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Synthesis, characterization, and antioxidant activity of a new
Gd(III) complex
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A new gadolinium(III) complex of 5-aminoorotic acid (HAOA) was synthesized by reaction of the
respective inorganic salt in molar ratio of 1:3 to ligand. The structure of the complex was deter-
mined by elemental analysis, FT-IR, and FT-Raman spectroscopies. Significant differences in the IR
and Raman spectra of the complex were observed as compared to the spectra of the free ligand.
Detailed vibrational analysis of HAOA and Gd(III)-AOA systems revealed that the binding mode in
the complex was bidentate through the carboxylic oxygens. The newly synthesized gadolinium(III)
complex of 5-aminoorotic acid (GdAOA) showed antioxidant properties. The antioxidant activity of
both HAOA and GdAOA was related with their electron donor properties.
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1. Introduction

Orotic acid (vitamin B13, figure 1) and its salts play an important role in biological systems
as precursors of pyrimidine nucleosides and are found in cells and body fluids of many liv-
ing organisms [1–3]. These compounds are applied in medicine as biostimulators of the
ionic exchange processes in organisms, and different metal complexes of orotic acid were
studied [4]. There is also a great interest in orotic acid in relation to food protection and
nourishment research [5]. Because of the importance of orotic acid and its metal complexes
in living systems, a reliable assignment of their vibrational spectra is a useful basis in the
study of their interactions with other chemical species present in the biological milieu. The
molecular structures of orotic acid and its metal complexes have been determined by
Kostova et al. [6, 7]. The orotic acid molecule is related to uracil or thymine. Different
studies on these types of molecules were done by vibrational spectroscopy [8] as well as
normal coordinate analysis and ab initio calculations [9, 10]. The results of these studies
may help in the assignment of the spectra of orotic acid.

Metal ion complexes of orotic acid (figure 1) and its substituted derivatives continue to
attract attention because of its multidentate functionality and pivotal role in bioinorganic
chemistry. It is an interesting multidentate ligand capable of coordinating to metal ions
through nitrogens, the two carbonyl oxygens, and the carboxylate oxygens [11–16]. Exist-
ing studies of its coordination complexes demonstrate that it occurs as a dianion coordinat-
ing often via N1 and the carboxylic group, forming a five-membered chelate ring. Despite
its polydentate nature, only a few polymeric complexes of orotic acid have been observed.

The multifunctionality of the hydroorotate, H2L′
−, and orotate, HL′2−, anions offer inter-

esting possibilities in crystal engineering as a versatile ligand for supramolecular assem-
blies. Metal ion coordination may occur through the two N atoms of the pyrimidine ring as
well as the two carbonyl oxygens or the carboxylic group, which results in a multifaceted
coordination chemistry [11–16]. The coordinated orotate anions exhibit a ligand surface
with double or triple hydrogen-bonding capabilities, depending on the metal coordination
mode, and thus have potential to adopt several modes of interligand hydrogen bonding to
allow the formation of extended, self-assembled structures.

Thus, besides the biological relevance, orotic acid and its anions H2L′
−, HL′2−, and L′3−

are interesting multidentate ligands as they have varied coordination. The equilibrium com-
position of the reactant mixture and thus the solution pH are critical factors which deter-
mine the mode of coordination. The literature lists many reports on the coordinating
preferences of the orotate moiety in metal complexes [11–17]. Between pH 3 and 9, orotic
acid exists mainly as readily coordinating monodeprotonated H2L′

−. Bidentate binding
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Figure 1. Molecular structure of orotic acid (HOA).
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through N1 and the carboxylate group was observed by some crystal structure determina-
tions. A recent investigation of nickel(II) complexes of 5-nitroorotate dianion using spectro-
scopic and theoretical methods revealed novel structural features [17].

Despite the interest in orotate metal complexes, the coordination chemistry of the deriva-
tives of orotic acid has received rather scant attention. One of these derivatives is 5-ami-
noorotic acid (5-amino-2,6-dioxo-1,2,3,6-tetrahydropyrimidine-4-carboxylic acid, HAOA,
figure 2) which has relatively unknown coordination chemistry [18–20]. This ligand has
demonstrated versatile coordination modes during the formation of coordination frame-
works. Thus, it was a challenge for us to obtain new lanthanide(III) (Ln(III)) coordination
complexes with HAOA, especially in view of their application as antioxidant agents. For
estimation of the most preferred reactive sites of HAOA for electrophilic attack and metal
binding, its geometry was calculated and optimized [18] on the basis of DFT calculations.

Little is known about Ln(III) coordination compounds with HAOA and such Ln(III)
complexes, possessing antioxidant and anticancer activity, have not been previously
reported. We have recently synthesized lanthanide(III) complexes with a number of biologi-
cally active ligands and we have reported their significant cytotoxic activity in different
human cell lines [21–25]. These promising results prompted us to search for new lanthanide
complexes. Thus, the aim of this work was to synthesize and characterize the complex of
gadolinium(III) with HAOA (figure 2) and determine its antioxidant activity. In the present
study, we report the synthesis, vibrational (IR and Raman) spectroscopic results, and
antioxidant activities of Gd(III) complex of HAOA.

