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INTRODUCTION

Investigations of metal complexes” drug interactions have
been initiated due to their improved curative effects, which
are involved in developing medicinal and biotechnological
novel reagents. The drugs efficiency in coordination with a
metal is enhanced in several cases [1]. The metal containing
drugs can adjust ligands in a three-dimensional configuration
precisely, which enables the accommodation of the molecule
to identify and interact with a particular molecular target. This
is additionally advanced by the various chemical modifications
of ligands. Furthermore, metal complexes undergo ligand substi-
tution and redox reactions readily, allowing them to interact
with biological molecules and participate in biological redox
chemistry [2-4]. Multiple complexes have antifungicidal, anti-
viral, antibacterial and anticancer bioactivity and have been
determined to be more antimicrobial than their ligands [5].
Recently, significant attention has been regarded to mixed
chelation due to its wide occurrence in bio-fluids, where there
is a significant number of potential ligands prone to competi-
tion for the metal ions present in vivo [6,7]. In various biological
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—I
Solution equilibria of the systems Ni(II)-5-aminolevulinic acid as ligand (A) and the amino acids [alanine (Ala), valine (Val), methylamine |
(Met), imidazole (Imi), Histidine (His), serine (Ser), cysteine (Cys) and penicillamine (Pen)] as ligands (L) have been studied pH- |
metrically. The stability constants of mixed ligand complexes were calculated with [ = 0.10 mol L' KNO; using HYPERQUAD program
at 25 = 0.1 °C. The log10 X values showed a higher stabilities for the mixed ligand complexes compared to the binary analogues. The |
synthesis and characterization of the new amino acid mononuclear Ni(Il) binary complex [NiA] (1) and ternary complex [NiAL] (2) were |
achieved via molar conductance, elemental analysis UV-vis, IR, 'H NMR, thermal analysis and magnetic moment. The thermogravimetric |
analysis of complexes were investigated by TG-DTA suggests that the complexes possess high thermal stability formation and their |
respective nickel oxide for 1 and nickel sulfide for 2 as final chemical entities, which are thermally stable. The nickel(II) chelates were
found to be non-electrolytes, diamagnetic moments and the geometry around Ni(II) ion in complexes 1 and 2 is square planar. I
|

Keywords: Ni(II) complexes, Potentiometric studies, Amino Acids, 5S-Aminolevulinic acid, Mixed ligand complexes.

processes, ternary coordination complexes are perceived to
have a vital function, for example in the process of enzyme
activation by metal ions [6].

Mixed-ligand complexes are also involved in active subst-
ances’ transport and storage, which occurs through membranes.
Therefore, there is great reliance of such phenomenon on metal
ions' configuration and the formation of these species. Ternary
complexes of metal(II) that contain oxygen-donor and nitrogen
ligands have gained much attention as they can demonstrate
outstanding stability [8-10]. Ternary metal complexes have
been investigated due to their ability as metal systems for metal-
protein complexes, such as metalloenzymes. They received
particular recognition and have been assigned to map protein
surfaces, [11] as probes for biological redox centers [12] and
in protein capture for both refinement [13] and examination
[14,15]. Drugs and amino acids have notable medicinal and
biological importance; therefore, the attention has been recently
paid to the study of ternary complexes of transition metals
with molecules of pharmaceutical and biological interest.
Aminolevulinic acid (A) is a metabolic pro-drug that is converted
into the photosensitizer protoporphyrin IX (PpIX), which expands
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intracellularly. When exposed to light of suitable wavelength
(red or blue), oxygen catalyzes to singlet oxygen by PpIX, which
is an intracellular toxin that can subsequently react to produce
hydroxyl radicals and superoxide. This results in cellular cyto-
toxic effects. Moreover, it was reported that a complex of iron
and aminolevulinic acid can incite murine hair growth in vivo
independent of mesenchymal and epithelial cells. Accordingly,
this complex has the potential to be a new beneficial remedy
for the treatment of alopecia [16]. The present study reported
the formation of binary and mixed ligand complexes of Ni(II)
with selected L-amino acids and 5-amino-levulinic acid drug
by potentiometric titration technique in aqueous medium at
25 £ 0.1 °C with I = 0.10 mol L' KNOs. The isolated metal
chelates, [NiA] and [NiAL] are distinguished by molar conduc-
tance, magnetic moments, elemental analyses, IR electronic,
'H NMR spectral measurements and TG/DTA analysis.

