption bands at about 221 for complexes 1 and 9

exhibited hypochromism of 32.7 and 33.8 %, respectively

(Table 6). The extent of hypochromism is consistent with

intercalative interaction [93]. After intercalating the base

pairs of DNA, the p* orbital of the intercalated ligand can

couple with the p orbital of the base pairs, thus decreasing

the p–p* transition energy and resulting in the bathochro-

mism [94]. On the other hand, the coupling p* orbital is

partially filled by electrons, thus decreasing the transition
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probabilities and concomitantly resulting in hypochro-

mism. To compare quantitatively the affinity of the two

complexes toward DNA, the binding constants Kb of the

two complexes to HS-DNA were determined by monitor-

ing the changes of absorbance at 221 nm for the

complexes, with increasing concentration of DNA. The

appreciable decrease in absorption intensity and red shift of

the kmax band suggest that the complexes bind to DNA

strongly [87–90, 95]. From the absorption titration data, the

binding constant (Kb) was determined using the following

equation [96]:

c

Dea

¼ c

De
þ 1

DeKb

where c = [DNA], Dea = |ea - ef|, and De = |eb - ef| (ea,

ef, and eb are extinction coefficient observed (Aobs/[com-

plex]), extinction coefficient of the free complex, and

extinction coefficient of the complex fully bound to DNA,

respectively).

The ratio of slope to intercept in the plot of [DNA]/Dea

vs. [DNA] (Fig. 7, insert) gave the value of Kb. The

binding constants (Kb) of complexes 1 and 9 are calculated

as 2.55 9 104 and 3 9 104 M-1, respectively. The

obtained Kb values are consistent with those of DNA-in-

tercalative oxovanadium(IV) complexes [97, 98] and

revealed that complex 9 shows a stronger binding ability

toward DNA which may be due to the presence of an

appending aromatic moiety in H2L2 ligand and thus the

larger binding affinity of the corresponding complex 9 in

comparison with complex 1 incorporating H2L1 ligand [35,

99–101].

Viscosity measurements

Optical or photophysical probes generally provide neces-

sary, but not sufficient clues to support an intercalative

binding mode. To further clarify the interaction mode

between the oxovanadium(IV) complexes and HS-DNA,

viscosity measurement was carried out. Viscosity mea-

surement, which is sensitive to changes in the length of

DNA, is regarded as the least ambiguous and most critical

means of evaluating the binding mode of complexes with

DNA in solution in the absence of crystallographic struc-

tural data [102] and can provide strong evidence for

intercalative binding mode [103, 104]. In classical inter-

calation, the DNA helix lengthens as the base pairs are

separated to accommodate the bound compound, leading to

increased DNA viscosity, whereas in groove binding and

electrostatic mode the length of the helix is unchanged

resulting in no apparent alteration in DNA viscosity. In

contrast, a partial, non-classical intercalation causes a bend

in DNA helix, reducing its effective length and thereby its

viscosity [105]. The effect of the oxovanadium(IV)

complexes on the viscosity of HS-DNA is illustrated in

Fig. 8, which indicates that the relative viscosity of HS-

DNA increases steadily with increasing the concentration

of the oxovanadium(IV) complex. This verifies that the

complexes bind to DNA in the mode of intercalation [103,

104] which is consistent with the forgoing spectral study.

Thus, based on spectroscopic study together with viscosity

measurements, we can conclude that oxovanadium(IV)

complexes interact with the DNA through an intercalation

mode.

Conclusion

The condensation reaction of carbohydrazide with

2-hydroxy-5-nitrobenzaldehyde and 2-hydroxy-1-naph-

thaldehyde, respectively, stoichiometrically in the molar

ratio 1:2 (carbohydrazide:aldehyde) afforded the penta-

dentate N2O3 ligands. Reactions of the ligands with

oxovanadium(IV), cerium(III), thorium(IV), and dioxou-

ranium(VI) ions yielded binary complexes. In the presence

of secondary ligands, reactions of the ligands with the di-

oxouranium(VI) ion yielded ternary complexes. The

ligands and their metal complexes were identified by ele-

mental and thermal analyses, IR, 1H and 13C NMR,

electronic, ESR, mass spectra, and powder XRD as well as

magnetic susceptibility and conductivity measurements.

The results showed that the ligands act as dibasic penta-

dentate except complexes 6, 8, 14, and 16 in which the

ligands act as monobasic pentadentate ligands. Based on

XRD data it was found that the H2L1 ligand and complex 4

have triclinic system while complex 5 has monoclinic

system with different unit cell parameters. The ligands and

some complexes were found to be biologically active. The

DNA binding properties of the oxovanadium(IV) com-

plexes were investigated by electronic absorption and

viscosity measurements. The results showed that these

complexes bind to DNA via an intercalation binding mode.

