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Spectroscopic, thermal analysis, and antimicrobial evaluation of
new Y(III), Zr(IV), and U(VI) ibuprofen complexes

WAEL A. ZORDOK, SADEEK A. SADEEK* and WALAA H. EL-SHWINIY

Department of Chemistry, Faculty of Science, Zagazig University, Zagazig, Egypt
(Received 23 August 2011; in final form 6 December 2011)

New complexes of Y(III), Zr(IV), and U(VI) with the anti-inflammatory drug ibuprofen (IBU)
have been synthesized and characterized by elemental analysis, spectroscopic techniques (UV-
Visible, IR, and 'H NMR), magnetic moment determination, conductance measurements, and
thermal analyses (thermogravimetric and differential thermogravimetric). The anti-inflamma-
tory drug acts as bidentate chelate bound to metal ions through the deprotonated
carboxylate. The calculated bond length and force constant, F(U=0), in the uranyl complex
are 1.815 A and 671.69 Nm ™', respectively. The metal-ligand binding of the Zr(IV) and Y(III)
complexes is predicted using density functional theory at the BALYP-CEP-31G level of theory
and total energy, dipole moment estimation of different Zr(IV) and Y (I1I) ibuprofen structures.
The antibacterial activity of the ligand, metal salts, and metal complexes have been tested,
showing that the complexes are significant against all six bacterial species compared with IBU
and metal salts.

Keywords: 1BU; IR; TG; Antibacterial activity

1. Introduction

Ibuprofen is a phenyl propionic acid derivative (formula 1) and is a non-steroidal anti-
inflammatory drug. Ibuprofen is sometimes used for treatment of acne, because of its
anti-inflammatory properties [1] and has been sold in topical form for adult acne [2].
It functions by inhibiting the enzyme cyclooxygenase (COX), which converts arachi-
donic acid to prostaglandin H, (PGH,). PGH,, in turn, is converted by other enzymes
to several other prostaglandins, which are mediators of pain, inflammation, and fever,
and to thromboxane A,, which stimulates platelet aggregation, leading to the formation
of blood clots.

OH

O

Formula 1. (RS)-2-(4-(2-methylpropyl)phenyl)propionic acid.
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Most anti-inflammatory drugs are carboxylic acids in which carboxylate is available
for metal-ligand interaction [3—8]. Much work has focused on interactions of transition
metal ions with nonsteroidal anti-inflammatory drugs such as ibuprofen, oxicams, and
piroxicam [6—10]. Some studies suggest that regular ibuprofen intake may also be an
effective chemopreventive against breast cancer and can decrease non-small cell lung
cancer growth in vitro [6-10]. Complexation behavior of carboxylate ligands exhibits a
variety of coordination modes and binding of the carboxylate groups to metal ions in a
specific manner may be important [11-13].

Complexes of Zn(II), Cd(II), and Pt(II) with the anti-inflammatory drugs such as
tolmetin, ibuprofen, naproxen, and indomethacin have been synthesized and charac-
terized [14]. For Cd-(naproxen), the anti-inflammatory drug is a bidentate ligand
coordinatively bound to metal ions through the deprotonated carboxylate. For
platinum(II) carboxylate compounds only unidentate and bidentate coordination
modes [14-16] have been structurally detected.

In continuation of our interest on synthetic and structural characterization of some
ibuprofen complexes of transition metals, this work describes the synthesis of new Y(III),
Zr(IV), and U(VI) ibuprofen complexes. Characterization of the complexes was effected
by elemental analysis, thermogravimetric and differential thermogravimetric (TG and
DTG) analyses, magnetic properties, melting points, UV-Visible, IR, '"H NMR, and
biological studies. Density functional theory (DFT) was used to compute the cation
influence on theoretical parameters of the Zr(IV) and Y(III) complexes of ibuprofen.
Such computational characterization reduces time-consuming experiments for biomed-
ical and pharmaceutical studies of the drugs and their complexes. Profiles of the optimal
set and geometry of these complexes were simulated by applying the GAUSSIAN 98 W
package of programs [17] at BALYP/CEP-31G [18] level of theory.