EXPERIMENTAL

The preparation of all experimental solutions was in ultra-
pure water with 18.3 mol L™ Q cm resistivity. All the ligands
used were extra pure ranged from 99-99.9% Sigma products.
Moreover, 0.005 mol L' nickel solution used in this study
was provided by BDH as nitrate salt of Ni(NOs),-6H,O was
checked by EDTA titration [17]. In order to determine the stability
constant, two equivalents of HNO; acid were used for the
preparation of aminolevulinic acid solution. CO, free NaOH,
which is a titrant prepared in 0.1 mol L' KNO; solution was
standardized using potassium hydrogen phthalate pH-metrically
[18]. Carlo-Erba 1106 elemental analyzer was employed to
analyze nitrogen, hydrogen and carbon. Moreover, the use of
Kjeldahl’s method was used to assess the determination of
Ni(IT) chelates” nitrogen content. Furthermore, data from Ni(1I)
chelates” electronic spectra were obtained from the Shimadzu
Model 1601 UV-Visible Spectrophotometer. In addition, KBr
pellets were used in order to record FT-IR spectra on a FTIR-
Shimadzu model IR-Affinity-1 spectrophotometer. Finally, EI
technique allowed the recording of the mass spectra with the
use of MS-5988 GS-MS Hewlett-Packard instrument at 70 eV.
Using the internal reference TMS, JEOL INM-ECZ500R/S1
FT NMR spectrometer recorded '"H NMR spectra of nickel
chelates.

Synthesis of binary nickel(IT) chelate: The dissolution
of 1.31 g; 1 mmol of 5-aminolevulinic acid (A) in ethanol (20

mL). Furthermore, dissolution of Ni(NO3),-6H,O (1.62 g; 1 mmol)
in 20 mL ethanol, which was added dropwise. Furthermore,
stirring of the mixture was performed for 3 h at 60 °C.

For the purpose of solid formation, the solvent was given
time to evaporate in a slow manner. Subsequently, filtration
was used to collect the solid produced and the substance was
then washed using diethylether and ethanol to achieve the
complex in its pure form (Scheme-I). Colour: reddish brown;
yield: 63%; m.p.: 138 °C; Elemental analysis of CsH;(N,O;Ni
found (calcd.) % (m.w.=268.8):Ni=21.77(21.83),C=19.39
(19.42), H=3.72 (3.75), N = 10.36 (10.42); psy (B.M.) = 0.2
(diamagnetic); An =2.36 Q' mol ™' cm?.

Synthesis of ternary nickel(II) chelate: In a 20 mL of
hot ethanol, an appropriate amount of Ni(NOs3),-6H,O (1.62
g, | mmol) was dissolved. Furthermore, an addition of 20 mL
of boiling ethanoic solution of 5-aminolevulinic acid (A) (1.31
g; 1 mmol) was prepared followed by the addition of cysteine
(1.21 g, 1 mmol). First, the mixture was heated in a water bath
for 3 h before its filtration. The resultant filtrate generated
dark, shiny green crystals when left overnight. Furthermore,
the crystals produced were filtered and washed with diethyl
ether and ethanol to obtain the required complex (Scheme-I).
Colour: deep brown; yield 85 %, m.p.: >300 °C; Elemental
analysis of CgH14N>OsSNi (m.w. = 309) found (clacd) %: Ni
=18.87(19.00), C =30.97 (31.10), H=4.51 (4.57), N=8.96
(9.07), S =10.29 (10.38); Uetr (B.M.) =0.2 (diamagnetic); Am
=4.82 Q"' mol' cm?.

pH Measurements: Griffin pH J-300-010 G Digital pH
meter was utilized to obtain potentiometric measurements at
25 £0.1 °C and an ionic strength of 0.10 mol L' KNO:;. Titra-
tions of the mixed ligand systems were carried out on aliquots
(40 mL) of solution containing 0.005 mol L' of the corres-
ponding Ni(I), amino acid and A ligands (L) in 1:1:1 ratio
with known volume of standard CO, free NaOH. In a nitrogen
atmosphere at1=0.1 mol L' KNOs was used, where all titrations
were performed, in addition to use 0.05 mol L' NaOH as a
titrant. In order to ensure the complete protonation at the start
of the experiment, an addition of HNOj; solution was made.
To check the accuracy of data obtained, the conduction of the
titration of all sets took place four times.

