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Much work has been focused on interactions of metal ions with nonsteroidal anti-inflammatory
drugs (oxicams). Numerous attempts to synthesize several metal complexes have been
published. This review highlights the synthesis and properties of the synthesized metal
complexes. Different physico-chemical methods (IR, UV-Vis, measurement, thermal analysis,
and NMR spectroscopy) as well as the bioactivity of the metal compounds are mentioned.

Keywords: Oxicams; Piroxicam; Tenoxicam; Meloxicam; Lornoxicam; Isoxicam; Crystal
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1. Introduction

Nonsteroidal anti-inflammatory drugs of the oxicam family have been pursued
because of their potential applications and biological properties. Piroxicam [Hpir,
4-hydroxy-2-methyl-N-(2-pyridyl)-2H-1, 2-benzothiazine-3-carboxamide-1, 1-dioxide],
tenoxicam [H,ten, 4-hydroxy-2-methyl-N-(2-pyridin-2-yl)-2H-thieno(2, 3-e)-1, 2-thia-
zine-3-carboxamide-1, 1-dioxide], meloxicam [H,mel, 4-hydroxy-2-methyl-/N-(5-
methyl-2-thiazolyl)-2H-1, 2-benzothiazine-3-carboxamide-1, 1-dioxide], lornoxicam
[Holorn,  8-chloro-4-hydroxy-2-methyl- N-(2-pyridyl)-2H-thieno(2, 3-¢)-1, 2-thiazine-3-
amide-1, 1-dioxide], and isoxicam [H»iso, 4-hydroxy-2-methyl-N-(5-methyl-3-isoxazo-
lyl)-2H-1, 2-benzothiazine-3-carboxamide-1, 1-dioxide] are oxicam drugs used in
inflammatory and arthritic rheumatic diseases [1] and are the most studied species
of the family because of their potential activity in biomedical chemistry and being
strong chelators for metal ions. Scheme 1 represents the formulas of the oxicams
mentioned in this review.

Many studies have centered on the different coordination modes of these drugs
toward metal ions, i.e. H,pir is a monodentate ligand through pyridyl N with Pt(II) [2],
a bidentate ligand through its pyridyl N and amide O with Cu(II) and Cd(II) [3], and
tridentate ligand via the enolic oxygen and amide nitrogen and pyridyl nitrogen with the
organotin [4].

*Email: nadinealy@hotmail.com

Journal of Coordination Chemistry
ISSN 0095-8972 print/ISSN 1029-0389 online © 2009 Taylor & Francis
DOI: 10.1080/00958970902822630



08:17 23 January 2011

Downl oaded At:

2240 N. E. A. El-Gamel

Piroxicam, H,pir Meloxicam, Hymel

Isoxicam, Hi :
soxicam, HalSo Tenoxicam, Hoten

1 i
N / 5
\ 4
2 g
3
lornoxicam, Hylorn
Scheme 1. The formulas of oxicam molecules reported in the text.

Various analytical methods have been reported to investigate tenoxicam [5-11];
interactions with Fe(III), Co(II), Ni(II), Cu(Il), and Mn(II) revealed that Hten is
a monoanionic ligand through the enolate and amide oxygens [12]; on the other hand,
coordination through the amide oxygen and pyridyl nitrogen have been shown for
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[Cu(Hten),(py),] - EtOH and Cd(Hten),(DMSO), [6, 13]. Differential pulse polarogra-
phy and cyclic voltammetry studies with Cu(II), Pb(Il), and Cd(II) complexes of H,ten
and Hypir [14] show Hsten with stronger chelating properties than H,pir irrespective of
their structural similarity. Furthermore, interactions of H,ten with Fe(III), Sb(III),
Bi(I1I), Cr(I), Cd{I), and AI(IIl) have been studied using potentiometric and
fluorimetric techniques [15].

Interaction of tin(IV) with Hsten, H>pir, and H»lor has been extensively studied due
to their potential application as tin-based antitumor drugs [16].

In 2003, Defazio et al. presented a detailed investigation of meloxicam followed by
preparation and structural characterization of Co(II), Ni(II), Zn(II), and Cd(II)
complexes, where Hmel ™ anions chelated the metal center through the nitrogen from
the thiazole ring and the amide oxygen [17]; in addition, the reactions of Cu(II) with
Homel and Hjiso showed that coordination of Cu(Il) by NSAIDs improved the
pharmaceutical activity of the drugs themselves and reduced their undesired toxicity
effects in human and veterinary medicine [18].

Spectroscopic and magnetic properties have been reported for Co(I11), Ni(1l), Cu(1l),
Zn(II), and Fe(I1I) with Hiso™, where it acted as a monoanionic ligand coordinated to
the metal through the enolate O atom and the carbonyl O atom of the amide group [19].
Direct electro-synthesis of Cu(Il), Cd(II), and Zn(II) complexes of H,pir and H,iso
have been reported [20].

To increase the activity of tenoxicam, complex formation of Hsten with Cu(Il) and
Zn(IT) were studied [21]. Considerable attention has been devoted to complex
formations of a-, 8-, y-cyclodextrin with H,pir, H,ten, Homel, and H,lor to improve
aqueous solubility of the drugs as well as decrease their side effects [22].

Different types of binary and ternary metal complexes of H,ten and H,pir with some
aminoacids have been reported to explore the different chelating modes for both drugs
[23, 24]. In this review, studies of the preparation, structural characterization, and
biological activity of oxicam complexes are summarized.

2. Crystal structures of oxicams and their metal compounds

2.1. Free drugs

Crystal structures of several free H,pir [25], Hyten [26], and H,mel [27] molecules have
been reported whereas H,iso and Hslor are rarely investigated and no crystal
structures have been reported so far. H,pir has been found to crystallize in neutral
[25a, b] as well as zwitterionic form, where the enolic hydroxyl hydrogen has been
transferred to pyridine nitrogen [25¢c, d] (scheme 2) while Hoten has been crystallized
in zwitterionic form [26] (scheme 2). Homel crystallized in four different protrotropic
forms; the anion, the cation, the acidic enol, and the zwitterionic forms [27b]
(scheme 2).

