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Abstract: A new cerium (III) complex with 3,3'-(ortho-pyridinomethylene)di-[4-
hydroxycoumarin] (0o-PyDC) was synthesized and characterized by various spectro-
scopic methods: mass spectrometry, 'H NMR, '>C NMR, IR, and Raman spectroscopy.
The experimental IR and Raman spectra of 0-PyDC were assigned to the corresponding
normal modes on the basis of density functional theory calculations at B3LYP/6-
31G(d) optimized geometry. The NMR, Raman, and IR spectra of the Ce(IIl)
complex were interpreted on the basis of comparison with those of the free ligand.
The vibrational analysis and the NMR data give evidence that in the Ce(IIl)
complex, the ligand coordinates with the metal ion through both the deprotonated
hydroxyl groups and through the carbonyl groups. The spectroscopic data indicates
that the pyridine nitrogen is also involved in coordination with Ce(III). Density func-
tional calculations of a complex fragment structure were performed to elucidate further
the binding mode of 0-PyDC to Ce(IlI) and to explain the NMR and vibrational spec-
troscopic results.
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INTRODUCTION

Coumarin (1,2-benzopyrone; 2H-1-benzopyran-2-one; cis-o-coumarinic acid
lactone; coumarinic anhydride) consists of an aromatic ring fused to a
condensed lactone ring. Because of certain of its biochemical properties,
coumarin has been proposed for use in clinical medicine.!" ~>! Coumarin is
a naturally occurring compound, being present in a wide variety of plants,
microorganisms, and in some animal species. The metabolism, toxicity,
and results of tests for carcinogenicity have recently been reviewed with
respect to the safety for humans of coumarin present in foodstuffs and for
fragrance use in cosmetic products.””’ In many studies, coumarin has

been reported to reduce the incidence of tumors produced by genotoxic
[71

carcinogens.
Also, coumarins and their derivatives have been studied for their com-
plexation with metal ions.”® =" Lanthanide ions are subjects of increasing

interest in bioinorganic and coordination chemistry.!'*'?

Our previous investigations'"*~?% give us reason to suppose that
complexes of coumarins with lanthanides could provide interesting
compounds with antitumor activity. As a result of our earlier work, the
cytotoxic profile of some complexes of coumarin derivatives with lanthanides
against different tumor cell lines was proved. It is noteworthy that the lantha-
nide complexes with coumarins exert pronounced cytotoxic effects. The cor-
responding lanthanide salts are found to be of very low or missing activity. So
far, we can conclude that the metal—ligand binding character determines the
antitumor spectrum of the new complexes. The study of in vitro effects of
the new lanthanide complexes is of interest in connection with other cell
lines and tumors in order to find out the differences in their spectrum of
activity.

Little is known about the coordination ability of di-[4-hydroxycoumarin]s
with cerium (III). A survey of the literature reveals that no work has been done
on the reactions of lanthanides with 3,3'-(ortho-pyridinomethylene)di-[4-
hydroxycoumarin] (o-PyDC). It was, therefore, interesting to study the com-
plexation of Ce(Ill) with o-PyDC.

In the current study, we perform the synthesis, spectroscopic
and theoretical studies of the new Ce(IIl) complex 3,3'-(ortho-pyridino-
methylene) di-[4-hydroxycoumarin]. The spectroscopic characteristics of
the free ligand and the complex were derived from '"H NMR, B¢ NMR,
IR, and Raman spectra. Detailed vibrational analysis based on calculated
and experimental (Raman and IR) spectra of o-PyDC and the corresponding
Ce(III) complex spectra helped to determine the most sensitive vibrational
modes of o0-PyDC upon coordination with Ce(Ill) and to suggest the
metal—-ligand binding mode. Model calculations on the fragment complex
structure were performed to elucidate the binding type of Ce(Ill) complex
with o-PyDC.
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MATERIALS AND METHODS
Chemistry

Synthesis of Ce(IIl) Complex with 3,3’-(ortho-Pyridinomethylene)di-
[4-hydroxycoumarin]

The compounds used for preparation of the solutions were Merck products,
pure analytical-grade: Ce(NOj); - 6H,O. For the preparation of the Ce(IIl)
complex, 3,3'-(ortho-pyridinomethylene)di-[4-hydroxycoumarin] (o-PyDC)
(Co4H5sNOg, H,L) was used as a ligand (Fig. 1).2%

The complex of Ce(IIT) with 3,3'-(ortho-pyridinomethylene)di-[4-hydroxy-
coumarin] was synthesized by reaction of Ce(Ill) salt and the ligand in
amounts equal to metal:ligand molar ratio of 1:2. The ligand is insoluble in
water. On raising the pH by the dropwise addition of a dilute solution of
sodium hydroxide (0.1 mol L™"), the ligand was dissolved. The complex
was prepared by adding aqueous solution of Ce(IIl) salt (1 mmol) to the
solution of the ligand (2 mmol). The reaction mixture was stirred with an elec-
tromagnetic stirrer at 25°C. At the moment of solution mixing, a precipitate
was obtained. The precipitate was filtered (pH of the filtrates was 5.0) and
washed several times with water and dried in a desiccator to a constant
weight. The complex is insoluble in water, slightly soluble in methanol and
ethanol, and very soluble in DMSO.