In order to measure the formation constants of metal
complexes and their proton association based on potentiometric
data, the Hyperquad program was used [19]. Consequently,

(0]
H,N. OH EtOH
2 \)k/\”/ . Ni(NO3)2.6H20 O3N\ /
0 Reflux3 h

(0]
HzN\)K/\(KOH + NiNO3),.6H,0 + Hs/ﬁiOH

NH,

w3y

1
HO o OH
EtOH Ni—N
Reflux 3 h NNy 0
SH H ) H

Scheme-I: Synthetic methods of chelate 1 and 2
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based on the non-linear least-square sum minimization, a fitting
criterion was established. The difference between the experi-
mental and calculated data of the titration curves defines the
minimization (eqn. 1):

. 2
X = z (Calculated — Experimental)

ey

Experimental

These constants were presented as the overall formation
constant (Byy) With stoichiometric coefficients 1, p, q and r that
represent Ni(II) ion, A, L and proton, in the order given. The
function of the formation constant is defined as the concen-
tration of free reactants [H], [A], [L] and [Ni], in addition to the
concentration of the complex species [Ni.A,L{H,], which can
be estimated using the equation bellow:

I(Ni) + p(A) + q(L) + 1 (H) (N1} (A)p (L)q (H): (2)

[N;,A L H ]
B Ipgr = ! p q T (3)
{[Ni] [A][L]"[H]'}
The concentration curves of complex species represented
graphically are presented by a HySS program distribution dia-
gram [20].

RESULTS AND DISCUSSION

Solution equilibrium studies: The protonation constants
of the amino acids ligands were determined under the above
experimental conditions, which allowed the determination of
Ni(IT) complexes’ formation constants. Furthermore, the data
in the literature are consistent with the estimated data [21-23].
The determined values of mixed ligand species found in Ni(II)-
A-L systems, which are constants of formation, binary stability
and proton association are shown in Table-1.

To determine the formation constants of Ni(L) and Ni(A)
complexes, the potentiometric data was imposed on the basis
of the models of possible composition. Consequently, it was
found that the most statistically fit model consists of NiL (1010),
NiL, (1020), Ni(A) (1100) and Ni(A), (1200) complexes
(Table-1).

The mixed ligand complexes associated with amino acids
and drugs demonstrate titration data that comply with the
formation of species, such as NiL, NiL,, Ni(A), Ni(A)(L), Ni
(A)(LH) and Ni(A),. Imidazole complexes and monodentate
compounds methylamine have formation constants that are
relatively lower than those of amino acid complexes as shown
in Table-1, which demonstrated the bidentate ligand function
of amino acids, which coordinate through the carboxylate and
amino groups. Methylamine complex has a higher constant
value of formation in comparison to the formation constant value
of an imidazole complex, which might be a result of the amino
group in imidazole that leads to greater basicity (demonstrated
by pK, values).

The equation below determines the value of the protonated
species” acid dissociation constants:

pKH =log KN

Ni(A)L Ni(A)(L)H

—logKN® 4)

Ni(A)(L)
It is shown that histidine is capable of forming complex
species that are deprotonated (1110) and protonated (1111).

5.58 is the pK, value for the histidine complex, which is lower
than the pK, value of 9.85 assigned to the histidine ligand
protonated amino group (-NH3*). However, it is close to the
pK. of protonated imidazole, which is 6.12. As a consequence
of complex formation, an increase of acidity was observed,
which indicates that the imidazole group is the main location
of the protonated complex proton.

The acid dissociation constants of the protonated ternary
complex obtained with thiol-containing ligands as penicillamine
and cysteine were 7.43 and 5.08, respectively. These values
obtained in the present study were less than the previously
reported [24], revealing that [-NH3"] and -SH groups most
likely participate in the formation of a complex.

A comparison was made between the formation constants

of log,, KAy, and log,  KGtY | to know which ligand acts

as a primary and a secondary ligand, in addition to deciding
which one is involved in forming mixed ligand complexes,
eqns. 5 and 6 were used for this purpose.

Ni(A)  _ Ni Ni

logl() KNi(A)(L) = 10g10 BNi(A)(L) - 10g10 KNi(A) Q)
Ni(L)  _ Ni Ni

loglo KNi(A)(L) - loglo BNi(A)(L) - loglo KNi(L) (6)

Ni(A) Ni(L)
10g10 KNi(A)(L) and 1Oglo KNi(A)(L)

constants were calculated for
each mixed ligand system as shown in Table-1. Upon consi-
deration of other ligands and the drug potential, the formation
of ternary complexes can progress through a simultaneous
mechanism or stepwise. It is observed in all systems that amino
acids act as the secondary ligands, while 5-aminolevulinic acid
acts as the primary ligand.

