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Ga(ll1) complexes of methoxy substituted aroylhydrazones: synthesis, characterization
and DFT calculations
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The study reports the synthesis and physicochemical characterization of Ga (l11) complexes with 3-, 4- and 5-methoxy
substituted salicylaldehyde based aroylhydrazones designed by varying the position of methoxy group in salicylaldehyde moiety.
The complexes were obtained by reaction of Ga(NOs)s.H-O with the ligands in 1:2 metal-to-ligand molar ratio. The coordination
behaviour of 3-, 4- and 5-methoxysalicylaldehyde-4-hydroxybenzoylhydrazones towards Ga (l1l) ions was investigated at
theoretical and experimental level. Density Functional Theory calculations with Becke’s 3-parameter hybrid functional and 6-31+G
(d,p) basis set were carried out to investigate the structural features of the methoxy substituted at different positions aroylhydrazones
ligands and Ga (1) complexes. The predicted metal-ligand binding mode was confirmed by spectral data. The complexes are
mononuclear with the Ga (l11) ions being surrounded by two tridentate ligands. The analysis revealed coordination binding through
deprotonated salicylaldehyde phenolic-oxygen, azomethine-nitrogen and amide-oxygen atoms. A general formula [Ga(L-H)2]NOs

for the complexes obtained was suggested on the basis of the experimental data.
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INTRODUCTION

Over the last few years gallium was widely studied
due to the versatile applications of this metal and its
complexes as bioactive compounds, materials for
optoelectronic devices, catalysts, etc. [1-3]. The ability
of simple metal salt gallium (I11) nitrate to inhibit tumor
cell growth in vitro and in vivo provides a strong
motivation for continued research into the development
of new gallium compounds with antitumor activities [3—
6]. However, in agueous media and under physiological
conditions, the small and highly charged Ga (llI) ion
hydrolyzes nearly completely over a wide pH range,
forming various hydroxide species [1]. To prevent
hydrolysis processes, coordination of gallium with
polydentate organic ligands has been proposed since Ga
(1) complexes possess improved oral bioavailability,
hydrolytic stability and membrane penetration ability [1,
3]. Hydrazones are effective ligands as they easily form
stable complexes with many metals. The coordination
modes of the hydrazone ligands depend on different
factors like reaction conditions, stability of the complex
formed, number and nature of the substituents on
hydrazone skeleton. Aroylhydrazones of the type R-CO-
NH-N=CH-R’, derived by condensation of aromatic
aldehydes and acid hydrazides form a series of
biologically active ligands used in medicinal chemistry
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[7-10]. Furthermore, suitable substituents can improve
the coordination properties. Especially interesting
hydrazones were synthesized by salicylaldehyde (2-
hydroxybenzaldehyde). The additional hydroxy group
in the aldehyde part increases the number of donor
atoms and enhances coordination ability of the ligands.
Various derivatives of salicylaldehyde have been used in
order to discover new pharmacologically active
compounds [11-13]. The substitutions slightly change
the compounds but give rise to a diversity of biological
effects and various pharmacological and potential
therapeutic properties. It has been demonstrated that the
introduction of a methoxy group into a salicylaldehyde
results in derivatives with high antiproliferative and
antioxidant activity [13-15]. Hence the methoxy
substituted hydrazones would be suitable to prepare
cytotoxic Ga complexes.

In the study herein we describe the synthesis and
physicochemical characterization of Ga (I11) complexes
with 3-, 4- and 5-methoxy substituted salicylaldehyde
based hydrazones. DFT calculations were carried out to
examine the coordination ability of methoxy hydrazones
and to investigate how the position of the methoxy group
in salicylaldehyde affects the structural features of the
complexes. The obtained gallium complexes were
characterized by elemental analysis, NMR- and IR-
spectroscopy.
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EXPERIMENTAL PART

3-methoxysalicylaldehyde,4-ethoxysalicylaldehyde,
5-methoxysalicylaldehyde and 4-
hydroxybenzhydrazide used for the preparation of the
ligands 3-methoxysalicylaldehyde-4-
hydroxybenzoylhydrazone (LY, 4-
methoxysalicylaldehyde-4-hydroxybenzoylhydrazone
(L and 5-methoxysalicylaldehyde-4-
hydroxybenzoylhydrazone (L®) were purchased from
Sigma-Aldrich and used without further purification.
Gallium (111) nitrate monohydrate used for the synthesis
of the complexes was purchased from Sigma-Aldrich.
All other chemicals used were of analytical reagent
grade.