2. Experimental

2.1. Chemistry

2.1.1. Reagents. The compounds used for preparing the solutions were Sigma-Aldrich
products, p.a. grade: Gd(NO3)3·6H2O and 5-aminoorotic acid. HAOA (figure 2) was used
as a ligand for the preparation of the metal complex.

2.1.2. Synthesis. The complex was synthesized by reaction of Gd(III) salt and the ligand,
in amounts equal to metal:ligand molar ratio of 1 : 3. The synthesis was made in different
ratio (1 : 1, 1 : 2, 1 : 3) but in all the cases the final product was with composition 1:3. The

C4

N3

C2 N1

C6

C5

O4

H3

O2 H1

C7

O1 H6

O3

NH2

Figure 2. Molecular structure of the 5-aminoorotic acid (HAOA).
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complex was prepared by adding an aqueous solution of Gd(III) salt to an aqueous solution
of the ligand, subsequently raising the pH of the mixture gradually to ca. 5.0 by adding
dilute solution of sodium hydroxide. The reaction mixture was stirred with an electromag-
netic stirrer at 25 °C for 1h. At the moment of mixing of the solutions, precipitate was
obtained. The precipitate was filtered (pH of the filtrate was 5.0), washed several times with
water, and dried in a desiccator to a constant weight. The obtained complex was insoluble
in water, methanol, and ethanol, but well soluble in DMSO.

2.1.3. Analytical and spectral methods and instruments. The carbon, hydrogen, and
nitrogen contents of the compound were determined by elemental analysis.

The solid-state infrared spectra of the ligand and its Gd(III) complex were recorded in
KBr from 4000 to 400 cm−1 by an FT-IR 113 V Bruker spectrometer.

The Raman spectra of HAOA and its new Gd(III) complex were recorded with a Dilor
microspectrometer (Horiba-Jobin-Yvon, model LabRam) equipped with a 1800 grooves/mm
holographic grating. The 514.5-nm line of an argon ion laser (Spectra Physics, model 2016)
was used for probe excitation. The spectra were collected in a backscattering geometry with
a confocal Raman microscope equipped with an Olympus LMPlanFL 50x objective and
with a resolution of 2 cm−1. The detection of Raman signal was carried out with a Peltier-
cooled CCD camera. Laser power of 100 mW was used in our measurements.

UV–vis spectra were recorded using a Shimatzu 1605 UV in a quartz cuvette. The cuv-
ette contained 0.1 mL of solution in 1 mL of PBS (pH 7.45). The spectra of individual
compounds and those describing interactions between HAOA and GdAOA with the compo-
nents of the model system X/XO were recorded against PBS, xanthine, or XO dissolved in
PBS.

2.2. Pharmacology

2.2.1. Reagents. All chemicals (Sigma-Aldrich) used for the pharmacological screening
were of finest grade. Bidistilled water was used to produce 50-mM Na, K Phosphate buffer
(PBS, pH 7.4). Aqueous solution of MTT (3 mg/mL) was prepared to estimate the free radi-
cal accumulation in the model system Xanthine/Xanthine oxidase. The xanthine solution
was 3 mM in bidistilled water. Xanthine oxidase (Sigma-Aldrich) was dissolved in 50 mM
PBS to 0.2 mU/mL. HAOA and GdAOA were dissolved in PBS to molarities of 10−2,
5.10−3, 10−3, 10−4, 10−5, 10−6, 5.10−7, 10−7, and 10−8. For the assessment of the Gd(III)
effect on the oxidative properties, solutions of Gd(NO3)3 and NaNO3 of the above-men-
tioned concentrations were prepared, using water-free dimethylsulfoxide (DMSO) as solvent
(the gadolinium nitrate has low solubility in water).

2.2.2. Methods. In the present study, we performed comparative evaluation of the antioxi-
dant effects of the ligand and the newly synthesized gadolinium(III) complex using several
methods.

The effect of HAOA and GdAOA on free radical formation in the presence of the model
system Xanthine/Xanthine oxidase (X/XO) was investigated using nitroblue tetrazolium
(MTT) molecule as marker. The formation of MTT formazan was monitored by measuring
the intensity of the characteristic band for the MTT formazan at 576 nm for 5 min. One mL
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of the cuvette contained 0.1 mL of the nitrate (dissolved in DMSO), 0.025 mL of xanthine,
0.025 mL of XO solution, and 0.05 mL of MTT and PBS. The activity of XO was esti-
mated by recording the spectrum of the reaction mixture in a very fast regime, each minute,
for 5 min. Then the relative change of the signal for uric acid (UA) was estimated at
293 nm. Each experiment was repeated seven times; the average values and standard devia-
tions were calculated and used for the illustrations and discussions.

The results were presented as spectrophotometric scavenging indices (SPh–SI, in %):

SPh� SI ¼ Asample

Acontrol
� 100

where Asample was measured in presence of GdAOA or HAOA; Acontrol was monitored in
the presence of the X/XO system alone. The effect of Gd(III) on free radical formation in
the model X/XO system was assessed using NaNO3 as a control. The individual effects of
HAOA and Gd(III) on the free radical accumulation were estimated by comparing SPh–SI
for GdAOA with those of Gd(III) ion and HAOA.