Figure 1. Schematic presentation of phenyl (PhDC) and pyridyl (o-PyDC) substi-
tuted bis-(4-hydroxycoumarin).



02: 55 30 January 2011

Downl oaded At:

68 I. Kostova et al.
Spectroscopic Measurements

The elemental analyses for C, H, Ce, and H,O were performed according to
standard microanalytical procedures.

The 'H NMR spectra were recorded at room temperature on a Brucker
WP 250 (250 MHz) spectrometer (Germany) in DMSO-dg.

The '*C NMR spectra were recorded at ambient temperature on a Brucker
250 WM (62.9 MHz) spectrometer (Germany) in DMSO-dg. Chemical shifts
are given in ppm, downfield from TMS.

The mass spectra were recorded on a Jeol JMS D 300 (Japan) double
focusing mass spectrometer coupled to a JMA 2000 data system. The
compounds were introduced by direct inlet probe, heated from 50°C to
400°C at a rate of 100°C/min. The ionization current was 300 mA, the accel-
erating voltage 3 kV, and the chamber temperature 150°C.

The solid-state infrared spectra of o-PyDC ligand and its Ce(IIT) complex
were recorded in KBr in the 4000-400 cm™' frequency range by an FTIR
113V Bruker spectrometer (Germany). The Raman spectra of the compounds
were recorded with a Dilor Labram spectrometer (Horiba Jobin Yvon, Inc.)
using the 785-nm excitation line from a Spectra Physics argon ion laser. The
Labram integrated system is coupled through an Olympus LMPlanFL 100x
objective to the optical microscope. The spectra were collected in the backscat-
tering geometry with a resolution of 2 cm ™ '. The detection of Raman signal was
carried out with a CCD camera (Photometric model 9000). The laser power
varied from 100 to 250 mW and is indicated in each figure legend.

RESULTS AND DISCUSSION
Chemistry

Coordination Ability of 3,3’-(ortho-Pyridinomethylene)di-[4-
hydroxycoumarin] with Ce(III)

The elemental analysis data of the Ce(IIl) complex with 3,3'-(ortho-pyridino-
methylene)di-[4-hydroxycoumarin] were in agreement with metal : ligand-
ratio of 1:1 and Ce(o-PyDCZf)(OH)(HQO) formula was suggested, where
0-PyDC?*™ = L=C,,HsNO? .

Elemental analysis data for Ce(II) complex with o-PyDC: Found/calcu-
lated: % C,49.55/49.14; % H, 3.12/2.73; % N, 2.77/2.39; % H,0, 3.44/3.07;
% Ce, 23.56/23.89.

The suggested formula was further confirmed by mass-spectral fragmen-
tation analysis. The characteristic peaks were observed in the mass spectrum
of the ligand and its metal complex, which followed the similar fragmentation
pattern as reported earlier.”*?'! The fragmentation of ligand showed
molecular ion peak (M4 1) at 413 and occurs via cleavage of organic
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moiety giving respective peaks to produce 4-hydroxycoumarin at m/z 162. As
it is seen in Table 1, the mass spectrum of the metal complex shows molecular
ion peak (M + 1) at m/z 589, confirming its molecular weight. Elimination of
Ce metal and water molecules was observed at m/z 410, and further fragmen-
tation followed a similar pathway as ligand. In the complex, elimination of one
4-hydroxycoumarin radical and a pyridyl radical gives rise to the formation of
3-methyl-4-hydroxycoumarin at m/z 176, which was observed as a base peak.
Although of low intensity, the peak at m/z 589 in the Ce(Ill) complex
spectrum corresponds with the mass weight of the complex formation. The
results thus obtained suggest metal:ligand ratio of 1:1 and they are in
agreement with the data of the elemental analysis.

"H NMR and "C NMR Study of 3,3'-(ortho-Pyridinomethylene)di-
[4-hydroxycoumarin] and its Ce(III) Complex

The Ce(Ill) complex and the ligand, 3,3’-(ortho-pyridinomethylene)di-
[4-hydroxycoumarin] were further studied by their '"H NMR and '*C NMR
spectra. In the '"H NMR spectrum of the Ce(IIl) complex, changes of the
chemical shifts were observed and they were attributed to coordination of
the ligand with Ce(IIl) (Table 2). Changes in the chemical shifts were
observed for the neighboring C-4, C-3, and C-2 carbon atoms of the
complex, and they confirmed the expected coordination of the ligand
through both deprotonated hydroxyl and carbonyl oxygen atoms (Table 3).
In the '*C NMR spectrum of the complex, the signals of the pyridine
carbons (C-3’ to C-6') are significantly shifted to downfield in comparison
with those of the free ligand. This fact indicates that the pyridine nitrogen is
also a suitable site for coordination with Ce(III). The other carbon atoms
were only slightly affected upon the metal binding.