2. Materials and methods

2.1. Chemicals

Ibuprofen was purchased from the Egyptian Company for Chemicals &
Pharmaceuticals (ADWIA). YCl; was purchased from Aldrich Chemical Co.
ZrOCl, - 8H,0O, UO,(NOj3),-6H,O and all solvents were purchased from Fluka
Chemical Co. All the chemicals and solvents were of analytical reagent grade and
used as purchased.

2.2. Synthesis

An ethanolic solution (20mL) of ibuprofen (2mmol, 0.4126 g) and NaOH (2 mmol,
0.08 g) was added to an ethanolic solution of YCI; (1 mmol, 0.1953 g) and the reaction
mixture was stirred at room temperature for 15h. The solution was left for slow
evaporation; the white precipitate formed was filtered off, washed with twice distilled
water several times, and dried in a vacuum over CaCl, in a dessicator. The yellowish-
white and yellow solid complexes of [ZrO(IBU),H,O]-H,O and [UO,(IBU),
H,0]-4H,O were prepared in a similar manner using methanol and acetone as
solvents and using ZrOCl,-8H>O and UO,(NOj3),-6H>O in 1:2 and 1:3 molar
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ratios, respectively. Unfortunately we were not able to obtain single crystals to perform
X-ray diffraction analysis. To verify that the chloride is ionic and not coordinated, the
complex solution was tested with an aqueous solution of AgNO; (precipitate was
formed). The three complexes were characterized by elemental analyses, infrared (IR),
electronic, '"H NMR, and thermal analyses.

2.3. Instruments

C, H, N, and halogen analyses were carried out on a Perkin Elmer CHN 2400. The
percentages of metal were determined gravimetrically by transforming the solid
products into oxide, and also determined by using atomic absorption. Spectrometer
model PYE-UNICAM SP 1900 fitted with the corresponding lamp was used for this
purpose. IR spectra were recorded on a FTIR 460 PLUS (KBr discs) from 4000 to
400cm™'; "H NMR spectra were recorded on a Varian Mercury VX-300 NMR
spectrometer using DMSO-dg. TG-DTG measurements were carried out under N,
from room temperature to 800°C using a TGA-50H Shimadzu. Electronic spectra were
obtained using a UV-3101PC Shimadzu. Solid reflection spectra were recorded with
KBr pellets. Magnetic measurements were carried out on a Sherwood scientific
magnetic balance using the Gouy method and Hg[Co(SCN)] as calibrant. Molar
conductivities of solutions of the ligand and metal complexes in DMSO at
5.5%x 10*mol L™! were measured on a CONSORT K410. All measurements were
carried out at ambient temperature with freshly prepared solutions.

2.4. Antimicrobial investigation

Antibacterial activities of the ligand, metal salts, and complexes were investigated by a
previously reported modified method of Beecher and Wong [19] against bacteria,
Staphylococcus aureus K1, Bacillus subtilis K22, Brevibacterium otitidis K76,
Escherichia coli K32, Pseudomonas aeruginosa SW1, and Klebsiella oxytoca K42. The
tested microorganism’s isolates were isolated from Egyptian soil and identified
according to the standard bacteriological keys for identification of bacteria as stock
cultures in the microbiology laboratory, Faculty of Science, Zagazig University. The
Muiiller—Hinton agar (30.0% Beef extract, 1.75% Casein hydrolysate, 0.15% Starch, and
1.7% Agar) was prepared and then cooled to 47°C and seeded with tested
microorganisms. After solidification Smm diameter holes were punched by a sterile
cork-borer. The investigated compounds, i.e., ligand, metal salts, and their complexes,
were introduced in holes (only 100 pL) after being dissolved in DMSO at 10~*mol L™,
These culture plates were then incubated at 37°C for 20 h. The activity was determined
by measuring the diameter of the inhibition zones (in mm). Growth inhibition was
calculated with reference to ibuprofen.