Experimental

Microanalyses of carbon, hydrogen, and nitrogen were

carried out on Vario El Elementar apparatus at the National

Research Centre, Dokki, Giza, Egypt. Melting points of the

metal complexes were determined using a Stuart melting

point instrument. Analyses of the metals followed the

dissolution of the solid complex in concentrated HNO3,

neutralizing the diluted aqueous solutions with ammonia,

and titrating the metal solutions with EDTA. IR spectra

were recorded using KBr discs on FT IR Nicolet IS10

spectrometer. Electronic spectra were recorded as solutions

in DMF or Nujol mulls on a Jasco UV–Vis
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spectrophotometer model V-550 UV–Vis. 1H and 13C

NMR spectra were recorded at room temperature using a

Bruker WP 200 SY spectrometer. Dimethylsulfoxide

(DMSO-d6) was used as a solvent and tetramethylsilane

(TMS) as an internal reference. The chemical shifts (d) are

given downfield relative to TMS. D2O was added to test for

the deutration of the samples. ESR spectra of the com-

plexes were recorded at an Elexsys, E500, Bruker

company. The magnetic field was calibrated with a 2,20-
diphenyl-1-picrylhydrazyl (DPPH) sample purchased from

Aldrich. Mass spectra were recorded at 70 eV on a Gas

chromatographic GCMSqp 1000 ex Shimadzu instrument.

The magnetic susceptibility measurements were carried out

at room temperature using a magnetic susceptibility bal-

ance of the type Johnson Matthey, Alfa product, Model No.

(MKI). Effective magnetic moments were calculated from

the expression leff. = 2.828 (vM T)1/2 BM, where vM is the

molar susceptibility corrected using Pascal’s constants for

the diamagnetism of all atoms in the compounds [106].

Molar conductivities of 10-3 M solutions of the solid

complexes in DMF were measured on a Corning conduc-

tivity meter NY 14831 model 441. TG-DSC measurements

were carried out on a Shimadzu-50 instrument. Powder

X-ray diffraction (XRD) measurements were performed at

ambient temperature using a D8 Advance X-ray diffrac-

tometer (Bruker AXS, Germany). The diffraction pattern

was recorded for 2h from 4� to 80� at room temperature

using CuKa monochromated radiation (k = 1.54060 Å)

with the following measurement conditions: tube voltage

of 40 kV, tube current of 40 mA, step scan mode with a

step size of 2h = 0.02�.

VOSO4�H2O, Ce(NO3)3�6H2O, Th(NO3)4�5H2O, UO2

(OAc)2�2H2O, LiOH�H2O, carbohydrazide, 2-hydroxy-5-

nitrobenzaldehyde, 2-hydroxy-1-naphthaldehyde, 8-hydroxy-

quinoline, glycine, salicylaldehyde, and benzoylacetone were

purchased from Merck or BDH. Herring sperm DNA (HS-

DNA) (Mallinckrodt) and tris(hydroxymethyl)-aminometh-

ane–HCl (Tris–HCl) were used as received. Organic solvents

[ethanol, absolute ethanol, methanol, diethylether, dimethyl-

formamide (DMF), and dimethylsulfoxide (DMSO)] were

reagent-grade chemicals and were used without further

purification.

Synthesis of the ligands H2L1 and H2L2

The carbohydrazone ligands H2L1 and H2L2 were synthe-

sized by adding carbohydrazide (5 mmol) in 30 cm3

absolute ethanol to 2-hydroxy-5-nitrobenzaldehyde or

2-hydroxy-1-naphthaldehyde (10 mmol) dissolved in

30 cm3 hot absolute ethanol. The reaction mixture was

heated to reflux for 6 h. The obtained products were filtered

off and washed with a few amounts of ethanol then

diethylether and finally air-dried. The ligands were kept in

a desiccator until used.

2,20-[Carbonylbis(hydrazin-2-yl-1-ylidenemethylidyne)]-

bis(4-nitrophenol) (H2L1, C15H12N6O7)

Yield 95 %; m.p.: [300 �C; IR (KBr): �m = 3,431 (OH),

3,275 (NH), 1,674 (C=O), 1,631 (C=N), 1,579 (C=C),

1,283 (C–O)phenolic cm-1; 1H NMR (300 MHz, DMSO-

d6): d = 12.06 (2H, OH), 11.24 (2H, NH), 8.14–8.72 (6H,

Ar–H), 7.09, 7.12 (2H, HC=N) ppm; 13C NMR (75 MHz,

DMSO-d6): d = 163.72 (C=O), 153.66 (C=N), 141.82

(C1), 127.77 (C4), 124.76 (C5), 122.55 (C3), 120 (C6),

118.50 (C2) ppm; UV–Vis (DMF, c = 1 9 10-3

mol dm-3): kmax (e) = 279 (3,900), 296 (3,800), 352

(4,000), 384 (2,900), 448 (2,600) nm (mol-1 dm3 cm-1);

MS (70 eV): m/z = 388 (M?).