The carbon, nitrogen and hydrogen contents of the
compounds were determined by elemental analyses on
Euro EA 3000 — Single, EuroVector SpA analyzer. The
IR spectra were recorded on a Thermo Scientific Nicolet
iS10 spectrophotometer in the range of 4000-400 cm*
as ATR. The *H NMR spectra were recorded on a
Bruker Avance DRX 250 spectrometer in DMSO-ds as
solvent, chemical shifts were referenced to the solvent
signal. Chemical shifts (8) are reported in parts per
million (ppm), J values are given in Hz. Splitting
patterns were indicated by the symbols: s (singlet), d
(doublet), t (triplet) and m (multiplet).

The synthesis of the ligands was published in our
previous works [13-14, 16].

The gallium (1) complexes were obtained by
reaction of Ga(NO3);.H-O with the ligands in 1:2 metal-
to-ligand molar ratios using the following general
procedure: Solution of gallium nitrate monohydrate (0.5
mmol) in methanol (50 mL) was added to the respective
solutions of the ligands (1 mmol) in methanol (100 mL).
The resulted solutions were stirred for 1 h at room
temperature to complete the reaction and then were kept
at room temperature for 48 h. During this time crystals
of the product were obtained. Fine crystals were
collected after filtration, washed with methanol and
dried in a vacuum desiccator.

Bis-(3-methoxysalicylaldehyde-4-
hydroxybenzoylhydrazone) gallium (l11) nitrate,
[Ga(L'-H);](NOs)

Yield: 58%; Colour: Yellow-greenish; IR (v cm):
3400 (OHnygrazice), 3200 (NH), 1607 (C=0), 1588 (C=N),
1391 (NOs). *H NMR (250 MHz, DMSO-ds) & ppm:
3.77 (s, 3H, -OCHjs), 6.83 (m, 2H, ArHnydrazice, 3H,
AI’Ha|dehyde), 7.90 (d, 2H, J=8 HZ, Athydrazide), 8.76 (S,
1H, CH=N), 10.00 (s, 1H, OHuygrazice), 11.11 (s, 1H,
NH) Calculated for [Ga(C15H13N204)2]NO3Z C, 51.31;
H, 3.73; N, 9.97. Found: C, 51.58; H, 3.89; N, 9.59.
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Bis-(4-methoxysalicylaldehyde 4-
hydroxybenzoylhydrazone) gallium (111) nitrate, [Ga(L?
H)2](NOs)

Yield: 65 %; Colour: Yellow-greenish; IR (v cm™):
3401 (OHnydrazice), 3179 (N-H), 1618 (C=0), 1593
(C=N), 1392 (NOs). *H NMR (250 MHz, DMSO-d) &
ppm: 3.67 (s, 3H, -OCH), 6.31 (s, 1H, ArHagenyde), 6.35
(d, I1H, J = 8 Hz, ArHagenyce), 6.86 (d, 2H, J = 8 Hz,
Athydrazide), 7.31 (d, 1H, J =9 Hz, AI’Hamehyde), 7.80 (d,
2H, J = 6. 5 Hz, ArHnydrazice), 8.56 (S, 1H, CH=N), 9.96
(s, 1H, OHnydrazice), 11.78 (s, 1H, NH). Calculated for
[Ga(CisH13N204)2]JNOs: C, 51.31; H, 3.73; N, 9.97.
Found: C, 51.18; H, 3.95; N, 9.62.

Bis-(5-methoxysalicylaldehyde 4-
hydroxybenzoylhydrazone) gallium (l11) nitrate,
[Ga(L>-H)2] (NO3)

Yield: 62 %; Colour: Orange-greenish; IR (v cm™):
3370 (OHnydrazice), 3190 (N-H), 1616 (C=0), 1593
(C=N), 1392 (NO3). *H NMR (250 MHz, DMSO-ds) &
ppm: 3.70 (s, 3H, -OCHa), 6.80 (M, 2H, ArHnydrazice, 2H,
ArHamehyde), 7.00 (S, 1H, ArHa|dehyde), 7.90 (d, 2H, J=
7.5 Hz, ArHnydrazice), 8.62 (5, 1H, CH=N), 9.97 (s, 1H,
OHnydrazice), 10.80 (s, 1H, NH). Calculated for
[Ga(CisH13N204)2]JNOs: C, 51.31; H, 3.73; N, 9.97.
Found: C, 51.51; H, 4.04; N, 9.62.