3. Results and discussion

Ibuprofen reacts with Y(III), Zr(IV), and U(VI) in ethanol, methanol, and acetone at
room temperature to form complexes with a color characteristic of the metal ions.
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The molar ratio for all complexes is M : IBU =1: 2, established from chemical analysis
(table 1); the complexes also contain water. Qualitative reactions revealed the presence
of chloride as counter ion in the Y(III) complex. The molar conductance values of
ibuprofen and Y(III), Zr(IV), and U(VI) complexes (DMSO) at room temperature were
found at zero, 30.73, 8.28, and 7.69Scm>mol ™', respectively. The non-electrolyte
behavior is consistent with the presence of neutral species in DMSO. In contrast, the
value for Y(III) agrees well with that expected for 1:1 electrolyte.

Magnetic moment measurements were carried out at 35.0°C using Gouy’s method,
where Hg[Co(SCN),4] was used as calibrant. The magnetic susceptibility measurements
for the three ibuprofen complexes indicate that the complexes are diamagnetic.

3.1. IR data and bonding

The IR spectra of [Y(IBU),(H,0),]Cl, [ZrO(IBU),H,0]-H,0, and [UO,(IBU),
H,0]-4H,0, and free ibuprofen were measured as KBr discs and the assignments are
given in table 2. The three complexes are compared with free ligand to determine the site
of coordination. The ibuprofen complexes exhibit characteristic IR spectra due to
ligand vibration modes. The v,((COO™) and vy(COO™) for carboxylate depend upon the
coordination mode of the carboxylato ligand.
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In the free ion both CO bonds are equivalent, and the antisymmetric and symmetric
COO stretches appear at 1582 and 1425cm ™', respectively. In LII, the antisymmetric
and symmetric COO™ stretches will be shifted to higher and lower frequencies,
respectively, with an average Av of 190cm™' [20-33]. If coordination occurs
symmetrically (structures LIII and LIV), both COO™ stretches may be shifted in the
same direction, since both CO bonds may be changed by the same amount. For most
ibuprofen complexes bidentate coordination is found with average Av value 160cm™".

In spectra of the complexes and ibuprofen, the O-H stretching due to water or
carboxylic group can be observed at 3645-3332cm™'. The v(C=0) of carboxylic acid
appeared at 1720cm ™" for the free ligand, but disappears in spectra of the complexes.
Two very strong bands are present at 1551-1580cm ™! and 1410-1420 cm ™" assigned to
v(COO™) asymmetric and symmetric stretches, respectively, with an average Av of
~160cm™', indicating bidentate coordination of carboxylate [34-40]. The normal
coordination number of Y(III) in carboxylate complexes varies from 6 to ~10 [41, 42].
Also, the data given in table 2 show that w(Zr=0) is a strong band at 849 cm™" [43].
Coordination via oxygen of carboxylate is confirmed by v(M—O) bands at 540 cm ™' for
Y(I1I), 490 cm ™" for Zr(IV) and at 548 cm™' for U(VI). Thus ibuprofen is coordinated
with metal through oxygen of carboxylates.
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Table 2. IR frequencies (cm™') and tentative assignments for (A) ibuprofen; (B) [Y(IBU)»(H,0),]Cl,
(C)[ZrO(IBU),H,0] - H,0, and (D) [UO,(IBU),H,0] - 4H,0.

A B C D Assignments
3645m 3456m,br 3332w 3352m,br v(O-H); H,O; COOH
3556m
3070w 3171m,br 3088vw 3045vw v(C—H); aromatic
3045vw 3045sh 3045vw 3020vw
3020vw 3022vw
2956ms 2956vw 2955vs 2955vs v(C—H); aliphatic
2920m 2874vw 2928w 2928m
2870ms 2870s 2870ms
2731ms 2723m
2631ms
1720vs - - - v(C=0); COOH
- 1636ms 1600sh - 8p(H>0); coordinated H,O
- 1580vs 1560vs 1551s V,5(CO07)
1634w - 1462s 1462ms phenyl breathing modes
1622sh
1508s
1458s
1418vs
- 1410s 1420vs 1412s vs(COO™)
1377s 1366w 1373m 1377vw —CH; deformations of CH,
1327vs - 1285s 1288s Sp(—CH>)
1269s 1130vs,br 1202m 1260w w(C-C)
1231vs 1169m 1130w
1180vs 1130w
1123ms 1070sh 1080vs 1107w 8,(~CH,)
1069s 1055w
1011s 1000vw
937vs 991s 899vs 999s —CH-bend; phenyl
868s
- - 900vs v,5(U=0)

- 849vs v(U=0)

849s - v(Zr=0)
779s - 791s 770ms 3p(CO0M)
745m 710m 702m
667s 677vw 690m 621s v(M-0) + ring deformation
633m 613vs 602vs 548m
590s 540s 490ms
S21s 440w 436ms
482m 410ms 409s
421s

s =strong, w =weak, v=very, m =medium, br = broad, sh =shoulder, v =stretching, §, = bending, §, = rocking.