The data were presented as average values and standard deviations. The statistical veri-
fications for significance were made using the INSTAT program package. Only statistically
significant results were discussed. The concentrations corresponding to the half-effect of the
compounds on the accumulation of free radicals, C50, were determined too and used to
compare the effects of the ligands and Gd(III) on the oxidative behavior of the complex.

The antioxidant capacities of HAOA and GdAOA were investigated in vitro using both
DPPH� (2,2-diphenyl-1-picrylhydrazyl radical, Sigma-Aldrich) and ABTS�þ (2,2′-azinobis
(3-ethylbenzothiazoline-6-sulfonic acid, Sigma-Aldrich, diammonium salt) methods. The
0.05 mM stock solution of DPPH� was prepared using pure ethanol, immediately before the
experiment, and kept in a refrigerator in a flask covered by aluminum foil. The test tubes
for the DPPH experiment were covered by aluminum foil too, to prevent the effect of light
on the color of the DPPH solution. DPPH� is a stable radical, which reacts with antioxidants
that can donate hydrogen. After accepting hydrogen by the antioxidant, DPPH� which exhi-
bits absorption at 517 nm, transforms into a product that is light yellow. The relative
decrease in the purple color of the solution with time is an indication of antioxidant activity
of the solution tested. Our test tubes contained 2.00 mL of DPPH stock solution, 0.02 mL
of the tested solution, or 0.02 mL of PBS, or 0.02 mL of ethanol. The absorbance at
517 nm was measured after keeping the test tubes in the dark, at room temperature, for
90 min. The antioxidant activity (% scavenging) was determined by the following formula:

% Scavenging ¼ 100� Ab � Ac

Aa
�100;

where Aa is the absorbance at 517 nm of the incubated test tube with DPPH stock solution
(control), Ab is the absorbance of the flask containing incubated DPPH stock solution and
0.2 mL test solution (sample), and Ac is the absorbance of the DPPH containing 0.02 mL
PBS (blank). Reference cuvette with pure ethanol was used during the measurements. Each
absorbance Ai (i = a, b, c), was evaluated by five parallel measurements.

The ABTS�þ reacts with electron donors, resulting in a compound which does not absorb
at 734 nm. Therefore, in the presence of antioxidants which are electron donors, the absor-
bance at 734 nm diminished as the antioxidant’s concentration. The ABTS radical cation
(ABTS•+) was prepared by mixing 7 mM ABTS with 2.45 mM potassium persulfate to final
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concentration of 2.45 mM K2O8S2 using distilled water as solvent for all solutions. The
ABTS stock solution was kept in dark at room temperature for 16 h before using (in addi-
tion, the flask was covered by aluminum foil). Before the experiment, the absorbance at
734 nm of the stock solution was adjusted to 0.7000 ± 0.0004 a.u. with pure ethanol. The
reference cuvette contained the same amount of ethanol as the control probe in distilled
water. Five test tubes, containing 2.00 mL of ABTS stock solution and covered with alu-
minum foil, were prepared for each group of measurements. The absorbance at 734 nm was
detected, in the cuvettes containing 2.00 mL of ABTS and 0.02 mL of PBS (blank), or
0.02 mL of test solution (sample), or 0.02 mL of ABTS stock solution (control). The %
scavenging was determined using the same formula as for DPPH. The average value and
standard deviation were determined for each concentration assessed and used for data pre-
sentation as dose-response curves. The concentrations exhibiting half-effect, C50, were
determined and used to compare the in vitro antioxidant properties of the compounds
investigated. Solutions of ascorbate of 10−2–10−8 M were prepared and used for building a
standard curve needed to calculate the antioxidant capacity of the complexes at their C50

concentrations using the ABTS method.

3. Results and discussion

3.1. Chemistry

3.1.1. Coordination ability of 5-aminoorotic acid to Gd(III). Reaction of Gd(III) and
5-aminoorotic acid (figure 2) afforded a complex which was stable both in solid state and
solution. The new Gd(III) complex was characterized by elemental analysis. The content of
the metal ion was determined after mineralization. The used spectral analyses confirmed the
nature of the complex.

The data of the elemental analysis of the Gd(III) complex serve as a basis for determina-
tion of its empirical formula and the results are presented below. The elemental analyses of
Gd(AOA)3·3H2O are shown as % calculated/found: C = 24.96/24.92; H = 2.49/2.35;
N = 17.47/17.11; H2O = 7.49/7.25; Gd = 21.77/22.06, where HAOA = C5N3O4H5 and
AOA = C5N3O4H�

4 .
In our previous work, the geometry of 5-aminoorotic acid was computed and optimized

with the Gaussian 03 program employing the B3PW91 and B3LYP methods with the 6 –
311 ++ G** and LANL2DZ basis sets [18]. In the present study, the binding mode of the
HAOA ligand to Gd(III) ions is elucidated by recording IR and Raman spectra of the com-
plex in comparison with those of free ligand. The density functional theory (DFT) calcu-
lated geometries, harmonic vibrational wavenumbers including IR and Raman scattering
activities for the ligand and its complex were in good agreement with the experimental data,
and a complete vibrational assignment is proposed.