2.2. Synthesis of metal complexes

All oxicams are insoluble in water; therefore, all syntheses have been done in hot EtOH, hot
MeOH, DMSO, or benzene. Some mixed ligand complexes have been prepared
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and isolated. All structures of binary complexes are discussed below taking into
consideration the numbering from original articles that have been used throughout the text.

2.3. Cobalt complexes

The complex Co(II)(Hmel),(DMSO), [17] was prepared from hot MeOH solution of
meloxicam and cobalt acetate; afterwards, the obtained crude solid was recrystallized
from DMSO, while Co(II)(Hten),(DMSO), was isolated from dissociation of ternary
cobalt complex [Co(IT)(H,ten)(ala)CI(H>O)]-2H>O in DMSO [24]. In both complexes the
ambidentate DMSO coordinated to the metal ion through oxygen; the Hten™ chelated
the metal center through the nitrogen from pyridine and through the amidic oxygens,
where as Hmel ™ anions chelated the metal through nitrogen of thiazole and through the
amidic oxygen. Both Hten™ and Hmel ™ are deprotonated at O17 and adopted 17,1-ZZZ
conformation. The coordination sphere is pseudo-octahedral in both complexes with
metal ions located on the inversion centers (figure 1). The chelating anion is stabilized by
a strong intramolecular hydrogen bond involving O17 and N16 in case of Hmel ™ and O3
and N2 in case of Hten™ {O---N, 2.558(3), 2.61(1)1&; /0---H-N, 137.9(5) and 143.4(2)°
for Co(IT)(Hmel),(DMSO), and Co(II)(Hten),(DMSO),, respectively}.

The first complex crystallized in triclinic system with space group P-I while the
second crystallized in monoclinic system with space group P,I/n.

The torsion angles C7—C6—C5-03 [—3.8(1)°], C5-C6—C7-N2 [—2.30(1)°], and C5-
C6—C7-04 [179.5(3)°] in Hten™ indicated the planarity of the O3—C5-C6—C7(04)-N2
system; furthermore, in Hmel™ the thiazole system maintained the co-planarity upon
metal chelation.

2.4. Copper complexes

The complex Cu(Hpir),(DMF), was prepared by mixing a hot methanol solution of
piroxicam and copper acetate, where the obtained solid is recrystallized from DMF [3].
Piroxicam chelated to Cu through its carbonyl oxygen O(15) of the amide group and the
pyridyl nitrogen N1’ where the axial positions are occupied by two DMF molecules
bonded through their carbonyl (scheme 1). The torsion angles C15-C2-C4-O5
[+1.3(2)°], C4-C2-C15-N4 [-5.4(2)°], and C4-C2-C15-04 [174(1)°] indicated that
the chelation of Cu ion to Hpir™ has little effect on the planarity of 04-C15-C2-C4-0O5
system.

Cu(Hpir),(DMSO), was isolated by Tamasi et al. [28], where the coordination sphere
is pseudo-octahedral and the metal coordinated by two Hpir~ molecules in a ZZZ
conformation through the amide oxygen and the pyridine nitrogen. This structure is
isomorphic with previously reported complexes M(Hmel),(DMSO), [17].

[Cu(Hmel),(DMF)]-0.25H,O was synthesized upon heating alcoholic solutions of
H,mel and copper acetate in a 1:2 ratio, then the solid recrystallized using DMF [18].
In this compound, Hmel ™ adopted ZZZ conformation and linked to Cu ion through the
thiazole N1’ nitrogen and the amide O15 oxygen. The coordination sphere was square
pyramidal, where Cu—O15 and Cu—N1’ bond lengths average 1.935(6) and 1.962(5) A,
respectively, inconsistent with standard square planar copper complexes from the
literature [29].
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Figure 1. View of [Co(II)(Hmel),(DMSO),] (on the top) (Ref. [17]) and [Co(II)(Hten),(DMSO),] (on the
bottom) (Ref. [24]). Most hydrogen atoms omitted for clarity.

The co-crystallized Oy, water formed a series of hydrogen bonds to methyl of DMF,
C---0,3.427(9) A, /C-H- - -0, 127(1)° and to methyl of thiazole, O- - -0, 2.952(7) A, and
to O12, O---0, 2.798(7)1& (figure 2). The presence of m—m stacking involved DMF
ligands; additionally, there are two Cu---S and two stacking interactions involving
O=C-N(H)-thiazole moiecties which stabilized the dimer.

[Cu(Hiso),] - 0.5SDMF was prepared by heating mixed alcoholic solution of copper
acetate to Hsiso in 1:2 ratio, then the solid residue recrystallized from DMF [18].
This structure was the first reported structure of an isoxicam metal compound.
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Figure 2. Prospective view of [Cu(Hmel),(DMF)]-0.25H,0, representing the stacking 7—7 DMF- . .DMF
interactions and the hydrogen bonds involved the co-crystallized water molecules and amide oxygen, and
thio-dioxide oxygen atoms.

The coordination sphere is square planar. The two Hiso™ anions behaved differently
toward the copper, one anion adopted ZZZ conformation and chelated via amide
oxygen O15 and isoxazole nitrogen N1’ while the second anion showed EZE
conformation around the C3-Cl14, CI14-N16, and N16-C2’ linkages and chelated
through enolate oxygen O17 and amide oxygen O15 (figure 3). The conformation of the
two ligand anions are from enolate oxygen from the EZE conformer trans to amide
oxygen from the ZZZ one and the amide oxygen from EZE trans to nitrogen (isoxazole)
from ZZ7. The NO— 777 ligand is stabilized by a strong intermolecular hydrogen bond
N16-H---07 [N---0,2.511(5)A, /N-H- -0, 141(1)°], while the OO-EZE ligand is
stabilized by two weaker intramolecular hydrogen bonds, NI16-H-..-N2
[N---N,2.716(5)A; N-H---N,108(1)°] and C3-H---O15 [C---O,2.772(6) A;
C-H---0,108(1)°]. The NCNCO-ZZZ chelating system is planar as the torsion angle
is <1°, while the OCCCO-EZE chelating system is more tilted, the torsion angles of
015-C14-C3-C4 and O17-C4-C3-C14 are —6.6(4) and 6.8(4)°, respectively. Due to
the metal coordination to N1/, the double bond character of C2'-N1" linkage is smaller
for NO-ZZ77 [C2'a—NT'a, 1.327(5) A] than for OO-EZE [C2-N1/,1.314(4) A] (figure 3).
The DMF molecules are sandwiched between Hiso™ molecules with interatomic contact
lengths of 3.431(6) A. There is a hydrogen bond from an isoxazole C3" atom; C---O,
3.023(6) A; /C-H.-.0, 136(1)° and other hydrogen bonds involving Hiso™ anions and
co-crystallized DMF. Further hydrogen bonds stabilize the crystal structure (figure 4).
In the case of ZZZ—Hiso  anions, no significant hydrogen bonds are observed except
a weak intramolecular hydrogen bond from C13 [C- - -O, 3.690(8) A, /C-H. -0, 162(1)°].