The B3LYP/31+G(d,p) (Becke’s three-parameter
hybrid exchange-correlation functional [17] with
diffuse function augmented double-{ polarized basis
set) method was used to optimize the geometry of
each ligand and metal complex. Local minima were
verified Dby establishing that all vibrational
frequencies are real. All calculations were performed
using Gaussian 09 [18]. PyMOL molecular graphics
software was used for generating the molecular
graphics images [19].

RESULTS AND DISCUSSION

The ligands 3-methoxysalicylaldehyde-4-
hydroxybenzoylhydrazone (LY, 4-
methoxysalicylaldehyde-4-hydroxybenzoylhydrazone
(L3 and 5-methoxysalicylaldehyde-4-
hydroxybenzoylhydrazone (L3), shown on Figure 1,
were synthesized as already reported [13, 14, 16].

Three gallium (111) complexes with the ligands L!, L
and L® were prepared by a direct reaction of the
hydrazones and gallium (lI) nitrate monohydrate in
absolute methanol with good yields (58-65 %) (Scheme
1).
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Figure 1. Structure of the 3-, 4- and 5-methoxy substituted ligands.

Methanol

2L+ Ga(NOz)3.H,O ———

[Ga(L-H),]NO; + 2 HNO; + H,0

Scheme 1. Synthesis of the gallium (111) complexes with the ligands.

The complexes were characterized by elemental
analysis as a basis for the determination of their
empirical formulas. Experimental and calculated C, H,
N values are in good agreement and reveal molar ratio
metal:ligand = 1:2 in the complexes. Analyses suggest
the following molecular formula of the compounds
[Ga(Cis5H13N204)2]JNOs. The data from the elemental
analysis of the gallium (I111) complexes are summarized
in the Experimental section.

The coordination behaviour of 3-, 4- and 5-
methoxysalicylaldehyde benzoylhydrazones towards
Ga (lll) ions was investigated at theoretical and

experimental level. DFT calculations were carried out to
predict the molecular structure of the new gallium (111)
complexes and to investigate how the position of the
methoxy group in the salicylaldehyde affects the
structural features of the complexes. The optimized
geometry of the Ga-complex ions [Ga(L!-H).]*, [Ga(L?-
H).]* and [Ga(L-H),]* are shown on Figure 2.

Selected geometrical parameters for the studied
ligands and complexes (bond lengths (A) and
angles (°)) are presented in Table 1.

[Ga(L-H),]*

(C)

[Ga(L?-H),]*

[Ga(L*-H),]*

(N JO)

Figure 2. B3LYP/6-31+G(d,p) optimized geometries of the Ga (l1I) complexes.
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Table 1. Selected B3LYP/6-31+G(d,p) calculated parameters for the ligands and complexes.
Atom numbering is shown on Figure 1.

Ligand Complex
[Ga(L:-H)]* [Ga(L>-H)]* [Ga(L3-H)2]*
L? L2 L3
dipole moment, 4.36 5.93 6.38 5.14 411 6.79
w[D]
bond length [A]
C1-N2 1.290 1.291 1.291 1.305 1.308 1.307
N2-N3 1.359  1.361 1.359 1.376 1.377 1.377
N3-C4 1.388  1.387 1.389 1.357 1.357 1.357
C4-C5 1497  1.496 1.496 1.463 1.464 1.464
C4-011 1.223  1.224 1.223 1.263 1.262 1.263
C5-C6 1.406  1.406 1.406 1.410 1.410 1.464
C1-C7 1453  1.448 1.451 1.421 1.415 1.420
C7-C8 1.416 1.428 1.416 1.432 1.446 1.434
C8-09 1.343  1.346 1.350 1.303 1.309 1.309
09-H10/09-Ga | 0.986  0.987 0.985 1.903 1.902 1.901
N1-Ga - - 2.014 2.022 2.024
011-Ga - - 2.031 2.034 2.029
angle []
C1-N2-N3 118.68 118.60 118.68 120.26 120.06 119.95
N2-N3-C4 120.21 120.17  120.09 116.40 116.14 116.23
N3-C4-011 122.12 12218 122.06 117.72 117.84 117.80
N3-C4-C5 11499 11497 115.03 120.39 120.11 120.14
C5-C4-011 122.88 122.85 122.90 121.89 122.05 122.06
C1-C7-C8 121.37 122.18 121.83 121.92 122.99 122.15
dihedral angle
[°]
N2-C1-C7-C8 0.80 0.77 1.03 0.09 0.77 0.66
N3-C4-C5-C6 24.14 24.77 23.97 2.56 11.48 10.59