1,10-[Carbonylbis(hydrazin-2-yl-1-ylidenemethylidyne)]-

bis(naphthalen-2-ol) (H2L2, C23H18N4O3)

Yield 80 %; m.p.: 297 �C; IR (KBr): �m = 3,323 (OH),

3,212 (NH), 1,676 (C=O), 1,622 (C=N), 1,559 (C=C),

1,325 (C–O)phenolic cm-1; 1H NMR (300 MHz, DMSO-

d6): d = 11.91 (2H, OH), 11.07, 10.64 (2H, NH),

7.23–8.36 (12H, Ar–H), 9.22 (2H, HC=N) ppm; 13C

NMR (75 MHz, DMSO-d6): d = 156.70 (C=O), 151.62

(C=N), 143.31 (C2), 141.77 (C8a), 131.53 (C4), 128.72

(C4a), 127.87 (C5), 127.54 (C7), 123.34 (C8), 121.51 (C6),

118.63 (C3), 109.39 (C1) ppm; UV–Vis (DMF,

c = 1 9 10-3 mol dm-3): kmax (e) = 270 (3,900), 292

(3,600), 350 (4,100), 385 (2,700), 420 (2,700) nm

(mol-1 dm3 cm-1); MS (70 eV): m/z = 398 (M?).

Synthesis of the metal complexes

An ethanolic solution of the metal salt (30 cm3) was added

gradually to the ethanolic solution of the ligands (40 cm3)

in the molar ratio 1:1 (M:L). The dioxouranium(VI) com-

plexes were prepared in methanol as uranyl acetate is more

soluble in this solvent. In case of oxovanadium(IV) and

Th(IV) complexes, water was added to ensure the complete

dissolution of metal salts. Th(IV) complexes of the two

ligands and Ce(III) complex of H2L2 ligand were prepared

successfully only in the presence of LiOH. The reaction

mixture was heated to reflux for 6 h. The resulting pre-

cipitates were filtered off, washed with ethanol or methanol

(in case of dioxouranium(VI) complexes) then diethylether,

and finally air-dried. Most of the complexes are insoluble

in common organic solvents but some of them are partially

soluble in DMF and/or DMSO. The following detailed

preparations are given as examples and the other com-

plexes were obtained similarly.
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[2,20-[Carbonylbis(hydrazin-2-yl-1-ylidenemethylidyne)]-

bis(4-nitrophenolato)]dioxouranium(VI)�2MeOH

(4, C17H18N6O11U)

Uranyl acetate dihydrate (UO2(OAc)2�2H2O, 0.547 g,

1.29 mmol) in 30 cm3 methanol was added gradually with

constant stirring to the solution of 0.5 g of the ligand H2L1

(1.29 mmol) in 30 cm3 methanol. The reaction mixture

was heated to reflux for 6 h. An orange precipitate was

formed, filtered off, and washed several times with small

amounts of methanol then diethylether, and finally air-

dried. The yield was 0.79 g (85 %). M.p.: [300 �C; IR

(KBr): �m = 3,437 (OH), 3,265 (NH), 1,647 (C=O), 1,602

(C=N), 1,566 (C=C), 1,309 (C–O)phenolic, 595 (M–O), 491

(M–N), 898 (UO2) cm-1; 1H NMR (300 MHz, DMSO-d6):

d = 11.25 (2H, NH), 8.14–9.14 (6H, Ar–H), 7.09, 7.14

(2H, HC=N), 1.93 (3H, CH3), 4.35 (1H, OH methanol)

ppm; 13C NMR (75 MHz, DMSO-d6): d = 174.89 (C=O),

158.50 (C=N), 138.93 (C1), 127.81 (C4), 124.62 (C5),

122.92 (C3), 121 (C6), 118.73 (C2) ppm; UV–Vis (Nujol

mull): kmax = 509 nm.

[2,20-[Carbonylbis(hydrazin-2-yl-1-ylidenemethylidyne)]-

bis(4-nitrophenolato)](8-hydroxyquinoline)-

dioxouranium(VI) (5, C24H17N7O10U)

Uranyl acetate dihydrate (UO2(OAc)2�2H2O, 0.547 g,

1.29 mmol) in 30 cm3 methanol was added gradually with

constant stirring to the solution of 0.5 g of the ligand H2L1

(1.29 mmol) in 30 cm3 methanol. The reaction mixture was

heated to reflux for 0.5 h then a methanolic solution of

0.187 g 8-hydroxyquinoline (1.29 mmol) was added and the

Table 4 Antimicrobial activity of the carbohydrazone ligands H2L1 and H2L2 and their metal complexes