The proposed structure for [UO,(IBU),H»O] - 4H,O is represented by formula 2, the
five donors of two ibuprofen and H,O coordinated to U(VI) in a plane forming a
pentagon with the two oxygen atoms of the uranyl, UO,, axial [44-48]. The four
vibrations of the uranyl unit, UO,, under C; symmetry are 3 A’ and A", vs(U=0), A’;
1as(U=0), A’; 8(UO,), A’ and 8§(UO,), A”. The v,,(U=0) occurs at 900 cm ™" as a very
strong singlet and vy(U=0) is also very strong at 849cm™'. These assignments for
uranyl agree with those for many dioxouranium(VI) complexes [49-54]. The vy(U=0)
value was used as according to the known method [53, 54], to calculate both the U=0
bond stretching force constant, F(U=0), and bond length. The calculated bond length
and force constant values are 1.815A and 671.69 Nm ™.
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Table 3. UV-Vis spectra of ibuprofen (IBU) and its metal complexes.

IBU complex with

Assignments (nm) 1BU Y (I11) Zr(1V) uav)
w—m* transitions 217 260 253 223
244 269 301 251
284 303
299
319
n—m* transitions 412 339 327 324
354 343 342
370 354 410
375 374
389 383
461 389
Ligand-metal charge transfer - 502 523 569
523 539
543 550
567 568

3.2. UV-Vis spectra

The application of ultraviolet spectroscopy can be useful in structural determinations of
chelates since they all absorb in this region [55]. The formation of ibuprofen complexes
was confirmed by electronic solid reflection spectra. The electronic solid reflection
spectra of ibuprofen along with the Y(III), Zr(IV), and U(VI) complexes from 200 to
800nm are listed in table 3. Free ibuprofen shows bands at 217, 244, and 412nm
assigned to w —* and n— w* transitions. The bathochromic shift of the reflectance
band and appearance of new bands for the complexes is attributed to complexation of
ibuprofen. The complexes of Y(III), Zr(IV), and U(VI) show bands at 502-568 nm,
which may be assigned to ligand-metal charge transfer.

3.3. Thermal studies

To confirm the proposed structure of [Y(IBU),(H,0),]|Cl, [ZrO(IBU),H,0] - H,0, and
[UO,(IBU),H,0]-4H,0, TG and DTG analyses were carried out under nitrogen at
20mLmin~". The maximum temperature values for decomposition along with the
corresponding lost species are given in table 4.

The data obtained indicate that decomposition of ibuprofen starts at 120°C and
finishes at 305°C with one stage. The stage of decomposition occurs at 219°C and is
accompanied by a weight loss of 99.62%, corresponding to the loss of 3C,H,+
3C,Hy4 4+ CO,. The thermal decomposition for [Y(IBU),(H,0),]Cl exhibits one main
degradation step starting at 50°C and finishing at 600°C with maxima at 308°C and
488°C, accompanied by weight loss of 46.86%, corresponding to the loss of
5CyHg+4.5H,0 + HCL

Thermal degradation for [ZrO(IBU),H,O]-H>O exhibits four main degradation
steps. The first at 61°C with no weight loss indicates cleavage of solid—solid interactions.
The second stage of decomposition at 80—175°C with a maximum at 97°C accompanied
by weight loss of 3.21% corresponds to loss of one water molecule. The third step of



W.A. Zordok et al.