The phenyl ring in the ligand structure is rotated
about 25 degrees (23.97+24.77°), so the ligands are not
planar. One mode of coordination with octahedral
arrangement between the optimized structures of the
deprotonated free ligands and the Ga cations was
considered: the metal is bound to the oxygen atoms of
salicylaldehyde phenolic and amide groups and to the
azomethine nitrogen atom of each of the two ligands. In
the resulting complexes the ligands are positioned
almost perpendicularly to each other. The calculated
Ga—0 and Ga-N distances are indicative of a stronger
interaction of Ga cations with the deprotonated OH-
groups —in all cases the 09-Ga bonds (<2 A) are shorter
than the O11-Ga and N1-Ga bonds (>2 A) (Table 1).
Some structural changes are observed in the ligands
upon complex formation, as the most pronounced one is
the change observed in the L' structure — the ligand
becomes almost planar (the N3-C4-C5-C6 dihedral
angle changes from 24.14° to 2.56°). Ga cation is
positioned at almost equal distance from O9 and O11
atoms in all complexes. A little bit shorter N1-Ga bond
is predicted for the [Ga(L-H);]* complex. The
coordination realized between L! (with methoxy group
in position 3) and Ga cation seems to be slightly stronger
than that with the other ligands.
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The predicted mode of coordination of the ligands to
the gallium ions was verified by IR and 'H NMR
spectral data for the metal-free ligands as well as their
Ga (1) complexes.

The ligands show a band at 3300-3360 cm™ due to
salicylaldehyde phenolic OH group. The absence of
these bands in the IR spectra of the Ga (I11) complexes
supports the suggestion for deprotonation of the ligands
during the coordination and displacement of a proton by
the Ga (Il1) ion. The w(C=0) band, observed at 1634-
1662 cm™ in the spectra of the ligands, is shifted to lower
wavenumbers by 18-44 cm™ in the gallium complexes,
indicating coordination of the carbonyl group to the
metal ion. The bands attributed to azomethine C=N
group of the ligands (1602-1608 cm™) were shifted by
9-20 cm™ to lower wavenumbers in the spectra of the
complexes (1588-1593 cm™) indicating the involvement
of N-atom of the azomethine group in the complex
formation. Absorptions at 1391-1392 cm™ in the spectra
of the complexes were attributed to the nitrate group as
counter-ion. The IR spectra of ligand L3 and its Ga-
complex are given on Figure 3.
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'H NMR spectra of the Ga (I1l) complexes give
additional information about structural changes in the
ligands upon complexation. In the *H NMR spectra of
the ligands the signal for the proton of the
salicylaldehyde phenolic OH group was observed as a
singlet at 11.78-11.89 ppm. The disappearance of these
signals in the *H NMR spectra of the complexes
supposes coordination of Ga (Ill) ion to the
salicylaldehyde  phenolic  oxygen atom  after
deprotonation. The singlets at 8.51-8.61 ppm in the
spectra of the ligands, assigned to azomethine group —
CH=N, were downfield shifted (by 0.05-0.15 ppm) in
the complexes to 8.56-8.76 ppm, indicating the
involvement of the azomethine nitrogen in bonding with
the Ga (lIl) ion. The signals for the protons of the
methoxy-group in salicylaldehyde ring in the spectra of
the complexes were slightly upshifted by 0.02-0.10 ppm
compared to those of the ligands.