The parameter log;y X (eqns. 7 and 8), may be employed

in mixed ligand complexes for stability quantification purposes

Ni(A), + Ni(L), 2Ni(A)(L)
_ NP
N T NI(A), IINK(L), | @

logm XNi(A)(L) = 21Ogm BNi(A)(L) - (logm BNi(A)z + loglo BNi(L)2 ) (3)

Similar conclusions are achieved by logiy X and Alogio
K. Statistically [25], the stability of mixed complexes was rein-
forced by the more positive values of log;y X obtained. More-
over, positive values are considered as evidence of enhanced
stability as a result of intermolecular ligand-ligand interactions,
hydrogen bonding, the w-back donation effect and/or hydro-
phobic effects. The speciation diagram of histidine complexes,
which are considered as representatives of amino acid (Fig.
1). The complex species of [Ni(A)(His)] achieve 33% of maxi-
mum concentration at the pH value of 8.6. Thus, it is predo-
minant in the range of physiological pH.

Solid state measurements: The molar conductance values
of two nickel(IT) chelates which are observed at 2.36 and 4.82
Q' cm® mol™. These values suggest non-electrolyte nature of
the present complexes [26]. Chelates 1 and 2 do not possess
any crystallographically imposed symmetry. The mass spectrum
of two nickel(Il) chelates were affected by the electron (Fig. 2)
confirmed the suggested formula by showing the peak at 268.8
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TABLE-1
STABILITY CONSTANTS OF THE TERNARY SPECIES IN THE Ni(II)-A-L SYSTEMS AND
PROTON-ASSOCIATION CONSTANTS AND THEIR BINARY STABILITY CONSTANTS

Systems

b

-

b Ni(A) Ni(L)
log,, B log, Kyicaw) log,, Kyicaw logy, X

5-Aminolevulinic acid (A)

9.73 (0.01)
11.98 (0.01)
5.65 (0.01)
13.22 (0.02)

L-Alanine (Ala)

9.62 (0.01)
11.81 (0.02)
7.89 (0.01) 9.88 8.10 3.65
13.61 (0.01)
15.24 (0.07)

Valine (Val)

9.57 (0.02)
11.70 (0.01)
7.16 (0.02) 9.47 7.96 2.93
14.09 (0.02)
15.12 (0.02)

Serine (Ser)

9.15 (0.02)
11.35 (0.01)
7.21 (0.01) 9.39 7.83 3.46
13.40 (0.02)
15.04 (0.01)

Methylamine (Met)

10.55 (0.01)
4.17 (0.02)
7.60 (0.05) 3.58 5.06 236
9.23 (0.01)
13.57 (0.01)

Imidazole (Imi)

7.26 (0.01)
4.01 (0.02)
7.20 (0.05) 2.53 4.17 -4.06
8.18 (0.01)
10.43 (0.01)

Histidine (His)

9.53 (0.01)
15.81 (0.03)
7.81 (0.01)
18.11 (0.01)
17.57 (0.03)
24.82 (0.01)

11.92 9.76 3.81

Cysteine (Cys)

9.78 (0.01)
17.67 (0.05)
8.98 (0.01)
20.03 (0.01)
18.31 (0.01)
25.74 (0.01)

12.66 9.33 3.37

Penicillamine (Pen)

—_—_—_r—_,oolr~r~rr~,roolr~r~rr~oco|l~r~r~r~o|l~r~r~r~olr~rr~oco|l—~r—~rr~oco|l~r~, oo~ oo~
[ elelele] L ool al=l=Rele) L e lele) Ll lelele] Lijelelele)] Lilelelele}] [ elelel«= 1SR Nele] o)
— DD e b e e e DD b e e e e DD e e e DD = DN e e DD = DN e e e DD e e e e DD e e i = DN = = =[O O = = O

—
—

S OO =P OO ONNHIFOOON OO O OO OO~RIOCOONN~,IOODON~IOOOND—~IOOND—

—

10.12 (0.01)
17.97 (0.02)
11.45 (0.01)
22.13 (0.02)
19.52 (0.01)
24.60 (0.01)

13.87 8.07 3.69

The stoichiometric coefficients p, r, q and 1 correspond to A, H, amino acids and Ni(II), in order. ® Standard deviations are given in parentheses.