3.1.2. Vibrational spectral analysis. Because no crystal structure data are available for
HAOA, its structure was optimized at different levels of theory [18] and compared with
literature data for compounds containing identical or similar functional groups [26–32].
Previously published X-ray diffraction data about orotic acid [26, 28] helped. The HAOA
molecule has a planar structure which is very similar to the structure of orotic acid obtained
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by X-ray diffraction [18, 26]. In the calculated solid-state conformation of HAOA, the exis-
tence of intramolecular hydrogen bondings is highly probable [18]. HAOA has a good abil-
ity to adopt several modes of intramolecular hydrogen bonding [27, 31], which take place
between the coordinated carboxylate O1 and one of the protons of amino group, between
the pyrimidine carbonyl oxygen O4 and the other proton of amino group, and between the
carboxylate O3 and the imido N1–H1 (figure 2). Taking into account the average calculated
hydrogen bond lengths, the latter is particularly strong. The intramolecular hydrogen bonds
play an important function in the crystal packing and have influence on the respective vibra-
tional spectra. Additionally, the geometry of La(III) complex of 5-aminoorotic acid was
computed and optimized with B3PW91/LANL2DZ and B3LYP/LANL2DZ methods [18].
Through the DFT calculations with different bases, HAOA coordinated to the lanthanum
ion as a dianion and the complex contained three HAOA ligands. 5-aminoorotic acid binds
to La(III) through both oxygens of the carboxylic group from all three ligands; the La(III)
is six coordinate in a trigonal prismatic structure [18]. Different kinds of hydrogen bonds
were observed in the La(III) complex of 5-aminoorotic acid [18]: hydrogen bonding of
coordinated carboxylic oxygen and the proton of nitrogen; hydrogen bonding of uncoordi-
nated carbonylic oxygen from the pyrimidine rings and a proton of the amino group, and
hydrogen bonding of the coordinated carboxylic oxygen and the other proton of the amino
group. The theoretical study performed earlier has helped us to interpret the vibrational IR
and Raman spectra of the newly synthesized Gd(III) complex.

The vibrational fundamentals from the IR and Raman spectra, presented in figures 3 and 4,
were analyzed by comparing these modes with those from the literature [26–28, 33–42] and in
combination with the results of our DFT calculations (i.e. harmonic vibrational wavenumbers
and their Raman scattering activities) [18]. The selected experimental IR and Raman data of
the ligand and the newly synthesized Gd(III) complex together with their tentative assignments
are given in table 1. Vibrational spectra of HAOA and its Gd(III) complex are relatively

35003000 1500 1000 500

Wavenumber/cm-1

GdAOA

HAOA

ab
so

rb
an

ce

Figure 3. IR spectra of 5-aminoorotic acid (HAOA) and its Gd(III) complex.
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complex (figures 3 and 4). Several contributions of relatively high IR intensity were found, cor-
responding to carbonyl, carboxylic and C=C stretches, and amino-bending vibrations, which
appear strongly coupled. The assignment of the bands is quite difficult because they are over-
lapped in the same spectral region, and the involvement of these groups in hydrogen bonds
affects their wavenumbers and produces band broadening [27, 33–37].

3.1.2.1. N–H modes. The ν(N1–H1) and ν(N3–H3) wavenumbers in HAOA appear little
affected due to the intermolecular H-bonds. In the IR spectra, the strong band at 3457 cm−1

(HAOA) and the band at 3443 cm−1 (Gd(III) complex of HAOA) were assigned to the N1–
H1 stretches from the pyrimidine rings (table 1) [30, 32, 43], while the bands at 3333 cm−1

in the IR spectrum of HAOA and at 3335 cm−1 from the IR spectrum of Gd(III) complex
of HAOA were attributed to the N3–H3 stretches [26, 32, 44] (figure 3, table 1). In Raman
spectra, the N3–H3 stretching vibrations are present for the ligand and for the complex
(table 1, figure 4). The observed experimental IR bands at 3044 and 3011 cm−1 could be
tentatively ascribed to intermolecular H-bonds. The experimental IR bands at 2850 cm−1

(HAOA) and at 2839 cm−1 (Gd(III) complex of HAOA) correspond also to these H-bonds.
In the in-plane N–H bending modes, the main contributions correspond to δ(N1–H1) and
δ(N3–H3) which appear as IR bands with medium intensity at 1405 and 1436 cm−1

(HAOA) and at 1390 and 1424 cm−1 (Gd(III) complex). The experimental Raman band cor-
responding to δ(N1–H1) mode was not detected in the Raman spectrum of the ligand.
These modes appear strongly coupled with δ(ring) modes. In general, all the vibrations in
the range 1500–950 cm−1 have significant contributions of δ(N–H) modes. In the out-of-
plane N–H bending modes, the main contribution corresponds to γ(N3–H3) mode with
weak IR intensity and no Raman intensity, appearing as an IR band at 871 cm−1 (HAOA)
and at 874 cm−1 (Gd(III) complex). The γ(N1–H1) mode possesses almost no IR and
Raman intensity and has not been detected in the experimental spectra.