360

00°0t “00°09 96°6€ “+0°09 oNpISaY ‘SSO [BIOL,
O%HE + 0 +"H D¢ + THD01 s €LYS 0St ‘95€ ‘s8I days puooag (MO*HON)
O%HY 8T'S €6 08 doys sa1q O%HY - [O*HY(n4D0oNl

T$'9T ‘8PEL $9°9T ‘SE€L aNpISaY ‘SSO [BI0L,

200+ 00 +"H®DL +HDY 00°L9 2699 L6 ‘TEY ‘P0E days paryp
O'H vTe we 01¢ doys puooag (O""HD1Z)
O'H a3 1T¢ L6 doys 3sa1q O%H ' [O*HY(ndDO1Z]
P1°€S ‘98°9% LTES €L'LY anpIsY ‘SSO[ [BI0L, (ID°0°"H%DK)
[DH + O°HS ¥ + "HDS 98°9% €L9¥ 881 ‘80¢ doys sarg DEOTHYNGDA]
8¢°0 ‘T9°66 00°0 “00°001 aNpIsay ‘sSO [BIOL, (CO*'H D)
00 +"HOE + HOE 7966 00001 61¢ doys 3811 N4l
sa10ads 3507 punoq pored (D.) Xouy uonisodwosa(g spunodwo))

(%) ssof 1ySrom

sugjoxdngr (AN pue (ADIZ ‘(IIDA ‘Ndl Jo uonisodwodap 10J sanjeA ssof ysm pue (D,) ¥z arnjerodwo) wnwixew 3y, ‘$ d[qeL

€T0C 00100 €T 0t:0T ® feuyd jo AuseAun ulwusy] Aq papeojumo(q



Downloaded by [Renmin University of China] at 10:40 13 October 2013

Y(II), Zr(IV), and U(VI) ibuprofen complexes 361

decomposition at 210°C accompanied by weight loss of 3.22% corresponds to loss of one
coordinated water molecule. The next decomposition occurs with three maxima at 304°C,
432°C, and 497°C with a weight loss of 66.92%, in agreement with the calculated value
67.00%, corresponding to the loss of 4C,H, + 7C,H4 4+ CO 4 CO, giving ZrO, + 2C.

Hydrated U(VI) ibuprofen complex loses four water molecules in the first stage
at 80°C. The second step of decomposition occurs from 150°C to 630°C accompanied
by weight loss of 54.72%; this step is associated with loss of ibuprofen forming UO,
as final product. The observed weight loss associated with each step of decomposition
for our complexes agrees well with the calculated weight loss (table 4).

The decomposition mechanisms proposed for ibuprofen and complexes are summa-
rized as follows:

Ci3H 30, BN 3C,H; + 3CyHy + COs, (1)
[Y(C13Hi502),(H20),]C1 2255 YO, 5 4 16C + SCoHg + 4.5H,0 + HCL,  (2)

97°C
ZI‘O(C13H1802)2H20] . H2O — [ZI’O(C13H1802)2H20] + HzO,

304, 432, 497°C

[ZI‘O(C13H1802)2H20] ﬂg [ZI‘O(C|3H1302)2] + H,0, 3)
[ZI‘O(C13H1802)2] —— 7r0O;, +4C +4C,H;, + 7Cy,H4 + CO + CO»,

80°C
UOQ(CBH]gOz)ZHzO] -4H,0 — [UOz(C13H1302)2H20] + 4H,0,

185, 356, 450°C
[UOQ(CBH]gOz)szO] —— UO;, + 10C,H;, + 3C,Hy4 + O, + 3H50.

The proposed structures are shown in formula 2.

4)

o ‘\o

Formula 2. The coordination mode of Y(III), Zr(IV), and U(VI) with ibuprofen.
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Table 5. 'H NMR values (ppm) and tentative assignments for (A) ibuprofen; (B) [ZrO(IBU),H,0]
Cl,-H,0, and (C) [UO,(IBU),H,0]-4H,0.