100 T=—=—
8 ~ 1000
. 11Q0
/\? \ ” ~
< 604 Yo .
§ . 1110
2 40 AN 1020 _
o ’ \ a= -
201 Sl e TN
o0t 2el10100 L L sl
0+—=-= = - —= -

Fig. 1. Percentage distribution curves of mixed ligand Ni(I)-A-His system

and 309.0 amu corresponding to the two nickel(I) chelates
moieties (CsH;oN,O;Ni) and (CsH;4N>O5SNi) atomic mass 268.8
and 309.0 amu, respectively.

NMR analysis: No signals that correspond to alcoholic
and primary amine protons were detected in the 'H NMR
spectra of the nickel(II) chelates in CDCls. On the other hand,
at  8.58 ppm, a multiplet that corresponds to amide HNC=0,
4H protons are shown. However, signals that correspond to
alcoholic and primary amine protons are not shown. Conversely,
an observation of a multiplet signal corresponding to methylene
proton CH, was made, 6H for chelate 1 and 2H for chelate 2
that are adjacent to the nitrogen atom appeared at & 3.45 and
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Fig. 2. Mass spectra of chelates 1 and 2

3.42 ppm. NMR spectrum also shows a singlet at 8 2.33 ppm
corresponding to CO-CH,-S, 8H which is close to sulphur
atom.

In '"H NMR spectra of chelates 1 and 2, methylene groups’
protons were deshielded due to the presence of nitrogen and
oxygen atoms and were observed in the range of 8 2.20-3.06
ppm. Secondary amine and carboxyl protons were also deshielded
due to the presence of adjacent electronegative nitrogen and
oxygen atoms and appeared as singlet at 4 1.52 and 10.43 ppm
for imine and carboxyl groups, respectively in chelate 1. Signal
methylene, amino and thiol groups protons for cysteine (Cys)
were observed at § 3.84, 1.53, 12.23 and 10.42 ppm, respec-
tively in chelate 2 [27].

IR analysis: No bands that correspond to the free primary
diamine were displayed by the IR specta of nickel(II) chelates
[28]. Four new bands were shown in the spectra of nickel(IT)
chelates in the regions: 780, 1248, 1590 and 1620 cm™ and
they correspond to amide IV [§(C=0)], amide IIT [§(N-H)],
amide II [V(C-N) + 8(N-H)] and amide I [v(C=0)] bands, in
the order given [29,30]. The bands observed at ~795 and 1478
cm’ may be assignable to thioamides I and II, respectively.
The sharp band seen at ~3278 cm™ could be due to [V(N-H)]
of the secondary amino group [31]. IR spectrum of nitrate
chelate 1 displays three (N-O) stretching bands, at 1436 cm™
(vs), 1312 cm™ (vy) and 1023 cm™ (v,). The separation of two
highest frequency bands (vs—v;), Ais 124 cm™. Suggesting that
the nitrate group is coordinated to the central metal ion [32] in
unidentate manner.

Thermal analysis: The thermal analysis curves of the
complexes are given in Fig. 3. The thermal decomposition of
the complexes proceeds in three stages. The Ni(Il) chelates
are thermally stable up to 130 and 140 °C, respectively. The
first stage of decomposition corresponding to endothermic
dehydration of chelate 1 by the loss of one water molecule
occurs in the temperature range 130-200 °C, respectively. The
intermediates formed are stable up to 310 and 265 °C. The
second decomposition with exothermic peak by the loss of
ligands (A and L) moieties occurs in the temperature range
310-550 °C and 260-640 °C. The solid residues above 665
and 680 °C were identified as NiO.

100

100 200 300 400 500 600 700
Temperature (°C)
Fig. 3. TG curves of chelates 1 and 2

Magnetic moment: At room temperature, Ni(II) chelates
behave diamagnetically, which implies that the surrounding
environment of Ni(I) ion is a square-planar environment. More-
over, the observed three bands of absorption of the two Ni(II)
chelates in the electronic spectra are in the range 14,048 and
14,248 (€ = 239 and 322 mol” cm™), 20,442 and 21,003 (€ =
82 and 88 mol”' cm™), and 23,108 and 23,576 cm™ (e = 123
and 133 mol” cm™) corresponding to square planner geometry
[33]. These bands may be assigned to the three spin allowed
transitions: 'A (D) — 'Ax(G) (V1), 'A1(D) — 'B1e(G) (v2) and
'A1(D) — 'Ey(G) (v3), respectively [33].
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