1800 1600 1400 1200 1000 800 600 400 200
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Figure 4. Raman spectra of the solid state of 5-aminoorotic acid (HAOA) and its Gd(III) complex. Excitation:
514.5 nm, 100 mW.
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3.1.2.2. NH2 group vibrations. The NH2 asymmetrical stretching mode that is absent in
the IR and Raman spectra of the ligand can be seen in the IR and Raman spectra of the
complex at 3353 cm−1 as a medium band (IR) and 3357 cm−1 as a weak band (Raman),
whereas the symmetrical NH2 stretch is present in both IR spectra by bands with medium
relative intensity at 3196 and 3167 cm−1 and in Raman spectra of the ligand as a very weak
band at 3166 cm−1 [44]. Moreover, the wavenumber region 2700–3000 cm−1 in the IR
spectra of HAOA and its Gd(III) complex is typical of strongly hydrogen-bonded inter-
molecular complexes due to a strong anharmonic coupling (Fermi resonance) of the N–H
stretching vibrations with overtones and combinations of lower frequency modes of the
bonded molecules [44–46]. The βs scissors deformation appears strongly coupled with
ν(C–C=C) mode, which is in excellent agreement with the experimental IR bands detected
at 1566 cm−1 (HAOA) and at 1552 cm−1 (Gd(III) complex). The rocking mode, denoted as
r or βas, appears strongly coupled with ν(COO) vibrations in HAOA and is assigned to the
experimental IR band at 1083 cm−1 and to the Raman band at 1047 cm−1 (HAOA). In the
solid state, due to NH2 strongly H bonded with the C=O group, it is expected to increase
the N–H bond lengths, and consequently, an increase in the wavenumber of the wagging
mode. The value of the torsional mode τ(NH2) in HAOA is due to an almost planar NH2

group and a nearly pure sp2 hybridization.

3.1.2.3. C=O modes. The C=O groups are very important as they take part in hydrogen
bonding, especially in nucleic acid base derivatives. When the carbonyl is hydrogen bonded
but not dimerized, a bond active in the IR spectra appears at 2700–3000 cm−1 and also
another bond active in both IR and Raman spectra appears at 1730–1705 cm−1 [43]. In our
IR spectra, these bands with medium and weak intensities for the ligand and the complex,
respectively, can be observed at 2850 and 2839 cm−1. One very strong band can be
observed in the 1730–1690 cm−1 region at 1691 cm−1 in the IR spectrum of the ligand and
one medium band at 1718 cm−1 in the IR spectrum of the complex, which were assigned to
the symmetrical stretch of C2=O2 (figure 3). In contrast to the IR spectra, in this region of
the Raman spectra, only a medium band at 1699 cm−1 for the free ligand was observed.
The ν(C2=O2) position remains almost unaffected by changes in the molecular structure of
the uracil ring. This is caused by the fact that the C2=O2 group is quite distanced from the
COOH and NH2 groups, and moreover, it is surrounded by the two N–H groups, which
buffer it from influences of the remaining molecular moieties [42]. On the other hand, the
C4=O4 moiety is nearer to the NH2 group, and due to an intramolecular contact between
them, the N–H and C4=O4 bonds appear slightly lengthened [42]. The dimer form is best
characterized by the Raman bands at 1680–1640 cm−1 [38–40] and by IR bands, around
1290 cm−1 and between 1440 and 1395 cm−1 (C–O stretching mode) (figures 3 and 4;
table 1) [41, 43]. The strong band at 1667 cm−1 from the IR spectrum of HAOA and the
two very strong bands at 1690 and 1674 cm−1 from the IR spectrum of the complex were
assigned to the symmetrical stretching modes of C4=O4 [28] and to the asymmetrical
COO− stretching modes [29, 43]. In the Raman spectra, these vibrations can be observed as
a shoulder at 1678 cm−1 for the ligand and as a medium band at 1681 cm−1 for its Gd(III)
complex (table 1; figures 3 and 4). The in-plane bending modes appear strongly coupled
with δ(COO) modes. The out-of-plane bending modes are also strongly coupled with ring
modes [42]. The γ(C4=O4) appears as a very weak experimental band at 767 cm−1 (IR
spectrum of the ligand) and at 776 cm−1 (IR spectrum of Gd(III) complex). The same band
seems to be absent in the Raman spectrum of the ligand and appears in the Raman spectrum
of the complex (at 776 cm−1). The γ(C2=O2) mode is at 740 cm−1 (IR spectrum of the
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ligand) and at 745 cm−1 (IR spectrum of Gd(III) complex) with very weak IR intensity and
no Raman intensity.