Comparison of the NMR spectra of the complex with those of the ligand
reveals that the resonances of the ligand are considerably broadened and also
shifted indicating complexation. We considered these shifts as valuable and
we used them to confirm the coordination. NMR shifts of this order are
typical for coordination compounds of lanthanides. As previously reported,

Table 1. Mass spectral data of 3,3'-(ortho-pyridinomethylene)di-[4-hydroxycou-
marin] and its Ce(Ill) complex

Ligand m/z  Percent (%) Complex m/z  Percent (%)
HoL=C,H;sNOs 413 7 Ce(L)(OH) - H,O 589 1
395 2 490 3
252 7 460 5
162 30 410 2
120 28 307 40

92 38 176 100
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Table 2. '"HNMR spectral shifts of 3,3'-(ortho-pyridinomethyle-
ne)di-[4-hydroxycoumarin] and its Ce(Ill) complex (250 MHz,
DMSO-d), 8 (ppm)

4 (ppm)
Compound Hs—Hg" Hy* Hy—Hg*
H,L=C,,H,5NO¢ 7.24-7.58 6.54 7.80-8.64
Ce(L)(OH) - H,O 7.17-7.78 6.30 8.29-8.64

“Atom numbering is given in the structure.

such Aé values are indicative of the coordinating mode of the coumarin
system [14-21]. A similar feature has been observed for coordination
compounds of other lanthanides with similar coumarin ligands and has been
reported by us recently.?%*!!

FTIR and Raman Spectra of 0-PyDC and its Ce(III) Complex

The binding mode of 0-PyDC to Ce(III) ion was further elucidated by analysis
of the IR and Raman spectra of the ligand and the corresponding Ce(III)

Table 3. '>C NMR spectral shifts of 3,3'-(ortho-
pyridinomethylene)di-[4-hydroxycoumarin] and its
Ce(III) complex (62.9 MHz, DMSO-dg), 6 (ppm)

4 (ppm)

Atom H,IL=C,4H,5NOg¢ Ce(L)(OH) - H,O

C-2 168.6 164.9
C-4 164.0 162.0
C-8a 157.6 156.6
C-U 152.9 152.7
C-7 146.5 148.5
C-3 141.9 136.0
C-5 141.9 131.1
Cc-4 131.9 126.3
C-6' 125.9 123.1
c-2 — —

C-5 124.4 121.1
C-6 123.4 120.2
C-4a 119.3 116.9
C-8 115.9 115.6
C-3 100.5 103.6

C-9 36.7 38.6
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complex. Geometry optimization of o-PyDC neutral and dianion forms was
performed using density functional theory (DFT) method with nonlocal
three-parameter hybrid exchange B3LYP density functional and 6-31G(d)
basis set.””!~>*! The optimization was done without symmetry constraint.
The adequacy of B3LYP method for studying conformational behavior,
hydrogen-bonding strength, and gas-phase basicity of many systems has
been proved in many investigations.”*=**! Our DFT study of phenyl- and
pyridyl-substituted bis-4-hydroxycoumarins showed that B3LYP functional
(20% HF exchange mixing) with 6-31G(d) basis set is a suitable method for
geometry prediction and conformational stability.*'*"! The method used
reproduced the experimental geometry parameters of phenyl-substituted
bis-4-hydroxycoumarin (PhDC) as well as the intramolecular O-H...O
hydrogen bonds in it as obtained from X-ray diffraction analysis.®"! The
inclusion of diffuse functions on carbon and oxygen atoms as well as polariz-
ation functions on the hydrogen atoms [6-31 + G(d,p) basis set] do not
improve the geometry parameters. The average deviations of the calculated
bond lengths and bond angles for PhDC and 4-HC were as follows: at
B3LYP/6-31G(d), 0.81% and 0.39% and at B3LYP/6-31 + G(d,p), 0.75%
and 0.38%, respectively. o-PyDC is an analogue of 3,3'-benzylidenebis(4-
hydroxycoumarin) (PhDC) the only difference being the type of the substitu-
ent: in o-PyDC it is pyridyl, in PhDC it is phenyl (Fig. 1). Therefore, we
suggested similar bis(4-hydroxycoumarin) skeleton structure of o-PyDC like
that of PhDC, stabilized with the same type of intramolecular O-H...O
hydrogen bonds (Fig. 1). The molecular modeling of o0-PyDC isomers
confirmed the suggested similarity with PhDC.*" Thus, the availability of
X-ray structure data about PhDC gave us the possibility to select a reliable
method for calculations of geometry parameters and vibrational properties
of 0-PyDC. We have used further B3LYP/6-31G(d) level of the theory to
calculate the harmonic frequencies of o-PyDC. The vibrational spectrum of
0-PyDC was calculated at the optimized B3LYP/6-31G(d) geometry with
the GAUSSIAN98 program package.*?! In order to assign the calculated
frequencies to approximate vibrational descriptor, the vibrational modes
have been analyzed by means of the atom movements, calculated in
Cartesian coordinates. Because the calculated wavenumbers were overesti-
mated, the scaling factor derived by Scott and Radom (0.9614) was used to
obtain better coincidence with the experimental Raman and IR spectra.l**

The IR spectra of o-PyDC and its Ce(IlI) complex are given in Fig. 2, and
the corresponding Raman spectra are presented in Fig. 3. Selected calculated
and experimental wavenumbers of 0-PyDC and its Ce(Ill) complexes are
given in Table 4.