Cu(Hiso),(THF), is obtained via procedure [28] similar to the procedure reported
above [18]; the coordination sphere is pseudo-octahedral and the Hiso™ anion adopted
777 conformation and coordinated to copper through O(amide) and N(isoxazole),
with the enolate oxygen not participating in chelation due to involvement in an
intramolecular N-H- - -O hydrogen bond.
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Figure 3. View of [Cu(Hiso),]-0.5SDMF, Ref. [18].

Figure 4. View of two Cu(Hiso), molecules representing the hydrogen bonds by dashed lines, Ref. [18].

[Cu(Hten),(py),] - EtOH was synthesized by mixing hot pyridine solution of the
ligand to Cu acetate where green precipitate was produced, which was recrystallized
from pyridine—ethanol mixture [6]. Cu ion adopted pseudo-octahedral geometry with
axial positions occupied by two pyridine molecules. The Cu-O1 and Cu-N1 bond
lengths are 1.934(5) and 2.038(7) A, respectively.
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Oxygen O4 is involved in an intermolecular hydrogen bond [N2-H- - -O4,2.575(6) A],
which is comparable with the zwitterionic form of the ligand (2.547 and 2.592 A).

2.5. Zinc complexes

Zn(IT)(Hmel),(DMSO), was synthesized by reacting methanolic solution of the ligand
and zinc acetate with recrystallization from DMSO [17]. This complex and
Co(ITI)(Hmel),(DMSO), are isostructural. The coordination spheres are pseudo-
octahedral and zinc located on the inversion centers; the Hmel  chelated through
N1’ nitrogen of the thiazole and through the O15 amidic oxygen at the equatorial
positions (zrans arrangement) and DMSO coordinated via oxygen.

The O17-C4 length in Hmel™ ligand is 1.267(6), shorter than the value reported for
Homel [1.336(2) A] [27] and consistent with deprotonation at O17 and w-conjugation in
the system (O17/N1").

trans,trans-[Zn(II)(Hten),(DMSO),] was  synthesized by dissociation  of
[Zn(IT)(Hyten)(ala)]Aco-3H,O in DMSO  [24]. As  mentioned above,
Zn(I1)(Hmel)>,(DMSO), is isostructural with Co(II)(Hmel),(DMSO),; trans,trans-
[Zn(II)(Hten),(DMSO),] is also isostructural with trans,trans-[Co(I1)(Hten)>,(DMSO),]
[24]. The torsion angles C7-C6—C5-03 [—3.7(2)°], C5-C6—C7-N2 [-2.50(2)°], C5-
C6—C7-04 [179.7(1)°] indicated the planarity of the C3—C5-C6—C7(04)-N2 system as
for trans,trans-[Co(IT)(Hten),(DMSO),].

2.6. Cadmium complexes

trans,trans-[Cd(IT)(Hmel),(DMSO),] was prepared by mixing methanolic solution of
Homel and cadmium acetate and recrystallized from DMSO [17]. This structure is
isostructural with the previous Co(Il) and Zn(II) meloxicam complexes [17]. Hmel ™ is
deprotonated at O17 and adopted 17,1’-ZZZ conformation; this anion is stabilized by
strong intramolecular hydrogen bonds involving O17 and NI16 atoms
[O---N,2.558(3) A, /O---H-N, 137.9(5)°]. The thiazole system maintains co-planarity
upon metal coordination. The O17-C4 bond length is 1.272(3) A, shorter than the value
found in Hmel ™ [1.336(2) A] and similar to Co(II) and Zn(II) meloxicam complexes
[17]; this is in agreement with deprotonation at O17 which allows significant -
conjugation in the system O17/N1".

trans,trans-|[Cd(IT)(Hpir),(DMF),] was prepared similar to the procedure mentioned
for trans,trans-[Cu(Il)(Hpir),(DMF),] [3] and both compounds showed similar
geometrical features. The coordination sphere is pseudo-octahedral and the Hpir™
chelated via carbonyl oxygen O15 of the amido and pyridyl nitrogen N1. O17 is
involved in a strong intramolecular hydrogen bond N-H---O with the N16---O17
distance of 2.581(6)A.

Cd(II)(Hten),(DMSO), was prepared by mixing 0.25 mmol of Hten to 0.125 mmol
of cadmium acetate in hot methanol; the solid was recrystallized from DMSO [13]. This
crystal structure is isostructural with Co(II) and Zn(II) tenoxicam complexes [24] with
a pseudo-octahedral coordination sphere and the cadmium is located on the inversion
center. Hten™ is deprotonated at O17 and adopted 17,1’-ZZZ conformation, chelating
through nitrogen from the pyridine (N1’) and through the amidic oxygen O15 at
equatorial positions with a frans arrangement. Hten™  is stabilized by strong
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intermolecular hydrogen bonds which involved O17 and N16 atoms [O---N, 2.618(3) A;
/0---H-N, 143.5(2)°].

The torsion angles C14-C3-C4-017 [-3.8(6)°], C4-C3-C14-N16 [—-2.0(5)°], and
C4-C3-C14-015 [179.5(3)°] indicated the O17-C4-C3-Cl14(015)-N16 segment is
almost planar.