Mean of zone diametera/mm

Gram-positive bacteria Gram-negative bacteria Yeasts and fungib

Staphylococcus

aureus

Bacillus

subtilis

Salmonella

typhimurium

Escherichia

coli

Candida

albicans

Aspergillus

fumigatus

Sample conc/mg cm-3: 1 0.5 1 0.5 1 0.5 1 0.5 1 0.5 1 0.5

Compound

H2L1 6 L 5 L 5 L 4 L 7 L 5 L 8 L 6 L 6 L 4 L 7 L 5 L

[(L1)VO]�4H2O (1) – – 12 I 9 I – – – – 13 I 8 L 20 I 15 I

[(L1)Ce(EtOH)]NO3�EtOH (2) – – – – – – – – – – – –

[(L1)Th(NO3)2]�EtOH�H2O (3) – – – – – – – – – – – –

[(L1)UO2]�2MeOH (4) 9 L 7 L 10 L 8 L 12 I 8 L 12 I 8 L 8 L 6 L 8 L 6 L

[(L1)UO2(8-HQ)] (5) 32 H 26 H 32 H 28 H 23 I 17 I 36 H 31 H 26 H 23 H 38 H 34 H

[(HL1)UO2(Gly)]�0.5MeOH (6) – – 8 L 7 L – – – – – – – –

[(L1)UO2(Sal)]�4H2O (7) – – 10 L 8 L – – – – 8 L 7 L – –

[(HL1)UO2(Bac)]�MeOH (8) – – 13 I 9 I – – 15 I 10 I 11 L 7 L – –

H2L2 7 L 5 L 6 L 5 L 8 L 6 L 12 L 7 L 7 L 6 L 8 L 6 L

[(L2)VO]�3H2O (9) 19 I 14 I 21 I 17 I – – 14 I 10 I 17 I 11 I – –

[(L2)Ce(NO3)]�2.5H2O (10) – – – – – – – – – – – –

[(L2)Th(NO3)2]�4H2O (11) – – – – – – – – – – – –

[(L2)UO2]�2H2O (12) 8 L 6 L 8 L 7 L 9 L 7 L 13 I 8 L 8 L 7 L 9 L 7 L

[(L2)UO2(8-HQ)]�3H2O (13) 10 L 8 L 9 L 7 L 12 I 8 L 13 I 8 L 8 L 7 L 20 I 16 I

[(HL2)UO2(Gly)]�0.5H2O (14) 8 L 7 L 8 L 7 L – – 20 I 15 I – – – –

[(L2)UO2(Sal)]�H2O (15) 8 L 7 L 9 L 7 L – – – – – – – –

[(HL2)UO2(Bac)]�H2O (16) 8 L 6 L 8 L 7 L – – – – – – – –

Controlc 35 26 35 25 36 28 38 27 35 28 37 26

–, no effect

L, low activity = mean of zone diameter B1/3 of mean zone diameter of control

I, intermediate activity = mean of zone diameter B2/3 of mean zone diameter of control

H, high activity = mean of zone diameter [2/3 of mean zone diameter of control
a Calculated from three values
b Identified on the basis of routine cultural, morphological, and microscopical characteristics
c Chloramphenicol in the case of Gram-positive bacteria, cephalothin in the case of Gram-negative bacteria, and cycloheximide in the case of

yeasts and fungi
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resulting mixture was heated to reflux for 6 h. A brown

precipitate was formed, filtered off, and washed several times

with small amounts of methanol then diethylether, and finally

air-dried. The yield was 0.72 g (70 %). M.p.: [ 300 �C; IR

(KBr): �m = 3,422 (OH), 3,276 (NH), 1,636 (C=O), 1,605

(C=N), 1,574 (C=C), 1,312 (C–O)phenolic, 517 (M–O), 440

(M–N), 899 (UO2), 1,499 (C=N) 8H-Q cm-1; 1H NMR

(300 MHz, DMSO-d6): d = 11.25 (2H, NH), 7.13–9.34

(12H, Ar–H), 7.09, 7.12 (2H, HC=N), 10.75 (1H, OH of

8-HQ) ppm; 13C NMR (75 MHz, DMSO-d6): d = 175.0

(C=O), 155.02 (C=N), 137.81 (C1), 129.25 (C4), 123.59 (C5),

119.48 (C3), 118.71 (C6) and 113.02 (C2)(aromatic carbon

atoms), 153 (C8), 149.9 (C2), 140.21 (C8a), 132 (C4), 130.54

(C4a), 125.0 (C6), 117 (C3), 114.5 (C5) and 109.0 (C7)

(8-HQ); UV–Vis (Nujol mull): kmax = 510 nm; MS (70 eV):

m/z = 801 (M?).

[2,20-[Carbonylbis(hydrazin-2-yl-1-ylidenemethylidyne)]-

bis(4-nitrophenolato)]oxovanadium(IV) tetrahydrate

(1, C15H18N6O12V)

M.p.: [300 �C; IR (KBr): �m = 3,385 (OH), 3,215 (NH),

1,625 (C=O), 1,605 (C=N), 1,559 (C=C), 1,296 (C–

O)phenolic, 516 (M–O), 438 (M–N), 954 (VO) cm-1; UV–

Vis (Nujol mull): kmax = 548 nm; MS (70 eV): m/z = 453

(M?-4 H2O).