v(C=0) stretching mode

The v(C=0O0) stretching mode give rise to the highest absorption in the IR
spectrum of 0-PyDC. The calculated high intensity of the band at 1671 cm ™"
(scaled) confirmed its assignment to v(C=O0). The second component of
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Ce complex
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Figure 2. FTIR spectra of o-PyDC and its Ce(IIT) complex in the 4000—400 cm ™!
frequency range.

v(C=0), calculated at 1652 cm”! (scaled), revealed a modest intensity. In the
IR spectrum of the Ce(III) complex, the v(C=0),, band exhibited a redshift of
44 cm ', 1697 cm™ ! — 1653 cm ! (observed), and this finding was taken as
evidence for participation of the C=O0 group in coordination with the metal
ion. In the Raman Ce(IIl) complex spectrum, the v(C=O0) modes were not
observed. The second v(C=0) component was observed only in the IR

spectrum of the ligand as a shoulder at 1690 cm™".

6(COH);,, Modes

According to our calculations, the 6(COH);, modes were assigned to the
bands at 1431 and 1349 cm ™' in IR (1433 and 1314 cm ! calculated). In the
IR spectrum of the Ce(III) complex, these bands were not observed, and thus
this finding supported the suggestion that the ligand binds the metal ion
through its deprotonated form, o-PyDC?~. No bands were detected in the
Raman spectrum.

0(COH),, Modes
The 6(COH),, modes of the ligand were assigned to the IR bands at 771
and 761 cm ™, the first band being with medium intensity and the second one



02: 55 30 January 2011

Downl oaded At:

Studies of a New Ce(III) Complex 73

443
422
379
328

I
=
&

20000

15000 +

Raman intensity

5000
' 1 ! I ' 1 ! I ! I ' I ' I ' 1
2000 1800 1600 1400 1200 1000 800 600 400

-1
wavenumber, cm

(a)

5000 +

1807

4000

Raman intensity

3000

2000 : : . , .
2000 1500 1000 500
wavenumber, cm”

(b)

Figure 3. Raman spectra of 0-PyDC (a) and its Ce(Ill) complex (b) in the 2000—
400 cm ™! frequency range.
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Table 4. Selected calculated [DFT/B3LYP/6-31(d)] and experimental (IR and
Raman) wavenumbers of 0-PyDC compared with IR and Raman wavenumbers of its

Ce(IIl) complex (v, crnfl)

Ce(IIT) complex

0-PyDC
Calculated  Experimental Experimental Experimental Experimental Approximate
VIR VIR VR VIR VR description

3441 3390br
3271 (3144)  3124m v(OH)
3082 (2963)  2877m v(OH)
3063 (2945) 2846w 2724vw V(CH) et
1738 (1671)  1697vs 1695m 1653sh V(C=0),5
1718 (1652)  1690sh v(C=0),
1670 (1606)  1639s 1637w v(CC)
1665 (1601)  1623s 1621s 1607vs  v(CC)
1656 (1592)  1610vs 1608s v(CC)
1654 (1590)  1594s 1599s (CC)
1647 (1583)  1570s V(CC)py
1632 (1590)  1560s 1562w 1565w V(CC)py + V(CN),y
1614 (1552)  1539m.d 1511vs 1520w V(CC) + 6(COH);;,
1611 (1549)  1533m v(CC) + 8(COH);;,
1517 (1458)  1488m 1482s 1477s (CC)py +Vv(CN)
1498 (1440)  1457m 1458sh 1452s 1460w V(CC) + 8(CCH);;,
1491 (1433)  1431Im O(COH);p,
1477 (1420)  1412m 1421m 1417m 1421s V(CC)py + 8(CCH)jppy)
1395 (1341)  1393m 1405w v(CC) + 6(CCH);p,
1367 (1314)  1349m v(CO) + 8(COH);,,
1354 (1302) v(CO) + 6(COH)
1338 (1286)  1330m 1331s 1333s O(CCH)ip(py)
1329 (1278)  1288sh 1304vw 1280w V(CN)py +8(CCH)ippy)
1312 (1261)  1275m 1277w 1280m V(CC)yy +V(CN)py
1296 (1246) 1254w 1248m 1249sh  8(CCH)p
1259 (1210)  1212m 1205s 1211m,d 1209s V(CO)jactone
1219 (1172)  1180m 1149m 1142m S(CCH);p,
1140 (1096)  1111s 1109w 1108m 1105w A(CCH)ip(py)
1111 (1068)  1064m 1055vw 1062m 1043sh  v(CO)actone + V(CC)mer
1072 (1031)  1040m 1032s 1024sh 1023s V(CO)jactone +6(CCH);p
1013 (974) 1017w 1012w (CCOip(py) star of David
1006 (967) 995m 980w 992w O(CCH)op(py)
981 (943) 945m 944w 950m 935w S(CCH)op(py)
962 (925) 907m 899w 908m 893w O(CCH),p
923 (887) 883m S(CCC)IP star of David
912 (877) 869m 861vw O(CCH)op(py)
907 (872) 85Im 846w 858w (CCO)ip star of David
881 (847) 791m 800w 789w O(CCH),p
866 (833) 771m (COH),,
814 (783) 761vs 763w O(COH),p,
784 (754) 750s 759vs 747w 8(CCH),p
773 (743) 734m,sh O(CCH)op(py)
718 (690) 688sh 699w 687m 690s ring,,