2.7. Platinum complexes

Cini [2a] prepared the first platinum complex of H,pir with chemical formula
PtCl,(Hpir)(DMSO). This complex was synthesized from a mixture of K,[PtCly] and
DMSO. The coordination sphere around Pt is almost planar. The largest deviation
from canonical values is the angle Cl(1b)-Pt—CIl(2b) [175.0(1)°], where the metal
deviates from the plane of the four donors by 0.027(2) A; this deviation is toward H16.
Each platinum is coordinated to two trans chlorides, to sulfur of DMSO and to N1’
from the pyridyl group (figure 5). The piroxicam ligand is neutral, protonated at O17
and has 4,16-EZE conformation as found in the solid-state structure of free H,pir [25a].
Previously, ZZZ conformation was considered more stable by ca 3Kcalmol™'
(ca 12.5KJmol™") than the EZE conformation using molecular mechanics analysis
[30]. Hydrogen bond being the most effective explained the preference for ZZZ
conformer. Intermolecular hydrogen bonds and van der Waals interaction can favor
EZE in the solid state. Moreover, in this complex the presence of the Pt.--HN
interaction favored the EZE conformation.

In 1998 Di Leo et al. [2b] synthesized a platinum(II)—piroxicam complex by reaction
of Zeise’s salt K[PtCls](n*-C>Hy4)]- H,O with Hpir in ethanol at room temperature
to produce trans-[PtCly(Hpir)(n*-C,H,)] - 0.5C,HsOH; crystals were obtained from
benzene. Hpir coordinated through pyridyl N1’ and adopted EZE conformer. The
coordination geometry is square planar, typical for platinum(IT) complexes. Platinum is
bound to two chlorides frans to each other, to N1’ from the pyridyl ring of Hpir and to
an n*-ethene (figure 6). Piroxicam in this complex does not undergo deprotonation at
017 and prefers the EZE conformation [2a]. This can be attributed to the low affinity of
platinum for oxygen where it is difficult to enhance deprotonation of the OH and
rearrange the conformation of Hpir into ZZZ. Chelation via O17 deprotonated and
O15 in an EZE conformation is not probable due to the absence of stabilizing hydrogen
bond O17-.--H-N16; this can be confirmed by formation of Pd(II)(Hpir),Cl, where
H,pir is remained neutral and does not chelate the metal center via O17 (protonated)
and O15; unfortunately due to the lack of solubility of this compound in many solvents,
no crystal structure can be afforded to completely characterize the molecular structure.
Using IR, it was suggested that the palladium coordinated through N1’ of an EZE
neutral Hpir [2b].

trans-[PtCl(H,ten)(n°-C,H,4)] was prepared by mixing Ko[PtCly(n*-C>H,)] - H,O with
Hjyten in EtOH at room temperature with crystallization using benzene [13]. The
coordination sphere of this compound is square planar [2a, b] with metal bonded to two
chlorides (zrans to each other), N1’ from pyridine and the ethylene.

Hsten ligand adopted 17,1-EZE conformation with a strong intramolecular hydrogen
bond between O17-H and the O15 [O-H.---0,2.63(1)A; H---0,2.00(1)A;
/O-H- -0, 134(1)°]; some weak intramolecular hydrogen bonds are observed involving
015 and C3' [O---H, 2.34(1) A; O- - -C,2.904(6) A; /O-H---C, 119(1)°] and N2 and N16
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Figure 5. View of PtCl,(Hpir)(DMSO), Ref. [2a].

Figure 6. View of trans-[PtCl,](n>-C,H,)(Hpir)], Ref. [2b].

[N-- -H,2.22(1)A; N---N, 2.680(6) A; /N—H---N, 113(1)°]. Hsten behaved similarly to
Hpir in reactions with Zeise’s salt where the ligand conformation preferred to be EZE.

The structure and preparation for trans-[PtCl,(Homel)(n*-(CoHy)]-0.5C¢Hy was
similar to the previous procedure for frans-[PtCly(Hoten)(n*-(CoHy)] [13].
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H,mel ligand behaved similar to Hoten and H,pir regarding the reaction with Zeise’s
salt, where the sp’-nitrogen is the only coordinated atom to platinum and the
ligand conformation is EZE, stabilized by strong intramolecular hydrogen bond
between Ol17-H group and O15 amidic atom [O-~~H,1.91(1)1&,0---0,2.62(2)&
/0---H-0, 145.1(9)°]. The O17-C4-C3-C4(0O15)-N16-C2’ system is almost planar.

2.8. Organotin complexes

[SnBu,(pir)],, was synthesized from a methanolic solution of H,pir with SnBuCl,, with
white powder obtained by slow evaporation of MeOH-MeCN solution [16¢]. Figure 7
represents the crystal structure of the compound where two similar molecules in the
asymmetric unit were observed. The stoichiometric ratio between Sn: piris 1:1 and the
ligand is a tridentate ligand coordinated to tin through enolic oxygen O1, amide N2,
and pyridyl N1 nitrogens. The bond lengths of Sn—N pyridyl were very long, attributed
to ring strain in the four-membered chelate ring and the low covalent character of
the Sn—N pyridyl bond. H,pir adopted EZZ configuration around C5-N2, N2-C6 and
C6-C7, also found in the ethanolamine salt of H,pir [31].

SnBus(ten) and SnBu,(Hten), were prepared from the reaction of H»ten in benzene
followed by addition of SnBu,O according to equations (1) and (2); single crystals were
obtained from MeOH/MeCN mixture [16b].

SnBu,O + Hyten — SnBu,(ten) + H,O @)

SnBu,O + Hsten — SnBuy(Hten), + H,O 2)

As shown from the equations, organotin(IV) is coordinated by the singly charged anion
Hten™ in SnBu,(Hten), and by the doubly charged anion ten’~ in SnBus(ten).
In SnBus,(ten), ten’~ as doubly deprotonated ligand adopted EZZ configuration similar
to that found for [SnBus(pir)], [4]. Ten’~ coordinated as a tridentate ligand through
enolic O (04) and the amide N31 and pyridinyl N(1’), where two butyl C-atoms
complete the five coordination sphere of organotin (figure 8). An intermolecular bond
between tin and the neighboring ketonic O-atom have been observed with a distance
Snl---031 of 2.650(3) A. Further intermolecular hydrogen bonds of C-H---O type,
inter- and intramolecular hydrogen bonds, C—H- - -7 interaction stabilized the structure,
similar to SnBu,(pir) [16¢].