[2,20-[Carbonylbis(hydrazin-2-yl-1-ylidenemethylidyne)]-

bis(4-nitrophenolato)](ethanol)cerium(III) nitrate�EtOH

(2, C19H22N7O12Ce)

M.p.: [300 �C; IR (KBr): �m = 3,420 (OH), 3,231 (NH),

1,636 (C=O), 1,592 (C=N), 1,558 (C=C), 1,295 (C–
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Fig. 7 Absorption spectra of the oxovanadium(IV) complex 9 in Tris–

HCl buffer upon addition of different concentrations from HS-DNA;

[complex] = 1 9 10-4 M, [DNA] = 0–1.65 9 10-4 M. Insert plot

of [DNA]/ea - ef vs. [DNA] for absorption titration of HS-DNA with

the complex

Table 5 Minimum inhibitory concentration of some synthesized compounds

Compound Minimum inhibitory concentration/lg cm-3

Gram-positive bacteria Gram-negative bacteria Yeasts and fungi

Staphylococcus

aureus

Bacillus

subtilis

Salmonella

typhimurium

Escherichia

coli

Candida

albicans

Aspergillus

fumigatus

H2L1 80 70 74 110 50 50

[(L1)VO]�4H2O (1) ND 15 ND ND 7 8

[(L1)UO2]�2MeOH (4) 60 18 18 68 30 38

[(L1)UO2(8-HQ)] (5) 2 4 15 6 2 1

[(HL1)UO2(Gly)]�0.5MeOH

(6)

ND 40 ND ND ND ND

[(L1)UO2(Sal)]�4H2O (7) ND 36 ND ND 30 ND

[(HL1)UO2(Bac)]�MeOH (8) ND 9 ND 44 26 ND

H2L2 77 66 70 100 44 45

[(L2)VO]�3H2O (9) 16 8 ND 44 6 ND

[(L2)UO2]�2H2O (12) 70 41 66 45 31 36

[(L2)UO2(8-HQ)]�3H2O (13) 64 40 18 45 30 8

[(HL2)UO2(Gly)]�0.5H2O

(14)

70 40 ND 43 ND ND

[(L2)UO2(Sal)]�H2O (15) 67 39 ND ND ND ND

[(HL2)UO2(Bac)]�H2O (16) 69 42 ND ND ND ND

Controla 9 1 13 41 3 2

ND not determined
a Chloramphenicol in the case of Gram-positive bacteria, cephalothin in the case of Gram-negative bacteria, and cycloheximide in the case of

yeasts and fungi
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O)phenolic, 506 (M–O), 460 (M–N), 1,423 (NO3
-) cm-1;

UV–Vis (Nujol mull): kmax = 502 nm.

[2,20-[Carbonylbis(hydrazin-2-yl-1-ylidenemethylidyne)]-

bis(4-nitrophenolato)]dinitratothorium(IV)�EtOH

monohydrate (3, C17H18N8O15Th)

M.p.: [300 �C; IR (KBr): �m = 3,420 (OH), 3,246 (NH),

1,636 (C=O), 1,607 (C=N), 1,559 (C=C), 1,316 (C–

O)phenolic, 507 (M–O), 423 (M–N), 1,384, 1,203 (NO3
-)

cm-1; 1H NMR (300 MHz, DMSO-d6): d = 9.20 (2H,

NH), 7.88–8.47 (6H, Ar–H), 7.25, 7.30 (2H, HC=N), 1.97

(3H, CH3), 1.22 (2H, CH2), 4.65 (1H, OH of ethanol) ppm;

UV–Vis (Nujol mull): kmax = 452 nm.

[2,20-[Carbonylbis(hydrazin-2-yl-1-ylidenemethylidyne)]-

bis(4-nitrophenolato)](glycinato)dioxouranium(VI)�0.5

MeOH (6, C17.5H17N7O11.5U)

M.p.: [300 �C; IR (KBr): �m = 3,446 (OH), 3,227 (NH),

1,644 (C=O), 1,600 (C=N), 1,569 (C=C), 1,308 (C–

O)phenolic, 592 (M–O), 490 (M–N), 886 (UO2), 1,516,

1,362 (COO of Gly) cm-1; UV–Vis (Nujol mull):

kmax = 508 nm.

[2,20-[Carbonylbis(hydrazin-2-yl-1-ylidenemethylidyne)]-

bis(4-nitrophenolato)](salicylaldehyde)dioxouranium(VI)

tetrahydrate (7, C22H24N6O15U)

M.p.: [300 �C; IR (KBr): �m = 3,434 (OH), 3,269 (NH),

1,641 (C=O), 1,604 (C=N), 1,564 (C=C), 1,306 (C–

O)phenolic, 532 (M–O), 499 (M–N), 903 (UO2) cm-1;

UV–Vis (Nujol mull): kmax = 506 nm.