(continued)
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Table 4. Continued

Ce(III) complex

0-PyDC
Calculated ~ Experimental Experimental Experimental Experimental Approximate
VIR VIR VR VIR VR description
692 (665) 672m 672s 662sh  ring;,
662 (636) 624m 630vw ringop
637 (612) 602m 614m 613w 617w ringip(py)
551 (530) 546m 539m 547w 575m &(CC,5C) + ring;p,
541 (520) 526w 523w 527w ring,,
490 (471) 482m 496w 479m S(CC,8C) + ringyp(py)
458 (440) 447m 443m 440w 456m ring;,
449 (432) 437sh 422m 402w ring,,

ip, in-plane; op, out-of-plane; py, pyridyl; s, strong; vs, very strong; w, weak; vw,
very weak; sh, shoulder; m, medium.
“Values in parentheses are scaled with scaling factor 0.9614.

being very strong. Because the ligand participates in the Ce(IIl) complex with
its deprotonated form, these bands were not detected in both IR and Raman
spectra of the complex.

v(CC) Stretching Vibrations

Several bands due to the v(CC) stretching vibrations of the coumarin and
pyridine rings appeared in the IR and Raman spectra. The IR bands at 1639,
1623, 1610, 1594 cm ™! are strong, and the main contribution to them is the
v(CC) mode of the coumarin moiety. In the Raman spectrum, only two of
them appeared with very low intensity: 1637 and 1608 cm™'. The v(CC)
stretching vibrations of the pyridine ring appeared as strong bands at lower
wavenumbers, 1570, 1560, and 1488 cm~ ! in the IR spectrum and at 1562
and 1482 cm ™! in the Raman, and they are coupled with v(CN). The v(CC)
stretching band positions are not significantly changed in the Ce(IIl)
complex spectrum. The v(CN) mode observed at 1304 cm™ ' in the Raman
spectrum of o-PyDC is slightly shifted to 1280cm ™' in the Ce(IIl)
complex. The low frequency shift could be used to suggest a participation
of the nitrogen atom in metal coordination. However, the v(CN) vibration
appears in the Raman spectra with low intensity and hence its behavior
should be used with caution for prediction of o-PyDC coordination through
the N atom.

A broad band, characteristic for v(O-H) of a coordinated water, was
observed in the spectra of the complex at about 3400 cm™ ' giving confir-
mation for the presence of water in the general complex formula, as
suggested from the physicochemical measurements and elemental analysis,
Ce(L)(OH)(H,0). According to the calculations, the medium IR bands at
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3124 and 2877 cm ™' of 0-PyDC ligand were assigned to the O-H stretching
modes. The bands were not observed in the Raman spectrum of o-PyDC.
Due to the intramolecular O...H-O bonds, the O-H stretching modes
appeared at lower wavenumbers in the IR spectrum in comparison with the
free v(OH) vibrations at 3634 cm ™' in 4-HC."*¥ In agreement with the asym-
metric intramolecular H-bonds in o-PyDC, different v(OH) shifts were
observed for the O-H groups. The shifts are larger compared with those of
PhDC and predicted stronger hydrogen bonds in 0-PyDC.”*!"! The comparison
between the IR spectra of o-PyDC and its Ce(IIl) complex revealed that the
absorption bands associated with the stretching v(O-H) of the phenolic
groups (observed at 3124 cm™ ' and 2877 cm ™ ! in the free ligand) disappeared
in the Ce(IIT) complex IR spectrum, indicating a loss of phenolic protons upon
complexation and thus forming metal—oxygen bonds.

C-H Stretching Modes, v(CH)

According to literature data, the bands due to the C-H stretching
vibrations of coumarin and pyridine rings appeared in the 3260—2850 cm ™'
region.® The IR band at 2846 cm™ ' in 0-PyDC was assigned to the C-H
stretching mode of the methylene group. In the Ce(Ill) complex IR
spectrum, this band was slightly shifted to the lower frequencies and it was
observed with low intensity.

CH In-Plane Bending Modes, §(CCH);,

The CH in-plane bending modes of 0-PyDC, 6(CCH);,, were observed at
their usual positions in the 1330—1070 cm ™' IR region.mﬁ) The IR bands due
to in-plane bending modes are with medium to strong intensity: 1330, 1254,
1180, and 1111 cm ™! (Table 4). The corresponding Raman bands are with
medium or low intensity. Only the pyridyl 8(CCH);, band at 1331 em”!
revealed high Raman activity.