3.1.2.4. C–C and C–N ring modes. When the protons of –NH2 are engaged in
intramolecular hydrogen bonding, the electron lone pair of N is coupled more readily with
the π-electrons of the C5=C6 bond. In IR spectra of HAOA and its Gd(III) complex,
the strong and very strong bands at 1604 and 1644 cm−1, respectively, were attributed to
the C5=C6 stretches, NH2 scissoring and ν(COO−) vibration [28, 43, 44], whereas in the
Raman spectra, these vibrational modes are distinguished through the very strong bands at
1612 cm−1 for the ligand and at 1631 cm−1 for its Gd(III) complex. An increase in the
ν(C=C) wavenumber in the ligand appears related to an increment in the negative charge on
the substituent in position 5. The medium bands from the IR spectra at 1566 cm−1 (ligand)
and 1552 cm−1 (Gd(III) complex) as well as the medium peaks from the Raman spectra at
1560 cm−1 (ligand) and 1545 cm−1 (Gd(III) complex), were attributed to the C5=C6 stretch-
ing and in-plane N–H bending modes (table 1). The next pyrimidine ring vibrations, as
N–C and N–H bending modes, can be observed at 1520–1490 cm−1 (table 1; figures 3 and
4). In IR spectra, the medium band at 1312 cm−1 for HAOA as well as the medium signal
at 1307 cm−1 for the complex were attributed to the C5–N stretches (figure 3), while in the
Raman spectra, these vibrations can be observed as a weak peak at 1301 cm−1 for the
ligand and as a medium/strong signal at 1302 cm−1 for the complex, shifted to lower
wavenumbers (table 1; figure 4).

The IR band at 1255 cm−1 was assigned as ν(C–N). This mode was detected only in IR
spectra for the free ligand and blue shifted 30 cm−1 for the complex (1284 cm−1). The
experimental IR bands at 1234, 989, and 924 cm−1 in the spectrum of the ligand are also
C–N stretches. The last two bands were detected with weak intensity. These modes appear
in both IR and Raman spectra of the free ligand and the complex. In the IR spectra, they
can be seen at 1234 and 1239 cm−1, while in the Raman spectra, they are situated at 1242
and 1241 cm−1, respectively (table 1). The very weak signal at 989 cm−1 in the IR spectrum
of the ligand (absent in the IR spectrum of the complex), assigned to the trigonal
pyrimidine ring breathing mode [26, 43], cannot be observed in the corresponding Raman
spectra.

3.1.1.5. COOH group vibrations. The ν(O–H) and γ(O–H) modes are characterized as
almost pure modes. The IR shoulder at 1140 cm−1 in the IR spectrum of the HAOA is
assigned to the in-plane δ(OH) bend. This mode appears as a weak peak at 1126 cm−1 in
the IR spectrum of Gd(III) complex, whereas in the Raman spectra can be seen just for the
complex as a very weak peak at 1130 cm−1. The strong IR band at 1667 cm−1 is tentatively
assigned to the ν(C=O) of the carboxylic group of the ligand. Strong H-bonds are expected
in the solid state through this group. The experimental Raman band in the spectrum of the
free ligand at 1341 cm−1 was assigned as ν(C–O) stretch as a medium signal. The Raman
bands at 425 and 249 cm−1 (HAOA) and at 436 and 242 cm−1 (Gd(III) complex of HAOA)
were assigned as Δas(COO) and Δs(COO) modes, respectively. The symmetrical COO−

stretch was observed in IR spectra as medium and strong bands at 1405 and 1390 cm−1 for
the ligand and its Gd(III) complex, respectively, while in the Raman spectra, this vibration
appears as a strong peak at 1387 cm−1 only for the complex (figures 3 and 4).

In general, between the IR and Raman spectra of the ligand in comparison to the same
spectra of the metal complex, we can assert wavenumbers shifting, increases and/or
decreases in relative intensities, and appearances and/or disappearings of bands. These
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changes can be caused by decrease in the force constants of the bonds and polarization of
the C–C and C–H bonds in the pyrimidine rings [30]. The formation of complexes with lan-
thanides perturbs not only the aromatic systems of the rings, but also the quasi-aromatic
systems [47–53]. The metal affects the Gd–O bonds and this effect is transferred to the
C–O bonds. After that, the force constant of OCCring bond is changed, which reflects in the
displacement of electronic charge around bonds between heterocyclic rings, and hetero-
cyclic rings and protons [53]. The pyrimidine ring bending vibration and the skeletal
deformation bands of the free ligand, mainly at 900–300 cm−1 wavenumber region, show
considerable changes on complex formation (figures 3 and 4; table 1). These changes may
be attributed to distorsion of the pyrimidine rings upon complexation.

Spectra below 600 cm−1 are particularly interesting since they provide information about
metal–ligand vibrations. The new band at 601 cm−1 and the new shoulder at 506 cm−1 pre-
sent only in the IR spectrum of the complex (not observed in its Raman spectrum) can be due
to the Gd–O interactions [27, 28, 37]. In the low wavenumber region of the Raman spectrum
of the complex (figure 4), the band that can be due to the Gd–O vibrations [48–52] is the
band at 373 cm−1. Besides the appearance of a new shoulder at 423 cm−1 in the IR spectrum
of the ligand confirms the presence of the Gd–O interaction. The metal affects the carboxylate
anion as well as the ring structure. The ionic potential of the metal is the most important
parameter responsible for the influence of the metal on the rest of the molecule [53–55]. The
carboxylic acids interact with the metals as symmetric [56, 57], bidentate carboxylate anions
and both oxygens of the carboxylate are symmetrically bonded to the metal [58]. We can
observe in the Raman spectrum of the Gd(III) complex a weak peak at 207 cm−1, which can
be due to the O1–Gd–O3 vibration modes (table 1) [52, 59–61].