(Benzoylacetonato)[2,20-[Carbonylbis(hydrazin-2-yl-

1-ylidenemethylidyne)]bis(4-nitrophenolato)]dioxourani-

um(VI)�MeOH (8, C26H24N6O12U)

M.p.: [300 �C; IR (KBr): �m = 3,432 (OH), 3,310 (NH),

1,658 (C=O), 1,587 (C=N), 1,532 (C=C), 1,308 (C–

O)phenolic, 530 (M–O), 489 (M–N), 892 (UO2) cm-1;

UV–Vis (Nujol mull): kmax = 455 nm.

[1,10-[Carbonylbis(hydrazin-2-yl-1-

ylidenemethylidyne)]bis(naphthalen-2-olato)]-

oxovanadium(IV) trihydrate (9, C23H22N4O7V)

M.p.: [300 �C; IR (KBr): �m = 3,447 (OH), 3,215 (NH),

1,619 (C=O), 1,597 (C=N), 1,545 (C=C), 1,339 (C–

O)phenolic, 510 (M–O), 454 (M–N), 980 (VO) cm-1; UV–

Vis (Nujol mull): kmax = 541 nm.

[1,10-[Carbonylbis(hydrazin-2-yl-1-

ylidenemethylidyne)]bis(naphthalen-2-olato)]-

nitratocerium(III) 2.5-hydrate (10, C23H21N5O8.5Ce)

M.p.: [300 �C; IR (KBr): �m = 3,420 (OH), 3,215 (NH),

1,618 (C=O), 1,592 (C=N), 1,540 (C=C), 1,340 (C–

O)phenolic, 546 (M–O), 458 (M–N), 1,360, 1,058 (NO3
-)

cm-1; UV–Vis (Nujol mull): kmax = 521 nm.

[1,10-[Carbonylbis(hydrazin-2-yl-1-

ylidenemethylidyne)]bis(naphthalen-2-olato)]-

dinitratothorium(IV) tetrahydrate (11, C23H24N6O13Th)

M.p.: [300 �C; IR (KBr): �m = 3,420 (OH), 3,169 (NH),

1,618 (C=O), 1,601 (C=N), 1,542 (C=C), 1,341 (C–

O)phenolic, 553 (M–O), 472 (M–N), 1,360, 1,063 (NO3
-)

cm-1; 1H NMR (300 MHz, DMSO-d6): d = 11.0 (2H,

NH), 7.12–8.90 (12H, Ar–H), 9.20, 9.60 (2H, HC=N) ppm;

UV–Vis (Nujol mull): kmax = 460 nm; MS (70 eV): m/

z = 752 (M?-4 H2O).

[1,10-[Carbonylbis(hydrazin-2-yl-1-

ylidenemethylidyne)]bis(naphthalen-2-olato)]-

dioxouranium(VI) dihydrate (12, C23H20N4O7U)

M.p.: [300 �C; IR (KBr): �m = 3,500 (OH), 3,245 (NH),

1,646 (C=O), 1,599 (C=N), 1,547 (C=C), 1,336 (C–

O)phenolic, 554 (M–O), 477 (M–N), 898 (UO2) cm-1; 1H

NMR (300 MHz, DMSO-d6): d = 13.56 (2H, NH),

7.33–9.22 (12H, Ar–H), 9.87, 10.05 (2H, HC=N) ppm;
13C NMR (75 MHz, DMSO-d6): d = 173.55 (C=O),

168.82 (C=N), 159.26 (C2), 146.08 (C8a), 131.28 (C4),

128.77 (C4a), 127.73 (C5), 126.91 (C7), 122.25 (C8),

0.0 0.2 0.4 0.6 0.8 1.0
1.10

1.15

1.20

1.25

1.30

[complex]/[DNA]

complex 1
 complex 9

(
/
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1/

3

Fig. 8 Effect of increasing amounts of the oxovanadium(IV) com-

plexes 1 and 9 on the relative viscosity of HS-DNA at

25.00 ± 0.01 �C

Table 6 Optical properties of oxovanadium(IV) complexes with the

addition of DNA and their DNA binding constants

Complex Absorption

band maxima

(nm)

Hypochromism/% Red shift

Dk/nm

Kb/M-1

Free Bound

1 221 229 32.7 8 2.55 9 104

9 221 230 33.8 9 3 9 104
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120.12 (C6), 118.66 (C3), 109.51 (C1) ppm; UV–Vis

(Nujol mull): kmax = 465 nm.