The observed changes in the experimental IR and *H
NMR spectra of the ligands and their Ga (111) complexes
suggest that 3-methoxy-, 4-methoxy- and 5-
methoxysalicylaldehyde-4-hydroxybenzoylhydrazones
chelate the metal ions through deprotonated
salicylaldehyde phenolic-oxygen, azomethine-nitrogen
and amide-oxygen atoms and thus forming stable six-
membered chelates.

CONCLUSION

Three novel Ga (I11) complexes with 3-, 4- and 5-
methoxysalicylaldehyde-4-hydroxybenzoylhydrazone
ligands were synthesized and structurally characterized.
The analytical data reveal that complexes are
mononuclear with molar ratio metal:ligand = 1:2 and
general formula [Ga(L-H)2]JNOs. The ligands act as

Figure 3. The IR spectra of ligand L3 and its Ga-complex.

tridentate ligands and chelate Ga (lIl) ion through
deprotonated phenolic-oxygen, azomethine-nitrogen
and amide-oxygen atoms forming a six-membered
chelate ring. The molecular geometries of the ligands
and gallium (1) complexes were studied at the
B3LYP/6-31+G(d,p) level of theory. Selected
geometrical parameters for the studied ligands and
complexes are compared and the structural changes in
the ligands upon complex formation are discussed. On
the basis of the calculated Ga—O and Ga—N distances
stronger interaction of Ga (1) with the deprotonated
salicylaldehyde OH-groups can be concluded.
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Ga(lll) KOMITJIEKCH C METOKCHU-3AMECTEHU APOWJIXUIPASOHU: CUHTE3,
OXAPAKTEPU3NUPAHE U NU3UYNCJIEHMA C TOIT

B.U. HukonoBa-Mnanenosal*, C.E. Aurenosa?
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Cogus 1113, Bvreapus

IMocrenuna Ha 30 HoemBpu, 2016 r.; kopurupana Ha 27 anpui, 2017 r.

(Pestome)

B ToBa u3cnenBaHe ce ONMMCBA CHHTE3BT M (DU3MKOXUMIYHOTO oxapaktepusupane Ha Ga (I11) kommieken ¢ MeTokeu
3aMECTEHH apOMIIXUPA30HH, TOTYUYEHH 4Ype3 BapHpaHe HAa MSCTOTO HAa METOKCH IpyIaTa B CAMIMIAIIEXUIHUS (DparMeHT.
Komrutekcute ca monyuern upe3 B3ammoseiicteiue Ha Ga(NO3)3.H,O ¢ nuranmute B MOJHO OTHOIICHHE MeTaLturang = 1:2.
KoopauHaiitoHHOTO MoBeeHHE Ha 3-, 4- 1 5-MeTOKCHCAHITIATIeXA-4-Xuapokcuoersommxuapazonute crpsmo Ga (1) onu
Oele U3CIeIBaHO TEOPETHYHO M eKCIIEPUMEHTAIHO. 32 U3CIIEIBAaHE HA CTPYKTYPHHUTE XapaKTEPUCTHKH Ha JINTaHAUTE (METOKCH-
3aMECTEHH B pa3uyiHu mo3uiu apounxuapasonn) u Ga (1) komruiekcn 6s1xa HarpaBeHH U3YUCIICHHS ¢ U3MoN3Bane Ha Teopust
Ha QyHKIHOHANA Ha TTbTHOCTTA, B3LYP dhyHKImoHan u 6asucen Habop 6-31+G (d,p). [pencka3aHoTo KOOPAMHUPAHE METAI-
nranj Oellie MOTBBP/ICHO OT CHeKTpaiHuTe HaHHu. Komriekcure ca Monosipen, kato Ga (I1l) vionure ca cBbp3anu ¢ 1Ba
TPUIEHTATHY JMraHa. JlokasaHata KOOpJWMHALMS € Ype3 KUCIOPOACH aroM OT JACTIPOTOHMpaHaTa ajlIeXH/IHa XHIPOKCHIIHA
TpyIa, a30TeH aTOM OT a30METHHOBA I'pyIa M KHCIIOPOJIEH aToM OT amuiHa rpyma. Ha Oazara Ha eKkcriepiMeHTaIHATE JJaHHH 33
KoMIuIekcuTe Oettie npemioxkena odmra hopmysa [Ga(L-H)2]NOs.
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