A B C Assignments

0.91, 1.56 0.83-1.81 0.84-1.19 S8H, —CH3; methyl propyl and methyl adjacent to -COOH
1.82,3.82 243 2.38-2.51 2.49-2.63 SH, different -CH 6§H, -CH,

- 3.2-3.59 3.36 SH, H,O

7.05, 7.24 7.06-7.19 7.32-8.06 8H, —~CH aromatic

12.34 - - SH, -COOH

3.4. The "H NMR spectra

"H NMR spectra of ibuprofen in DMSO-d; (table 5) show multiplets at 8: 0.91 and
1.56 ppm corresponding to methyl propyl and methyl adjacent to -COOH; singlets at §:
1.82 and 3.82 ppm for —CH, a weak singlet at 7.05 and 7.24 ppm for -CH aromatic. The
peak at 12.34 ppm can be assigned to carboxylic proton (COOH). "H NMR spectra of
[ZrO(IBU)szo]Clz . H20 and [UOz(IBU)szO] . 4H20 in DMSO-d(, exhibit new
resonances at 3.2-3.59 and 3.36 ppm [56-58], due to the presence of water in the
complexes. The carboxylic proton (COOH) is not detected in spectra of the complexes,
suggesting coordination of ibuprofen through carboxylate [49]. On comparing
ibuprofen with its complexes, all peaks of the free ligand are present in spectra of the
complexes with some shifts from binding of the ligand to the metal.

3.5. Biological activities test

Antibacterial results are presented in table 6 and figure 1. All ibuprofen metal
complexes show significant antibacterial activities. The chelation makes ibuprofen a
more powerful bacteriostatic agent [59].

The three complexes are more active against Gram-positive bacteria than Gram-
negative due to the presence of a double membrane surrounding each bacterial cell.
Although all bacteria have an inner cell membrane, Gram-negative bacteria have a
unique outer membrane. This outer membrane excludes certain drugs and antibiotics
from penetrating the cell, partially accounting for why Gram-negative bacteria are more
resistant to antibiotics than are Gram-positive bacteria. Brevibacterium otitidis is a more
sensitive Gram-positive bacteria, so all of the complexes are more active toward
Br. otitidis.

4. Computational details

4.1. Computational method

The geometric parameters and energies were computed by DFT at the B3LYP/CEP-
31G level, using the GAUSSIAN 98W package of programs, on geometries that were
optimized at CEP-31G basis set. The high basis set was chosen to detect the energies at
a highly accurate level. The atomic charges were computed using natural atomic orbital
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Table 6. The inhibition diameter zone values (mm) for IBU and complexes.
Microbial bacteria species
Compounds E. coli K. oxytoca  P. aeruginosa B. subtilis  Br. otitidis S. aureus
IBU 0 0 0 9+0.3 0 0
Y(I11)/IBU 157240.6 871 +1.2 2172415 2672402 3173403 ND
Zr(IV)/IBU 2872402 1272409 307 +£1.7 33412 387402 417+£15
U(VI)/IBU 193+0.5 1072409 253412 20*240.1  367+0.8 ND
YCly 0 0 0 0 14+£0.7 10£0.1
ZrOCl, - 8H,O 0 0 0 0 0 0
UO5(NO3), - 6H,0 0 0 0 0 7405 0
Control (DMSO) 0 0 0 0 0 0
Standard
Moxifloxacin 224+1.7 14+0.1 224+0.3 36+1.2 26+0.1 40+0.5
Lomefloxacin 17+£0.1 12+0.1 13£0.3 25+0.5 27+0.1 24+0.2
Ciprofloxacin 27+0.4 18+0.4 23+0.1 34+1.2 28+0.1 26+0.3

ND: Non-detectable, i.e., the inhibition zones exceeds the plate diameter.

Statistical significance: PN P ot significant, P > 0.05; PP significant, P < 0.05; PP highly significant, P < 0.01; Jani g

very highly significant, P < 0.001; student’s r-test (paired).

Figure 1.
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populations. The B3LYP is the hybrid functional [60], which is a linear combination of
the gradient functionals proposed by Becke [61] and Lee et al. [62], together with the
Hartree—Fock local exchange function [63].

The geometry pre-optimizations of ibuprofen as free ligand and its complexes with
Zr(IV) and Y(III) were carried out by applying the molecular mechanics method with
MM+ force field using the HyperChem-7.5 software [64]. Pre-optimization performed
makes it easier to perform full optimization using extended methods. Thereafter, the
optimized equilibrium structures of complexes have been calculated at the B3LYP/
CEP-31G level of theory, using the GAUSSIAN 98W package of the programs, on
geometries that were optimized at CEP-31G basis set.