[1,10-[Carbonylbis(hydrazin-2-yl-1-

ylidenemethylidyne)]bis(naphthalen-2-olato)]-

(8-hydroxyquinoline)dioxouranium(VI) trihydrate

(13, C32H29N5O9U)

M.p.: [300 �C; IR (KBr): �m = 3,576 (OH), 3,271 (NH),

1,666 (C=O), 1,605 (C=N), 1,545 (C=C), 1,343 (C–O)phe-

nolic, 534 (M–O), 483 (M–N), 889 (UO2), 1,497 (C=N) 8H-Q

cm-1; 1H NMR (300 MHz, DMSO-d6): d = 11.95, 11.64

(2H, NH), 7.08–9.97 (18H, Ar–H), 10.46, 10.35 (2H,

HC=N), 11.08 (1H, OH of 8-HQ) ppm; 13C NMR

(75 MHz, DMSO-d6): d = 168.48 (C=O), 167.45 (C=N),

157.25 (C2), 145.92 (C8a), 131.41 (C4), 145.92 (C8a),

131.41 (C4), 127.59 (C5), 127.31 (C7), 122.24 (C8), 120.05

(C6), 118.64 (C3) and 109.41 (C1) (aromatic carbon atom),

153.24 (C8), 150.61 (C2), 138.98 (C8a), 134 (C4), 129.88

(C4a), 122.47 (C6), 121.77 (C3), 114.76 (C5) and 113.91

(C7) (8-HQ) ppm; UV–Vis (Nujol mull): kmax = 447 nm.

[1,10-[Carbonylbis(hydrazin-2-yl-1-

ylidenemethylidyne)]bis(naphthalen-2-olato)]-

(glycinato)dioxouranium(VI) 0.5-hydrate

(14, C25H22N5O7.5U)

M.p.: [300 �C; IR (KBr): �m = 3,500 (OH), 3,273 (NH),

1,618 (C=O), 1,598 (C=N), 1,544 (C=C), 1,340 (C–

O)phenolic, 554 (M–O), 482 (M–N), 885 (UO2), 1,510,

1,300 (COO of Gly) cm-1; 1H NMR (300 MHz, DMSO-

d6): d = 10.19 (1H, OH), 9.85 (2H, NH), 7.27–8.14 (12H,

Ar–H), 9.20 (2H, HC=N), 10.04 (2H, NH2, Gly) 1.91 (2H,

CH2, Gly) ppm; UV–Vis (Nujol mull): kmax = 449 nm.

[1,10-[Carbonylbis(hydrazin-2-yl-1-

ylidenemethylidyne)]bis(naphthalen-2-olato)]-

(salicylaldehyde)dioxouranium(VI) hydrate

(15, C30H24N4O8U)

M.p.: [300 �C; IR (KBr): �m = 3,431 (OH), 3,245 (NH),

1,615 (C=O), 1,596 (C=N), 1,461 (C=C), 1,338 (C–

O)phenolic, 545 (M–O), 479 (M–N), 893 (UO2) cm-1; 1H

NMR (300 MHz, DMSO-d6): d = 9.85 (2H, NH),

7.24–8.33 (16H, Ar–H), 9.19, 9.50 (2H, HC=N), 11.0

(1H, OH, Sal) ppm; UV–Vis (Nujol mull): kmax = 436 nm.

(Benzoylacetonato)[1,10-[Carbonylbis(hydrazin-2-yl-1-

ylidenemethylidyne)]bis(naphthalen-2-olato)]-

dioxouranium(VI) hydrate (16, C33H28N4O8U)

M.p.: [300 �C; IR (KBr): �m = 3,433 (OH), 3,277 (NH),

1,611 (C=O), 1,555 (C=N), 1,460 (C=C), 1,344 (C–

O)phenolic, 547 (M–O), 476 (M–N), 898 (UO2) cm-1; 1H

NMR (300 MHz, DMSO-d6): d = 10.05 (1H, OH), 9.85

(2H, NH), 7.25–8.17 (17H, Ar–H), 9.20 (2H, HC=N), 2.74

(3H, CH3 of Bac) ppm; UV–Vis (Nujol mull):

kmax = 443 nm.

Unsuccessful trials

Several attempts to isolate the mixed-ligand complexes of

the ligands H2L1 and H2L2 as primary ligands with diox-

ouranium(VI) ion in the presence of 2,20-bipyridyl as a

secondary ligand were unsuccessful. These attempts gave

binary complexes.

Antimicrobial activity

The standardized disc–agar diffusion method [107, 108]

was followed to determine the activity of the synthesized

compounds against the sensitive organisms Staphylococcus

aureus (ATCC 25923) and Bacillus subtilis (ATCC 6635)

as Gram-positive bacteria, Salmonella typhimurium (ATCC

14028) and Escherichia coli (ATCC 25922) as Gram-

negative bacteria, yeast Candida albicans (ATCC 10231),

and fungus Aspergillus fumigatus. The antibiotic chlor-

amphenicol was used as reference in the case of Gram-

positive bacteria, cephalothin in the case of Gram-negative

bacteria, and cycloheximide in the case of yeasts and fungi.

Screening for the antimicrobial potential

Preparation of tested compounds

The tested compounds were dissolved in dimethylform-

amide (DMF) and prepared in two concentrations: 100 and

50 mg/cm3 and then 10 mm3 of each preparation was

dropped on disc of 6 mm in diameter and the concentra-

tions became 1 and 0.5 mg/disc, respectively. In the case of

insoluble compounds, the compounds were suspended in

DMF and vortexed then processed.