V(C-0)1uctone Stretching Modes

The calculations suggested that two bands (assigned to the stretching
modes of the shorter lactone C;,-O; and C3¢p-O;9 bonds) and two bands
(due to the stretching vibrations of the longer lactone C,-O; and Cyy-O9
bonds) appeared in the 1330—1070 cm ™' frequency region. The medium IR
band at 1212 cm ™! (strong in Raman 1205 cm™ ') for o-PyDC was assigned
to the first lactone v(C-O) modes (the second band, however, is weak and
overlapped). The medium IR bands at 1064 and 1040 cm™ ' were assigned
to the second two lactone v(C-O) modes. With the exception of the Raman
band at 1055 cm™ ! (which was detected with low intensity) in the Raman
spectra of the ligand, the v(C-O)jac0ne modes appeared as strong bands. In
the IR and Raman Ce(Ill) complex spectra, the v(C-O)jpcone modes
appeared with different intensities and without significant changes in their
positions. This finding confirmed the suggestion that no interaction with the
metal occurred through the lactone oxygen atoms.
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CH Out-of-Plane Bending Modes, 6(CCH),,

In the 995-750 cm ™! IR frequency region, the out-of-plane deformation
vibrations of the hydrogen atoms of the rings were observed. It should be
mentioned that in general, the CH out-of-plane bending modes are medium
in IR spectra and weak in the Raman spectra of the ligand and its Ce
complex. The strong IR band at 750 cm ™" of the ligand was assigned to the
CH out-of-plane bending vibration of the coumarin ring, including simul-
taneous movement of four adjacent ring hydrogen atoms, whereas the
medium IR band at 734cm™ ' is due to the same type vibration of
o-pyridine ring. Because these modes showed unchanged positions in both
IR and Raman spectra, they could not be considered as informative and
suitable for virational analysis of the Ce(III) complex.

In comparison with the free ligand, the Ce(Ill) complex IR spectrum
showed new bands in the range 550—400 cm ™', and they were assigned to
the metal—oxygen stretching vibrations, in agreement with literature data.”>®’

Computational Modeling of Ce(III) Complex with o-PyDC

On the basis of NMR and vibrational data, we suggested that the o-PyDC
binds to the Ce(IIl) through both deprotonated hydroxyl oxygens and both
carbonyl oxygens. Further, NMR results of the complex showed significantly
shifted signals of the pyridine carbons (protons) to downfield in relation to the
free ligand. At the same time, the vibrational spectra revealed that the v(CN)
mode in the complex was shifted to low frequencies compared with the ligand.
These facts could indicate that the pyridine nitrogen is involved in Ce(III)
coordination. To investigate the binding mode of the ligand to the Ce(III),
we undertook computational modeling of the complex fragment. The model
calculations revealed that it is unfavorable for the four oxygen atoms of one
0-PyDC ligand to bind to one Ce(IIl). Therefore, we suggest that the ligand
gives one deprotonated hydroxyl oxygen and one carbonyl oxygen for coordi-
nation with one Ce(IIl). The second deprotonated hydroxyl oxygen and
carbonyl oxygen are bound to other Ce(Ill) and the metal : ligand ratio is
1:1, as the experimental results showed, and thus a polymeric structure
seems very likely (Fig. 4). A fragment of such a structure was modeled at
B3LYP/6-31G(d) level, and the core electrons of Ce(Ill) were described
with the quasi-relativistic effective core potential (RECP) optimized by the
Stuttgard—Dresden group.”*” > Large core ECP for Ce(IIl) treating the 5s,
5p, 5d, and 6s electrons in the valence shell was applied. The reliability of
large core ECP to reproduce the ground state geometry of lanthanide
complexes was demonstrated elsewhere.'*”! The geometry optimization of
the fragment was performed without symmetry constraint. The structure
obtained is a global minimum structure without imaginary frequency. In the
initial fragment geometry, we suggested binding only through the oxygen
atoms. During the optimization procedure, however, binding to the nitrogen
atom of the pyridyl substituent occurred, as shown in Fig. 4. Such a binding
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Figure 4. Model Ce(Ill) complex fragment, [Cez(o—PyDC%)]“*, optimized at
B3LYP/6-31G(d) level, offering the binding mode of 0—PyDC27 to Ce(IIl) ions in
the suggested polymeric structure of the complex.

explains the significant NMR shifts observed for the pyridine carbons of
Ce(Ill) complex, as well as the low frequency shift of the ¥(CN) mode in
the complex Raman spectrum.

CONCLUSIONS

The coordination ability of 3,3’-(ortho-pyridinomethylene)di-[4-hydroxycou-
marin] was proved in complexation reaction with Ce(IIl). The binding of o-
PyDC to Ce(III) is realized through its deprotonated form, o-PyDC*". 'H
NMR, *C NMR, IR, and Raman spectroscopic data of the free ligand and
its Ce(III) complex revealed that both deprotonated hydroxyl oxygen atoms
and both carbonyl oxygen atoms take part in Ce(IIl) complex formation.
The model calculations of the complex formation suggested that one deproto-
nated hydroxyl oxygen and one carbonyl oxygen atom of the ligand bind to
one Ce(IIl) atom, the other hydroxyl and carbonyl oxygen atoms bind to a
next Ce(Ill) atom forming a polymeric structure. The other coordination
sites of Ce(Ill) are occupied from one OH and one water molecule in
agreement with the general formula Ce(o-PyDC)(OH)(H,O). The model cal-
culations suggested further that a coordination of Ce(IIl) with the nitrogen
atom of the pyridyl substituent is also possible due to the immediate
proximity of the nitrogen atom in ortho position to the other coordination
centers of the ligand.



02: 55 30 January 2011

Downl oaded At:

Studies of a New Ce(III) Complex 79

ACKNOWLEDGMENTS

The ligand 3,3'-(ortho-pyridinomethylene)di-[4-hydroxycoumarin] ~was
synthesized by Dr. I. Manolov and its synthesis was recently published.”’