4.2. Structural parameters and models

4.2.1. Ibuprofen. The biological activity of ibuprofen is determined by its structure.
Complexation of carboxylates becomes significant for many non-steroidal drugs like
ibuprofen [11, 12]. Values of geometric parameters (bond lengths and bond angles) of
ibuprofen are calculated by using B3LYP/CEP-31G and compared with parameters
experimentally obtained from both crystal geometries [65]. The calculated parameters
give bond lengths slightly larger than the experimental values, due to theoretical
calculations being in the gaseous phase and experimental results in the solid state.

The carboxylate is out of the plane of benzene and the angle of C5C11C13 is 110.94°
and dihedral angles of C6C5C11C13 and C1C5C11C13 are 64.29° and —117.43°. The
isopropyl also is out of the plane of benzene and in the same plane as carboxylate, the
angle of C3C7C8 is 114.08° and the dihedral angles of C8C7C3C2 and C8C7C3C4 are
103.83° and —74.97°. “Supplementary material”” shows the optimized structure of
ibuprofen, the dihedral angles of C5C11C13014 and C5C11C13015 are 104.31° and
—75.61°, confirming that the two oxygen atoms of carboxylate do not lic in the plane of
benzene. The values of bond distances are compared nicely with that obtained from
experimental data [65].

There is significant build up of charge density on oxygen atoms, so ibuprofen is
bidentate (O14 and O15 atoms) and the molecule is not highly dipole 1 =2.22. A system
with a larger highest occupied molecular orbital-lowest unoccupied molecular orbital
(HOMO-LUMO) gap should be less reactive than one having smaller gap [66]. The
HOMO-LUMO gap value is 0.208 eV, so electron movement between these orbitals
could easily occur.

4.2.2. The yttrium-ibuprofen complexes. Y(III) binds two molecules of ibuprofen
through four oxygen atoms of carboxylates. The complex is six-coordinate with four
coordinate bonds from two ibuprofens and water or chlorides. We studied
[Y(IBU),(H,0)ClI] and [Y(IBU)»(H,0),]".

4.2.2.1. Description of the structure of [Y(IBU)>(H>O)CI]. Scheme 1 shows the
optimized geometry of [Y(IBU),(H,O)CI] with atomic-numbering. The yttrium, at a
crystallographic inversion center, is in a distorted octahedral environment. The
equatorial plane coordinated by two oxygen atoms (O3 and O31) of ibuprofen and their
plane is perpendicular (91.52°) to the plane occupied by O16 and O18 of the other
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Scheme 1. Optimized geometrical structure of [Y(IBU),(H,O)Cl] by using B3LYP/CEP-31G.

ibuprofen. The bond lengths of 2.333A to 2.479 A are similar to those observed in
related compounds [67]. There is no large difference between the C—O distances of
carboxylate group, confirming that ibuprofen chelates through the two oxygen atoms.
The octahedral coordination is completed by two chlorides. The bond distances
between Y-O3, Y-O31 are (2.333A, 2.479A) [68] and Y-O1l6, Y-OI18 (2.374 A,
2.407 A) [69] while the Y—CI distance is 2.607 A [69]. The bond angles O18-Y-033,
149.976°, and O31-Y-CI32, 156.158°, deviated from linearity. The bond angles around
Y(II) vary from 56.153° to 111.174°, differing significantly from a regular octahedron.

The distances and angles within the ligand are similar to those of free ibuprofen [65].
In the complex, C2-O3 and C2-031 become equal (1.334 A and 1.309 A, respectively)
and slightly longer than those found in free ibuprofen (1.251 A). The energy of this
complex is —299.479 au and the dipole moment is large 13.44D, so this complex is less
stable.

4.2.2.2. Description of the structure of [Y(IBU)>(H,0),]*. The structure of the
complex with atomic-numbering is shown in scheme 2. The complex consists of two
ibuprofens and two water molecules with Y(III). The complex is six-coordinate with a
distorted octahedron. The Y(III) is coordinated with four oxygen atoms of carboxylates
of ibuprofen and two water molecules. The Y-O3 and Y-O18 bond lengths (2.382A
and 2.375A, respectively) are longer than Y-O5 and Y-020 (2.239A and 2.246 A,
respectively). Both are similar to related Y(III) compounds [69]. Angles around Y(III)
vary from 57.976° to 125.735°, differing from a regular octahedron. The distances and
angles in ibuprofen are similar to those found in free ibuprofen [65].