The network of inter-and intramolecular hydrogen and non-hydrogen bonding can
be attributed to the high electron density for the four O-atoms and for the pyridinyl and
deprotonated amide-N-atoms in SnBu,(ten). The same can be reported for Hten™ where
the high effective charge and electron density values for the enolate O and the amide
O of Hten™ showed strong electron donor properties; these interactions can produce
aggregation and supramolecular assembly as mentioned for SnBu,(pir) [16¢].

SnMe,(lorn) and SnBu,(lorn) were the first reported structures of lornoxicam
complexes by Galani et al. [16d], prepared through the interaction of SnR,O (R is
methyl or butyl) with lornoxicam (H,lor) in benzene. Figure 9 represents the molecular
structure for both compounds where the stoichiometric ratio between Sn:lorn is 1:1
and the ligand is tridentate, coordinated via the enolic oxygen O4 and the amide N31
and pyridyl N1’; two carbon atoms complete the five-fold coordination at the
diorganotin(IV) fragment. In SnBuy(lorn) there are two similar molecules in the
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Figure 7. View of [SnBus,(pir)],, Ref. [16c].

Cd4
Figure 8. View of SnBu,(ten), Ref. [16b].

asymmetric unit. The di-anionic tridentate ligand adopted EZZ configuration around
C2'-N31, N31-C31, and C31-C3 for both complexes. Although the EZZ configuration
is less stable than the ZZZ one, deprotonation of amide nitrogen is important for EZZ
configuration.
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Figure 9. View of [SnMe,(lorn)] (on the right) and [SnBuy(lorn)] (on the left), Ref. [16d].

SnMe,(lorn) crystallizes in a monoclinic crystal system whereas SnBu,(lorn)
crystallizes in a triclinic crystal system. The four oxygens, pyridyl, and imine nitrogens
in the case of SnMe,(Lorn) and SnBu,(lorn) represent strong electron—donor properties
and are involved in the extended network of inter- and intramolecular hydrogen and
non-hydrogen bonding.

2.9. Uranyl complexes

cis-[U(VI)O,(Hten)>(H,0)] - 2C,HsOH was synthesized by mixing U(VI)O, acetate to
Hsten in hot ethanol. Single crystals were obtained by recrystallization from ethanol
[24]. The crystal structure of this compound is different from other complexes prepared
from Hsten ligand [13, 24] with two independent crystallographic molecules of Hten
ligand in the asymmetric unit. The uranium is seven-coordinate, coordinated via enolate
oxygen and carbonyl oxygen of amide group of two tenoxicam molecules and one water
molecule. Mohamed [32] published without crystal structures uranyl complexes
of H,pir, where uranium was considered octahedral with coordination through
pyridyl nitrogen and carbonyl oxygen of the amide. The Hten™ adopted EZE
conformation, stabilized by four hydrogen bonds (two from each side), two
intramolecular hydrogen bonds between the amide nitrogen and their neighboring
nitrogen from the other N1 and NS5. [N2-H2A..-Nl :2.680(1)A; /=111.4(2)°;
N5-H5A. - N4 =2.681(3) A= 111.6(1)°]. Furthermore, the pyridyl nitrogen is involved
in two intermolecular hydrogen bonds with the oxygen of the ethanol, but due to heavy
disorder of the ethanol molecules over two positions these hydrogen bonds were not
further discussed.
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3. Thermal analysis

Only a few references are reported for the thermal behavior of free oxicams [26, 33].
Polymorphism is very common for oxicams with different melting point, solubilities,
chemical reactivity, and stability. A series of binary and mixed ligand complexes of
H,pir and Hsten in presence of amino acids like glycine or pL-phenylalanine or alanine
with uranyl and transition metal ions were characterized by TG and DTA techniques
[23a—e, 24]. In these systems, the complexes decomposed in two steps; dehydration is
followed by decomposition of the anhydrous complexes to metal oxide or metal
sulphide.

4. Infrared spectroscopy

All free oxicams show a broad band centered at ca. 3500-3400cm ™! characteristic of
O-H stretching [3, 16a, 16d, 17, 18]. The band at 3065 cm ™! is attributed to the N-H
stretching vibration. The low frequency of these bands in free ligands may be explained
by inter- and intramolecular hydrogen bonds involving the nitrogen and two oxygens of
the secondary group [34]. v(C=0) have a very strong band between 1630 and 1647 cm ™"
with a shoulder in the range 1612-1619cm™' in all oxicams, while the band
1550-1596 cm ™" is assigned to C=N stretching of the pyridyl nitrogen [34, 35]. Two
further bands in the range 1330-1351cm™' and 1040-1190cm™' are assigned to
antisymmetric and symmetric stretching of the SO,.

In Cu(pir)»(DMF), and Cd(pir),(DMF),, the band at 1630cm ™" in free Hopir shifts
to 1610 cm™', representing chelation via amide oxygen [3]. The sharp band at 3340 cm ™'
due to O-H disappears in the complexes due to deprotonation of the enolate O-H, as
mentioned in the X-ray structure analysis [3].

Christofis et al. [36] characterized VO(II), Mn(II), Fe(IlI), MoOy(II), and UO,(II)
complexes of H,pir using different spectroscopic techniques. With H,pir a bidentate to
the metal through O amide and N pyridine, the (C=0) amide appeared at 1630 cm ™'
and v(C=N) pyridine at 1575cm™". In all the complexes v(C=0) amide is shifted to
1602-1625cm™" and w(C=N) pyridine is shifted to 1558-1570cm™', indicating
coordination. The band due to O-H enolate group disappears in all the complexes,
consistent with deprotonation of the enolate O—H. The N—H amide shifts from 3330 to
3180cm™" due to an intramolecular H-bond between the deprotonated enolic oxygen
and the hydrogen of the amide N-H group.

The IR of trans-[PtCly(Hpir)(n°-C,H,)] and rrans-[PdCly(Hpir),] have bands at 3245
and 3293cm™', respectively, for N-H stretching vibrations, red shifted at 91 and
97 cm ™! for trans-[PtClo(Hpir)(n*-CoHy)] and trans-[PdCly(Hpir),], respectively, due to
M- - -H-N interaction.