REFERENCES

12.

13.

. Egan, D.; O’Kennedy, R.; Moran, E.; Cox, D.; Prosser, E.; Thornes, R. D. The

pharmacology, metabolism, analysis, and applications of coumarin and
coumarin-related compounds. Drug Metab. Rev. 1990, 22, 503-529.

. Thornes, D.; Daly, L.; Lynch, G.; Browne, H.; Tanner, A.; Keane, F.;

O’Loughlin, S.; Corrigan, T.; Daly, P.; Edwards, G.; Breslin, B.; Browne, Hy;
Shine, M.; Lennon, F.; Hanley, J.; McMurray, N.; Gaffney, E. Prevention of
early recurrence of high risk malignant melanoma by coumarin. Eur. J. Surg.
Oncol. 1989, 15, 431-435.

. Cox, D.; O’Kennedy, R.; Thornes, R. D. The rarity of liver toxicity in patients

treated with coumarin (1,2-benzopyrone). Hum. Exp. Toxicol. 1989, 8, 501-506.

. Dexeus, F. H.; Logothetis, C. J.; Sella, A.; Fitz, K.; Amato, R.; Reuben, J. M.;

Dozier, N. Phase II study of coumarin and cimetidine in patients with metastatic
renal cell carcinoma. J. Clin. Oncol. 1990, 8, 325-329.

. Marshall, M. E.; Mohler, J. L.; Edmonds, K.; Williams, B.; Butler, K.; Ryles, M.;

Weiss, L.; Urban, D.; Bueschen, A.; Markiewicz, M.; Cloud, G. An updated review
of the clinical development of coumarin (1,2-benzopyr-one) and 7-hydroxycou-
marin. J. Cancer Res. Clin. Oncol. 1994, 120 (Suppl), S39-S42.

. Lake, B. G. Coumarin metabolism, toxicity and carcinogenicity: relevance for

human risk assessment. Food Chem. Toxicol. 1999, 37, 423-453.

. Tseng, A. Jr. Chemoprevention of tumours in MTV-H-ras transgenic mice with

coumarin. Proc. Am. Assoc. Cancer Res. 1991, 32, 2257.

. Deng, R.; Wu, J.; Long, L. Lanthanide complexes of bis(4-hydroxy-3-coumarinyl)

acetic acid and their anticoagulant action. Bulletin des Sociétés Chimiques Belges
1992, 101, 439-443.

. Mandakmare, A. U.; Navwade, M. L. Stability constants of Fe (III), Cr (III), Al

(III) chelates with some substituted coumarins. Orient J. Chem. 1997, 13,
155-158.

. Singh, H. B.; Singh, D.; Negi, R. K. Studies on the complexation reaction of diox-

ouranium (VI) with 3-hydroxycoumarin. J. Indian Chem. Soc. 1983, 60, 344—346.

. El-Ansary, A. L.; Omar, M. M. Formation constants and molecular structure of

vanadium (IV), cobalt (II), nickel (II), copper (II) and zinc (II) chelates with
8-(arilazo)-7-hydroxy-4-methylcoumarin dyes. Egyptian J. Chem. 1988, 31,
511-520.

Issa, Y. M.; Omar, M. M.; Sabrah, B. A.; Mohamed, S. K. Complexes of cerium
(I1I), thorium (IV) and dioxouranium (II) with 8-(arilazo)-7-hydroxy-4-methyl-
coumarin dyes. J. Indian Chem. Soc. 1992, 69, 186—189.

Bisi, C. C.; Carugo, O. Studies on fluorescent lanthanide complexes. New
complexes of lanthanides (III) with coumarinic-3-carboxylic acid. Inorg. Chim.
Acta 1989, 159, 157-161.

. Kostova, I.; Manolov, I.; Nicolova, I.; Konstantinov, S.; Karaivanova, M. New

lanthanide complexes of 4-methyl-7-hydroxycoumarin and their pharmacological
activity. Eur. J. Med. Chem. 2001, 36, 339-347.



02: 55 30 January 2011

Downl oaded At:

80

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

1. Kostova et al.

Kostova, I.; Manolov, I.; Konstantinov, S.; Karaivanova, M. Syhthesis, physico-
chemical characterization and cytotoxic screening of new complexes of Ce, La
and Nd with Warfarin and Coumachlor sodium salts. Eur. J. Med. Chem. 1999,
34 (1), 63-68.

Manolov, I.; Kostova, I.; Konstantinov, S.; Karaivanova, M. Synthesis, physico-
chemical characterization and cytotoxic screening of new complexes of Ce, La
and Nd with Niffcoumar sodium salt. Eur. J. Med. Chem. 1999, 34 (11), 853-858.
Manolov, L.; Kostova, I.; Netzeva, T.; Kostantinov, S.; Karaivanova, M. Cytotoxic
activity of cerium complexes with coumarin derivatives. Molecular modeling of
the ligands. Arch. Pharm. Pharm. Med. Chem. 2000, 333 (4), 93-98.

Kostova, 1. P.; Manolov, L.; Nicolova, I.; Danchev, N. New metal complexes of
4-methyl-7-hydroxycoumarin sodium salt and their pharmacological activity. I/
Farmaco 2001, 56, 707-713.