The bond distances between Y(IIT) and oxygen are shorter than that in the chloride
complex, so that the Y(III) is strongly bonded with surrounding oxygen atoms of
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Scheme 2. Optimized geometrical structure of [Y(IBU),(H,0),]* by using BSLYP/CEP-31G.

ibuprofen in the water complex. The charge accumulated on oxygen of carboxylates
varies between —0.256 and —0.291 in the water complex while in the chloride complex
the charge on oxygen atoms varied between —0.243 and —0.301. There is a strong
interaction between Y(III) which has a charge equal to +1.159 and more negative
oxygen atoms in the water complex; Y(III) has less positive charge (+1.096) in the
chloride complex. The energy of this complex is —303.588 au and a dipole of 18.45D.
For all these reasons the water complex is more stable than chloride complex and Y (III)
favors coordinating two molecules of water more than chloride to complete the
octahedral structure.

4.2.3. The zirconium(IV)-ibuprofen complex. The Zr(IV) complex is six-coordinate,
with four bonds with two ibuprofens and one water molecule besides oxygen of ZrO
ion, [ZrO(IBU),H,0].

4.2.3.1. Description of the structure of [ZrO(IBU),(H>0)]. The structure with
atomic-numbering is shown in scheme 3. The complex consists of two ibuprofens and
one water molecule with ZrO®". The complex is six-coordinate with distorted
octahedral environment with Zr(IV) coordinated with two oxygen atoms with each
ibuprofen and water. Zr-O4 and Zr-O17 bond lengths are 2.306 A and 2.645A,
respectively, longer than Zr-O2 and Zr-O19 (2.264A and 2.196 A, respectively), and
the bond distance between Zr—Oyypo is 2.235 A [70].
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Scheme 3. Optimized geometrical structure of [ZrO(IBU),H,O] by using B3LYP/CEP-31G.

Table 7. Calculated energy values (HOMO, LUMO, and energy gap AE in eV) obtained by using DFT/
B3LYP/CEP-31G.

HOMO LUMO Energy gap, AE
IBU —0.237 —0.028 0.208
[Y(IBU),CL,]" —0.148 0.060 0.207
[Y(IBU),(H,O)I** —0.305 —0.240 0.065
[ZrO(IBU),CI]~ —0.082 0.061 0.143
[ZrO(IBU),(H,0)] —0.235 —0.113 0.122

4.2.4. Electronic properties of studied molecules. The HOMO energies, the LUMO
energies, and energy gap for the molecules are given in table 7. An electronic system
with larger HOMO-LUMO gap should be less reactive than one having a small gap
[65]. The HOMO-LUMO gap values are between 0.065 and 0.208eV, so electron
movement between these orbitals should easily occur; we observe a peak around 250 nm
in UV-Vis spectra. The molecular orbital energy diagram in ““Supplementary material”
shows that the complexes which are most favored by interaction energy have lower
energy barrier (table 7); however, the HOMO of these complexes is most stable and
responsible for the low value in the interaction energy.

5. Conclusion

Three new Y(III), Zr(IV), and U(VI) complexes with ibuprofen were synthesized and
characterized by means of elemental analyses, thermal analyses, UV-Vis, IR, '"H NMR
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as well as their magnetic behavior. The ibuprofen has two donating centers, oxygen
atoms of carboxylate; when chelated with Y(III) there are six bonds formed, four with
two ibuprofens and two water molecules. The Zr(IV) complex is coordinated with one
water molecule to complete the octahedral structure. The biological activity of these
compounds was tested against different bacterial species, such as E. coli K32 and highly
significant for S. aureus K1, B. subtilis K22, Br. otitidis K76, P. aeruginosa SW1, and
K. oxytoca K42. The biological assays show that all complexes are active compared
with free ibuprofen and metal salts.
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