The IR spectra of Hoten have a peak at 3386cm™' due to O-H stretch which
disappeared for Mn(II), Fe(III), Co(II), Ni(II), and Cu(II) complexes [12], where H»ten
is the enolate anion; a broad absorption is observed in the 3380-3430cm™' region
attributed to hydration water in the complexes. The secondary amide group at
1630cm ™" in Hoten lowers by 10-30cm ™" in all the complexes indicating participation
in complex formation [12]. Defazio and Cini [13] prepared Cd(II), Co(II), Zn(II), and
Pt(IT) compounds with Hyten and Pt(II) and Fe(II) compounds with Homel with no
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absorption attributed to N—H stretch observed in the complexes, consistent with the
presence of intramolecular hydrogen bond between H-N(16) group and O16 atom for
Hoten in 17,1-ZZZ conformation. The absorption bands at 1635 and 1619cm™" for
amidic C=0 in H,ten and H,mel, respectively, shifts to 1615-1582 em™'. The N-H
stretch has a maximum at 3244 and 3213cm™! for both Pt(II) complexes with a clear
red shift of 75cm™" for frans-[PtCly(H,mel)(n>-C,Hy)], due to Pt---H-N interactions
similar to trans-[PtCl,(H,pir)(n*-C>Hy)] [2b] and trans-[PtCl,(H,pir)(DMSO)] [2a].

Demertzis et al. [16b] observed the low frequency of O—H and N-H bands in H»ten
indicative of inter- and intramolecular hydrogen bonds involving the N- and two
O-atoms of the secondary amide group [35]. The neutral molecule exists in the
zwitterionic form, adopting a planar conformation that is stabilized by two
intramolecular H-bonds (N-H---O) [26a]. The v(C=0) and v(C=N) stretches of the
secondary amide group -CO-NH- [35] at 1653, 1639, and 1596 cm™" shift to 1600 and
1560cm ™" for SnBus(ten) and 1638, 1599, and 1560cm™' for SnBu,(Hten),. The
Vasymmetric A0d Vsymmetric (SN—C,) bands are observed at 507, 478 and 516, 479 em~! for
SnBu,(ten) and SnBu,(Hten),, respectively, for a nonlinear Sn—C, moiety. SnBu,(ten)
showed bands at 237 and 217 cm ™! for v(Sn—N,;) and v(Sn-O) stretching modes while
SnBu,(Hten), had bands at 216 and 206cm ™" assigned to the v(Sn—O) [37].

Fe(III), Co(II), Ni(IT), Cu(II), and Zn(IT) complexes with Hyiso were characterized
spectroscopically [19]. In all the complexes, H»iso is a monoanionic ligand coordinated
through enolate oxygen and the carbonyl oxygen of the amide group. An absorption at
3290 cm ™! assigned to O—H group in Haiso is absent for anhydrous Cu(iso)., attributed
to coordination of Cu to anionic form of ligand through enolate. In all the remaining
hydrated complexes a broad band is observed in the range 3000-3500cm ™' due to
hydrogen bonded water. A sharp band at 1633cm™" in free Haiso assigned to the
carbonyl stretching of the secondary amide group is shifted to 1620cm™" in all the
complexes.

Holor ligand showed a broad absorption between 3500 and 3400 cm ™' characteristic
of O—H stretch, while the N-H stretch is observed at 3067 cm™". Sharp bands at 1647,
1619, and 1596cm ™" in Holor are assigned to the carbonyl C=0 and the v(C=N) of
secondary amide group, shifted to 1619, 1591, and 1567 cm ™' for SnMe,(lorn) and at
1600, 1599, 1578, and 1549 cm ™" for SnBus(lorn) [16d].

The Vasymmetric A0d Vgymmetric (Sn—C5) at 550, 473 and 551, 475 ecm™! for SnMes(lorn)
and SnBu,(lorn), respectively, indicate a nonlinear Sn—C,. v(Sn—Np,,) is observed at 265
and 268cm™' for SnMey(lorn) and SnBus(lorn), respectively; bands at 221 and
215cm~! for SnMe,(lorn) and at 224 and 211cm™! for SnBus(lorn) are assigned to
v(Sn—0) [37].

5. UV-Vis spectroscopy studies

The changes in the UV part of oxicam spectra upon the addition of metal ions were
studied by numerous authors [3, 12, 16d, 17-20, 23d, 61]. The UV spectrum of H,pir in
DMSO [36] showed a shoulder at 290 nm attributed to n— 7* transition of the C=0
group of amide red shifted to 297-300nm in the VO(I), Mn(II), UO,(II), and
MoO,(II) and up to 310 nm in the Fe(IIT) complex, indicating complexation. The band
at 355nm in H,pir attributed to n — 7* transition of the pyridyl nitrogen is red shifted
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by 8-19nm in all the complexes from donation of the lone pair of the pyridyl nitrogen
to the metal ion (N — M) [23d]. For the V(IV)O*" complex, three low intensity bands at
785, 614, and 498 nm attributed to d—d transitions are observed. The spectrum of Fe(III)
complex exhibits two bands attributed to ¢—d transitions, one very weak band at 605 nm
(e=18M'cm™') assigned as a 6A1g — 4T1g transition and an intense one at A =500 nm
(e=108 M "cm™") assigned as a 6A1g — 4ng(G) transition. Additionally, a shoulder at
J=418nm (e=300M~'cm™") is attributed to a LMCT transition.

Cini et al. [3] recorded absorption spectra of Ni(II), Co(II), and Cu(II)-H,pir
complexes in DMSO and DMF; Ni(I) complex showed a weak band at 620 nm, while
Cu(IT) complexes in DMSO and DMF showed absorptions at 620 and 666 nm and
a shoulder at 480 nm, respectively.

Mendez-Rojas et al. [20] reported UV spectra of Na(I), Cu(Il), Cd(II), and Zn(II)
metal ions with H,pir and H»isox. H,pir showed absorption bands at 240 and 323 nm,
while Hjisox at 318 nm. In all the complexes bathochromic shifts of 15-45 nm indicated
coordination through the enolate.

Harrison et al. [19] described the UV spectra of H»isox and Fe(III), Co(II), Ni(II),
Cu(II), and Zn(II) complexes. In addition to d-d bands, bands at 10,500 and
16,667 cm™ " are assigned to the v, and v, transitions, with the vy band obscured by the
charge transfer edge. The reflectance spectrum of Fe(IIT) complex showed a shoulder at
20,000 cm™" on the edge of the charge transfer band.