Kostova, I. P.; Manolov, I.; Karaivanova, M. Synthesis, physicochemical charac-
terization, and cytotoxic screening of new zirconium complexes with coumarin
derivatives. Archi Pharm. Pharm. Med. Chem. 2001, 334 (5), 157-162.
Kostova, I. P.; Manolov, I. I.; Momekov, G. Cytotoxic activity of new neodymium
(IIT) complexes of bis-coumarins. Eur. J. Med. Chem. 2004, 39, 765-775.
Kostova, I.; Trendafilova, N.; Mihaylov, T. Theoretical and spectroscopic studies
of pyridyl substituted bis-coumarins and their new neodymium (III) complexes.
Chem. Phys. 2005, 314, 73-84.

Becke, A. D. Density-functional thermochemistry. III. The role of the exact
exchange. J. Chem. Phys. 1993, 98 (7), 5648—-5652.

Lee, C.; Yang, W.; Parr, R. G. Development of the Colle-Salvetti correlation-
energy formula into a functional of the electron density. Phys. Rev. 1998, B37, 785.
Rablen, P. R.; Lockman, J. W.; Jorgensen, W. L. Ab initio study of hydrogen-
bonded complexes of small organic molecules with water. J. Phys. Chem. A
1998, 102, 3782-3797.

Novoa, J. J.; Sosa, C. J. Evaluation of the density functional approximation of
hydrogen bond interactions. J. Phys. Chem. 1995, 99, 15837—15845.

Hamann, D. R. H,O hydrogen bonding in density-functional theory. Phys. Rev. B
1997, 55 (16), R10157-10160.

Maerker, C.; Schleyer, P. v. R.; Liedl, K. R.; Ma, T-K.; Quack, M.; Suhn, M. A.
A critical analysis of electronic density functionals for structural, energetic,
dynamic and magnetic properties of hydrogen fluoride clusters. J. Computat.
Chem. 1997, 18, 1695-1719.

Lonzynski, M.; Rusinska-Raszak, D.; Mack, H-G. Hydrogen bonding and density
functional calculations: the B3LYP approach as the shortest way to MP2 results.
J. Phys. Chem. A 1998, 102, 2899-2903.

Noguera, M.; Rodriguez-Santiago, L.; Sodupe, M.; Bertran, J. Protonation of
glycine, serine and cysteine. Conformations, proton affinities and intrinsic basici-
ties. J. Mol. Struct. Theochem. 2001, 537, 307-318.

Trendafilova, N.; Bauer, G.; Mihaylov, T. DFT and AIM studies of intramolecular
hydrogen bonds in dicoumarols. Chem. Phys. 2004, 302, 95-104.

Valente, E. J.; Eggleston, D. S. Structure of (phenyl)bis(4-hydroxybenzo-2H-
pyran-2-one-3-yl)methane. Acta Crystallog. 1989, C45, 785-787.

Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. A.;
Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A. Jr.; Stratmann, R. E;
Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin, K. N;
Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi, R.;
Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J;



02: 55 30 January 2011

Downl oaded At:

Studies of a New Ce(III) Complex 81

33.

34.

35.
36.

37.

38.

39.

40.

Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K;
Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.;
Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, I.;
Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A
Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W;
Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.; Gonzalez, C.; Head-
Gordon, M.; Replogle, E. S.; Pople, J. A. GAUSSIAN 98, Gaussian, Inc: Pittsburgh,
PA, 1998, A.7.

Scott, A. P.; Radom, L. Harmonic vibrational frequencies: an evaluation of Hartree
Fock, Mgller-Plesset, quadratic configuration interaction, density functional theory
and semiempirical scale factors. J. Phys. Chem. 1996, 100, 16502—-16513.

NIST Mass Spec Data Center. Infrared Spectra. In NIST Chemistry WebBook,
NIST Standard Reference Database Number 69; 2003. Available at http://
webbook.nist.gov.

Bellamy, J. The Infrared Spectra of Complex Molecules. Wiley: New York, 1975.
Lewis, F. D.; Barancyk, S. V. Lewis acid catalysis of photochemical reactions. 8.
Photodimerization and croscycloaddition of coumarin. J. Am. Chem. Soc. 1989,
111, 8653-8661.

Dolg, M.; Stoll, H.; Savin, A.; Preuss, H. Energy-adjusted pseudopotentials for the
rare earth elements. Theor. Chim. Acta 1989, 75, 173—-194.

Cao, X.; Dolg, M. Segmented contraction scheme for small-core lanthanide pseu-
dopotential basis sets. J. Mol. Struct. Theochem. 2002, 581, 139-147.

Dolg, M.; Stoll, H.; Preuss, H. A combination of quasirelativistic pseudopotential
and ligand field calculations for lanthanoid compounds. Theor. Chim. Acta 1993,
85, 441-450.

Maron, L.; Eisenstein, O. Do f electrons play a role in the lanthanide-ligand bonds:
a DFT study of Ln(NR,)3; R=H, SiHs. J. Phys. Chem. A 2000, 104, 7140-7143.



TT0Z AJenuer 0g GG:Z0 : IV Ppapeo |umog