Figure 5. Suggested metal–ligand coordination in the investigated Gd(III) complex.
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Thus, on the basis of the experimental and theoretical results, we are able to suggest that
in the Gd(III) complex studied, the metal ion coordinated to the carboxylic oxygens, as
shown in figure 5.

Figure 6. Deconvolution of the spectra of HAOA and GdAOA: 1 – real spectrum, 2 – mathematical result based
on the deconvolution, 3, 4, 5, and 6 – components of the band, found after its deconvolution.

Table 2. Assignments of the characteristic bands corresponding to the components of the UV spectra of HAOA
and GdAOA, according to the literature data.

Characteristic UV band
(nm) Assignment

325 Characteristic band of the ring in the HAOA molecule
235 π → π* transition of the triple conjugated double-bond system in the AOA molecule
206 A possible E2 – type (π → π*) of characteristic band of the C=O and C=C groups in

the molecule
201 π → π* transition of C=O groups in C(O)OH

Gd(III) complex of 5-aminoorotic acid 4095
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3.1.3. UV spectra of HAOA and GdAOA. The UV spectra of 10−4 M HAOA and
GdAOA are presented in figure 6. Their spectra consist of four components with λ at about
327, 235, 206, and 201 nm. In agreement with the literature data [62, 63], these bands were
assigned as shown in table 2.

In the spectrum of HAOA [figure 6(a)], all components listed in table 2 were present,
which was in agreement with the structure of this compound (figure 2). In the spectrum of
GdAOA, the characteristic band for the COOH group at 201 nm was missing, and this was
in agreement with the structure of the GdAOA molecule (figure 5). The GdAOA complex
(figure 5) contained three AOA ligands, and this would lead to a ratio between the intensi-
ties of the AOA characteristic bands at 3. The average ratio between absorptions was 2.3
± 0.3. This, along with the very mild red shift of all bands in GdAOA compared to the
HAOA spectrum, indicated that the main effect of Gd(III) on the ligand was a decrease in
the dipole moment.

Figure 7. Accumulation of free radicals in the model system X/XO (presented as MTT Formazan’s SPh-SI, %) –
(a), and of UA (presented as UA Formazan’s SPh–SI, %) – (b): curve 1 – in the presence of Gd(NO3)3 (dissolved
in DMSO with control sample NaNO3 in DMSO); curves 2 and 3 illustrate the effects of HAOA and GdAOA,
respectively, in PBS, using X/XO alone as a control sample.
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3.2. Pharmacology

GdAOA exhibited antioxidant properties (figure 7) in the presence of the X/XO model sys-
tem. Curve 1 in figure 7(a) and (b) shows that, compared with Na(I), Gd(III) exhibited mild
antioxidant effect. Looking at the accumulation of free radicals [figure 7(a)] and of UA
[figure 7(b)], a substantial antioxidant effect of GdAOAwas observed. Although below con-
centrations of 10−5 M, both compounds showed almost the same antioxidant activity, above
this concentration HAOA was a better antioxidant (curves 2 and 3). The comparisons for
the overall antioxidant activity were made using the concentrations at which 50% of the
antioxidant effect was achieved, C50. For the free radical accumulation [figure 7(a)], HAOA
and GdAOA exhibited C50 of (8 ± 2)·10−5 M and (4 ± 1)·10−4 M, respectively. The C50

values for the accumulation of UA were (4 ± 1)·10−5 M and (2.2 ± 0.7)·10−4 M for HAOA
and GdAOA, respectively.

Figure 8. UV spectra of Xanthine (a) and Xanthine oxidase (b) in PBS, alone, or in presence of 10−6 M solutions
of GdAOA and HAOA: spectrum 1 was recorded in the presence of GdAOA, spectrum 2 – in the presence of
HAOA, spectrum 3 was either of Xanthine (a) or XO (b) alone. Xanthine and Xanthine oxidase were of concentra-
tions as in the pharmacological experiments.
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A compound may exhibit antioxidant activity by scavenging the free radicals produced in
the medium, or by inhibiting the enzyme responsible for free radical production. In the
X/XO model system, the formation of free radicals is a result of the activity of the xanthine
oxidase. Another opportunity is an interaction between the compound and xanthine. In the
presence of the X/XO model system, xanthine transforms over the catalyst, XO, to UA and
superoxide radical O��

2 . Interaction of GdAOA or HAOA with xanthine may alter the X/XO
interactions. To elucidate the action of the compounds investigated, we assessed their abili-
ties to interact with xanthine and xanthine oxidase. UV spectra were recorded for X and
XO alone, and in presence of HAOA or GdAOA. Both the latter spectra were corrected for
the compound investigated. This permitted seeing only the UV spectrum of xanthine or
xanthine oxidase. Interactions within the components of the model system X/XO and the
compounds investigated were explored by comparing UV spectra of the pure components
with those in the presence of HAOA or GdAOA (figure 8). The effects of HAOA and
GdAOA on the UV spectrum of xanthine [figure 8(a)] were less prominent than those on
the XO spectrum [figure 8(b)]. In figure 8(a), the UV spectrum of (GdAOA+X) is recorded
against GdAOA (spectrum 1) and that of (HAOA+X) is corrected for HAOA (spectrum 2).
In presence of GdAOA [figure 8(a), spectrum 1] and HAOA [figure 8(a), spectrum 2], the
intensity of the characteristic band at 270 nm slightly increased, but did not shift by posi-
tion compared with the spectrum of xanthine [figure 8(a), spectrum 3]. This might be
related with a slightly increased dipole moment of the xanthine molecule in the presence of
the compounds investigated. The relative change was the modest. In figure 8(b), a
difference is observed in the effects of HAOA [figure 8(b), spectrum 2] and GdAOA
[figure 8(b), spectrum 1] on the original spectrum of XO [figure 8(b), spectrum 3]. In agree-
ment with previous report [64], the band at 280 nm in the UV spectrum of XO was attribu-
ted to the aromatic amino chains (affected by the solvent), and the shoulder at about
340 nm – to a molybdenum co-factor. Compared with the spectrum of XO [figure 8(b),
spectrum 3], a substantial increase in the intensities of all characteristic bands for XO were
observed in the presence of GdAOA [figure 8(b), spectrum 1]. This might be related with
increased dipole moment and/or diminished influence of the solvent on the XO molecule.
In presence of GdAOA [figure 8(b), spectrum 1], the characteristic band for the molybde-
num co-factor (340 nm) shifted about 40 nm to higher wavenumbers and increased in inten-
sity, compared with the spectrum of XO in presence of HAOA [figure 8(b), spectrum 2],
and that of XO alone [figure 8(b), spectrum 3]. This indicated an interaction of XO with
GdAOA, which might alter the enzymatic activity of the former. The same type of interac-
tion, but to a much lesser extent, was seen in the spectrum of XO in the presence of HAOA
[figure 8(b), spectrum 2], when compared with the spectrum of the XO alone [figure 8b,
spectrum 3]. Thus, there is more substantial interaction within GdAOA and XO than for
HAOA and XO. Both HAOA and GdAOA showed antioxidant properties with GdAOA
being the weaker antioxidant.

Our investigations showed a mild antioxidant effect of Gd(III) compared with Na(I)
under the same conditions [figure 7(a) and (b), curve 1], which might be related with the
stable 4f7 configuration of Gd(III) [65]. The overall oxidative behavior of GdAOA was
antioxidant [figure 7(a) and (b), curve 3], but slightly lower than that of HAOA [figure 7(a)
and (b), curve 2]. Figure 8 indicated that Gd(III) increased the interactions of the AOA
ligands with XO, compared with HAOA. The effects of GdAOA and HAOA on the UV
spectrum of xanthine were almost negligible [figure 8(a)] compared to those on the XO
spectrum [figure 8(b)]. The interaction between GdAOA and XO might lead to an altered
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XO activity in the presence of GdAOA at high concentrations [figure 7(b), curve 3] com-
pared with the activity of the enzyme in the presence of HAOA [figure 7(b), curve 2].

Gd(III) interacted with HAOA forming a stable complex, and this resulted in a slightly
lower antioxidant activity of the ligand. Both HAOA and GdAOA did not show antioxidant
activity against the stable DPPH� radical. This indicated that the antioxidant effects
observed might be related with electron donor properties of the compounds investigated
toward free radicals. The ABTS test proved that HAOA and GdAOA are scavengers of
ABTS�þ with C50 of 1.18 × 10−6 M and 4.72 × 10−6 M, respectively, with ascorbate equiva-
lents of 2.12 × 10−4 M for HAOA and 1.68 × 10−4 M for GdAOA. The ratios between C50

of both compounds indicated that Gd(III) slightly decreased the electron donors’ antioxidant
activity of the AOA ligands in the GdAOA molecule.

4. Conclusion

The complex of Gd(III) with 5-aminoorotic acid has been synthesized and characterized by
elemental and vibrational spectral analyses. IR and Raman spectra of 5-aminoorotic acid
and its Gd(III) complex were recorded and the marker bands of characteristic functional
groups identified, in order to use them as a data bank for further application in trace analy-
sis of rare-earth complexes.

The vibrational analysis performed for 5-aminoorotic acid and its Gd(III) complex helped
to explain the vibrational behavior of the ligand vibrational modes, sensitive to interaction
with Gd(III). The vibrational studies and the previous density functional calculations
revealed that the mode of binding was bidentate through carboxylic oxygens. Theoretical
and spectral studies gave evidence for the coordination mode of the ligand to Gd(III) and
were in agreement with the other literature studies and theory predictions.

In presence of the X/XO model system, both HAOA and GdAOA showed antioxidant
properties, acting as radical scavengers via electron donation. The slightly weaker antioxi-
dant activity of GdAOA compared to HAOA might be related with the effect of Gd(III) on
the AOA ligands, leading to a decrease in their electron donor properties. The interaction
within GdAOA and XO might increase the activity of the enzyme in the presence of high
concentrations of the complex.
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