Testing for anti-bacterial and yeasts activity

Bacterial cultures were grown in nutrient broth medium at

30 �C. After 16 h of growth, each microorganism, at a

concentration of 108 cells/cm3, was inoculated on the sur-

face of Mueller–Hinton agar plates using sterile cotton

swab. Subsequently, uniform-size filter paper discs (6 mm

in diameter) were impregnated by equal volume (10 mm3)

from the specific concentration of dissolved compounds

and carefully placed on surface of each inoculated plate.

The plates were incubated in the upright position at 36 �C

for 24 h. Three replicates were carried out for each extract

against each of the test organism. Simultaneously, addition

of the respective solvent instead of dissolved compound

was carried out as negative controls. After incubation, the

diameters of the growth inhibition zones formed around the

disc were measured with transparent ruler in millimeter,

averaged, and the mean values were tabulated.

Testing for anti-fungal activity

Active inoculum for experiments was prepared by trans-

ferring many loopfuls of spores from the stock cultures to
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test tubes of sterile distilled water (SDW) that were agi-

tated and diluted with sterile distilled water to achieve

optical density corresponding to 2.0 9 105 spore/cm3.

Inoculum of 0.1 % suspension was swabbed uniformly and

the inoculum was allowed to dry for 5 min then the same

procedure was followed as described above.

Determination of minimum inhibitory concentration (MIC)

Minimum inhibitory concentration is the lowest concen-

tration of an antimicrobial compound that will inhibit the

visible growth of a microorganism after overnight

incubation.

MIC values of the synthesized compounds were deter-

mined using agar dilution technique [109]. Each compound

with an antimicrobial effect shown in the disc diffusion test

was further diluted with DMF to 25.6, 12.8, 6.4, 3.2, 1.6,

0.8, 0.4, 0.2, and 0.1 mg/cm3, respectively. The concen-

trations of the compounds became 256, 128, 64, 32, 16, 8,

4, 2, and 1 lg/cm3, respectively. Then, 100 mm3 of each

diluted compound was mixed with 10 cm3 of cooled

(50 �C) melted Mueller–Hinton agar and 10 mm3 of spe-

cific microbial culture (at concentration of 108 cells/cm3)

which were grown in nutrient broth medium for 16 h at

30 �C then plated into 6-cm sterile Petri dish. Each dilution

was prepared in duplication. Each concentration was pre-

pared for two dishes. All plates were incubated at 33 �C for

24 h. MIC of each compound was measured from the plate

with the lowest concentration with no visible growth of

specific organism.

DNA binding affinity of oxovanadium(IV) complexes

Absorption spectra method

All experiments involving herring sperm DNA (HS-DNA)

were performed in tris(hydroxymethyl)aminomethane–HCl

(Tris–HCl) buffer solution (pH 7.23), prepared using

deionized water. Solutions of DNA in Tris–HCl buffer

gave a ratio of UV absorbance at 260 and 280 nm, A260/

A280, of ca. 1.9, indicating that the DNA was sufficiently

free of protein [110]. The concentration of HS-DNA was

determined from its absorbance at 260 nm using

e260 = 6,600 mol-1 dm3 cm-1 [111]. Stock solutions of

DNA were stored at 277 K and used after no more than

4 days. A concentrated stock solution of the oxovana-

dium(IV) complexes was prepared by dissolving the

oxovanadium(IV) complex in DMF and diluting suitably

with Tris–HCl buffer to required concentrations for all the

experiments (1 % DMF and 99 % Tris–HCl). The

absorption spectral titration experiment was performed by

keeping the concentration of the complex constant and

varying HS-DNA concentration. Equal volumes of solu-

tions of HS-DNA were added to the complex and reference

solutions to eliminate the absorbance of HS-DNA itself.

Viscosity measurements

Viscosity measurements were carried on an Ubbelohde

viscometer in a thermostated water-bath maintained at

25.00 ± 0.01 �C. DNA concentration was kept constant

(1 9 10-5 M) and gradually increased the concentration of

oxovanadium(IV) complexes (1 9 10-6 to 1 9 10-5 M).

HS-DNA samples approximately 200 base pairs in length

were prepared by sonication to minimize complexities

arising from DNA flexibility [112]. Flow times were

measured with a digital stopwatch. Each sample was

measured three times, and an average flow time was cal-

culated. Relative viscosities for HS-DNA in the presence

and absence of the complex were calculated from the

relation g = (t - t0)/t0, where t is the observed flow time

of DNA-containing solution and t0 is that of Tris–HCl

buffer alone. Data were presented as (g/g0)1/3 versus

binding ratio [113], where g is the viscosity of HS-DNA in

the presence of the oxovanadium(IV) complex and g0 is the

viscosity of DNA alone.
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