Defazio and Cini [17] reported the computed UV spectra of EZE-H,mel in
comparison with the Zn(II) complex. The computed spectrum showed a major band at
364 nm similar to the experimental absorption maximum at 343 nm in CHCI; due to
charge transfer from thiazole to benzothiazine. The Zn(II) complex exhibited a peak at
333 nm due to the transition from thiazole to metal charge transfer transition.

The electronic spectrum of H,lorn in DMF exhibited two broad bands at 398 and
273 nm [16d] assigned to 7 — 7* transitions. A broad band at ca 400 nm is assigned to
a HOMO — LUMO transition, where the HOMO is w-centered on the sulfonamide and
thiazine and the LUMO is mainly n-centered on the pyridyl ring. A broad band
centered at 376 and 373 nm for SnMe,(lorn) and SnBu,(lorn), respectively, is assigned
to a HOMO — LUMO transition, while broad bands at 292 and 295nm for
SnMe,(lorn) and SnBus(lorn), respectively, are assigned to a combination of 7 — 7*
and M — L transitions.

6. NMR spectroscopy

The 'H- and "*C-NMR spectra of oxicam ligands were recorded either in CDCls or in
DMSO-dg and assigned [3, 13, 16a, 16d, 17,20, 23c, 23d, 24,27b, 36, 38] and NMR has
been used to analyze the drugs in their dosage forms [39]. Comparison of the 'H- and
BC-NMR of Hpir and MoOx(pir), in dg-DMSO [36] show only significant changes in
the pyridine ring (up to 0.49ppm) upon complexation. A signal at 13.2ppm is
attributed to proton 16 that is twisted around the amide group and the resulting
H-bond between the deprotonated enolic oxygen and the H of the N-H group.

The *C-NMR of Mo complex showed a downfield shift of the pyridyl carbons upon
the complexation with C6’ and C2’ by 2.7 and 4.1 ppm, respectively; the other pyridyl
carbons are shifted to higher field by 3 ppm. The amide carbonyl is shifted downfield.
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Downlfield shift by 4.8 ppm is observed for C4 due to H-bonding. Similar behavior is
recorded for the UO(II) complex upon coordination through Oumige and Npyrigyi.

"H-NMR spectra have been recorded for Cu complexes with Hpir [20], where all
signals are shifted to higher fields relative to free ligand, attributed to coordination of
the pyridine nitrogen N1’ of Hjpir. The signal of the proton attached to N17 is shifted
to higher field due to formation of an intramolecular hydrogen bond.

'H- and '"“C-NMR spectra were studied to characterize trans-
[PtCl,(Hpir)(n>-C,Hy)] - 0.5C,HsOH in CDCly [2b], where the H(N) shifted to lower
field by 1.98 ppm upon complexation. No coupling between 'H(16) and '*°Pt nuclei was
found. '*C-NMR revealed a shift of the pyridyl carbons toward lower field by
0.8-4.0 ppm. The peaks of C2' and C14 shift to higher field due to complexation. The
signal of the ethane carbons is assigned at 78.7ppm. '"H-NMR of Pt(Hpir), - 3H,O
showed two peaks due to H-N(16) (8 15.37, 15.87) and HsC (8 2.60, 2.90), respectively.

The characterization of H,pir with g-cyclodextrin in solution has been done by
13C-NMR [40] where piroxicam is in the zwitterionic monohydrated form.

Complexation of Zn(II) with Homel was studied by 'H-NMR in CDCI; [17] with the
H(N) amide downfield from 10.20 ppm for H,mel to 9.66 ppm in the complex upon
coordination through O15 and N1’. The signal of the thiazole C(5)H proton at
7.43 ppm is downfield by 0.15 ppm upon chelation to thiazole.

"H-NMR in DMSO-d¢ of trans,trans-[Cd(II)(Hten),] [13] show signal is shifted
to higher field upon complex formation and deprotonation of O17; H(5) and H(7)
are shifted to 0.29 and 0.12ppm, respectively. Chemical shifts for trans,trans-
[PtCly(n°-C>Hy4)(Hoten)] in CDCly are shifted to lower field upon coordination to
platinum through N1’. Similarly, for trans,trans-[PtCl,(H.mel)(n°-C>Hy4)] in CDCl5 the
signals are shifted to lower field with amidic H(16) by 1.26 ppm; this shift is smaller than
in trans,trans-[PtCl,(Hoten)(n*-C,H,)] due to the larger H(16)- - -Pt distance [13]. The
signal for enolic H(17) is upshifted by 0.35 while in rrans, trans-[PtCly(Hoten)(-CoHy)]
it is upshifted by 0.60 ppm.

Demertzis et al. [16b] reported 'H- and '*C-NMR spectra for Hoten, SnBus(ten), and
SnBu,(Hten), in CDCl;. For SnBus(ten) the ortho proton of H(C6) and C(6') are
deshielded by 8.51 and 141.9 ppm, respectively, attributed to the electrophilicity of tin.
Upfield shift is observed for H-C4’' and C4', para to the Sn due to n-back donation
from the Sn into the aromatic ring [40]. The signals attributed to the NH and OH
groups disappear upon interaction with the metal, indicating deprotonation and
possible coordination to Sn. A tridentate coordination through the enolic O-atom and
the amide and the pyridinyl N-atoms has recently been reported, similar to
[SnBu,(pir)],, where the ligand exists in doubly protonated form; *C-NMR showed
disappearance of C4 signal while the C3 signal showed a downfield shift of 5.2 ppm.
A similar behavior was observed for C6 (6.2 ppm). The bond between N1’ and Sn atom
leads to downfield shift of C6’ by 3.4 ppm, while C4’ shifted to higher field by 5.0 ppm.

"H- and "*C-NMR spectra for H,lor, SnMe(lorn) and SnBu,(lorn) in CDCl5 [16d]
show disappearance of the downfield OH and NH signals due to loss of both hydrogens
with metal complexation. OH signal is downfield at § = 14.02 ppm for Hlorn, indicating
hydrogen-bonding. In both complexes deshielding of H6’, H3’, and the corresponding
carbon atoms C(6'), C(3') is observed due to electrophilicity of tin. A o-charge donation
from N(1’)-donor to the tin center removed electron density from the ligand and produces
this deshielding. The upfield shift observed for H4" and H5' and the corresponding
carbons C(4') and C(5") meta and para to the tin center arise from z-back donation from
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tin to the aromatic ring [16a—]. The imino and hydroxyl signals disappeared upon
complexation related to deprotonation and coordination to tin.

7. Bioactivity of oxicam—metal compounds

Fe(Hpir);, VO(Hpir),(H,0), and MoO,(Hpir), were tested in HL-60 leukemia cell line,
regarding cytotoxicity, necotric effects with induction of apoptosis studied. Among the
complexes, only VO(Hpir),(H>O) does not provoke a lot of necrotic cells and induces
apoptosis after 24-h incubation, while piroxicam induced apoptosis after 57-h
incubation [30].

The interaction of B-cyclodextrin with Hopir and Hten reduced side effects of these
drugs in the gastrointestinal tract and increased their clinical efficiency [22a]. Piroxicam-
B-cyclodextrin was tested in treatment of patients with chronic acute nonspecific back
pain and was effective to reduce the disease as well as the risk of direct-contact gastric
irritation [41] and showed effective relief of acute pain and chronic diseases such
as osteoarthritis [42]. The complexation of H,ten with y-, HPy-, g-, HPB- and
M g-cyclodextrin in aqueous solution [22¢, 22d] improved the percutaneous penetration
of the drug through abdominal rat skin by increasing the solubility of the drug.

The anti-inflammatory activity and gastric lesions induced by zinc—tenoxicam
complex were studied [43]; the severity of gastric lesions induced by oral treatment for
7 days using the complex was reduced compared to tenoxicam.

The binding of Cu(II)-piroxicam and Cu(Il)-meloxicam with DNA backbone shows
better anticancer properties [44], confirmed by Cini et al. [18] by testing the cytotoxic
activity of Cu-oxicam complexes against tumor cell lines in vitro as well as anticancer
activity.

Meloxicam reported for treatment of respiratory diseases in pigs [45] showed several
applications in treatment of patients with colon cancer [46]. In addition to that, the
B-CD complex of meloxicam showed ulcerogenic activity and reduced ulcer formation
[22d].

As reported before, the interaction of tin(IV) with NSAIDs are heavily studied
according to their potential application as antitumor drugs [16].

8. Conclusion

In this review, reports concerning the coordination chemistry of oxicams in particular,
H,pir, Hsten, H-omel, Hsiso, Holor drugs have been discussed. A range of metal
complexes have been prepared with these drugs. We covered all reports concerning the
synthesis of metal complexes and their investigation using different physiochemical
tools like FTIR, UV-Vis, NMR, and thermal studies. The structures of the metal
complexes are provided, to facilitate comparison, and we present table 1 to show the
variety of coordination arrangements of the prepared complexes. The O17-
C4-C3(015)-N16-C2’ system maintained co-planarity upon metal chelation. In the
case of transition metal complexes, all oxicam drugs adopted the ZZZ conformer, which
is the most stable conformation according to molecular mechanics analysis. In the case
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Table 1. Selected data of oxicam-metal complexes.

Atoms involved in the Coordination number
Formula of the complex [reference] metal chelation of the central atom
[Co(IT)(Hmel)>,(DMSO),] [17] O(P), N(P), O(DMSO) 6
[Co(IT)(Hten),(DMSO),] [24] O(P), N(P), O(DMSO) 6
[Cu(pir)(DMF),] [3] O(P), N(P), O(DMF) 6
[Cu(Hmel),(DMF)]-0.25H,0 [18] O(P), N(P), O(DMF) 5
[Cu(Hiso0),]-0.5SDMF [18] O(P), N(P) 4
[Cu(ten)y(py)>] EtOH [6] O(P), O(C), N(P) 6
[Zn(Hmel),(DMSO),] [17] O(P), N(P), O(DMSO) 6
[Zn(Hten),(DMSO),] [24] O(P), N(P), O(DMSO) 6
[Cd(Hmel),(DMSO),] [17] O(P), N(P), O(DMSO) 6
Cd(II)(pir),(DMF),] [3] O(P), N(P), O(DMSO) 6
[Cd(IT)(Hten),(DMSO),] [13] O(P), N(P), O(DMSO) 6
[PtClz(H?ir)(DMSO)] [2a] N(P), S(DMSO), Cl 4
[PtCL](n"-CoH4)(Hpir)] [2b] N(P), Cl, C(E) 4
[PtCI(*-C,Hy)(Haten)] [13] N(P), Cl, C(E) 4
[PtCly(Homel)n?-(CoH,))-0.5CH [13] N(P), Cl, C(E) 4
[SnBuy(pir)], [16c] O(OH), O(P), N(P), C(Bu) 5
[SnBuy(ten)] [16b] O(OH), O(P), N(P), C(Bu) 5
[SnMe;(lorn)] [16d] O(OH), O(P), N(P), C(Me) 5
[SnBuj,(lorn)] [16d] O(OH), O(P), N(P), C(Bu) 5
[U(VI)O,(Hten),(H,0)] - 2C,HsOH [24] O(OH), O(P), O(OH) 7

Notes: O(P), ring amide oxygen; O(C), ring carbonyl oxygen; O(OH), enolic oxygen; N(P), ring pyridyl nitrogen; C(E),
ethylene carbon; C(Bu), butyl carbon; C(Me), methyl carbon.

of [Cu(Hiso),]-0.5DMF, the two Hiso~ anions behaved differently with one anion
showing ZZZ conformation while the other showed EZE conformation.

For Pt(IT) complexes, EZE conformation is preferred due to the presence of Pt- - -HN
interaction and according to the low affinity of Pt(II), where it is difficult to enhance
deprotonation of the OH function and rearrange the conformation from EZE to ZZZ
conformation. In organotin complexes, the favored conformer is EZZ due to
deprotonation of amide nitrogen.

The formation and use of metal-oxicam complexes may extend the applications in
bio-inorganic chemistry. The potential of these complexes has been exploited in the
synthesis of interesting and important biologically-active compounds. We expect to see
new and interesting chemistry of oxicam complexes in the near future.
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