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Investigation of Substitution Reactions Between Zinc(I) Complexes with
Different Geometries and N-Bonding Nucleophiles
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Abstract: Aims: The study aimed at investigating interactions between zinc(II) complexes with dif-
ferent geometrical structures and relevant nitrogen donor nucleophiles at physiological pH.

Background: Lack of clear distinction between the therapeutic and toxic doses of platinum drugs is
a major challenge for the design of novel non-platinum DNA and protein targeting metal-based an-
ticancer agents. The non-platinum antitumor complexes could be alternatives to platinum-based
drugs due to their better characteristics and different mechanisms of action.

Objective: This study could provide more information regarding the design of future zinc-based an-
ticancer drugs, providing a better understanding of the mechanism of interactions between Zn(II) com-
plexes and nitrogen-donor nucleophiles (important from the medical point of view), and clarifying the
changes in geometrical structures of zinc(II) that are referred to structure-reactivity correlations.
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Methods: Mole-ratio method and UV-V is spectroscopic kinetic method have been used.
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Results: The results indicated additional coordination of chlorides in the first coordination sphere
with changes in coordination geometry and formation of the octahedral complex anion [ZnCl(en)]*
while the excess of chloride did not affect the square-pyramidal structure of [ZnCly(terpy)]. The
substitutions of studied complexes and relevant nucleophiles proceeded in two consecutive reaction
steps that depended on the nucleophile concentration. Octahedral complex anion [ZnCly(en)]* forms
rapidly and all substitution processes of this complex species should be considered. We assume that
the first reaction step is accompanied by the dissociation of chloride ligands. Nucleophile 1,2,4-
triazoles have shown the highest affinity toward [ZnCly(en)], and rates of both steps were almost of
the same value, indicating parallel reactions.
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Conclusion: The different order of reactivity of relevant N-donor ligands toward [ZnCl,(en)] and
[ZnCl,(terpy)] complexes for the first reaction step occurred because of the influence of different
geometrical structures of complexes, while low reaction rates for the second reactions of
[ZnCl,(en)] complex with imidazole and pyrazine were a consequence of interconversion between
octahedral and tetrahedral structure during substitution processes.

Keywords: Zinc(Il), nitrogen relevant nucleophiles, structure-reactivity correlation, kinetics, cancer chemotherapy, platinum
drugs.

1. INTRODUCTION

The use of platinum metal-based drugs in cancer chemo-
therapy was extensively studied after the discovery of the
therapeutic properties of cis-diamminedichloroplatinum(II)
(cis-[Pt(NH;),Cl,], cisplatin) by Rosenberg et al. [1, 2].
However, the clinical efficiency of platinum-based drugs is
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limited by toxic side effects. Lack of clear distinction be-
tween the therapeutic and toxic doses of platinum drugs is a
major challenge for the design of novel metal-based anti-
cancer agents diverse from platinum(Il). The non-platinum
antitumor complexes have gained huge interest due to differ-
ent characteristics which contribute to the different mecha-
nisms of action [3].

The intermediate Lewis acid zinc(Il) is redox inert and
owns flexible coordination geometry; because of these facts,
zinc(Il) is a suitable cofactor in several proteins that perform
essential biological functions [3]. Also, it has been discov-

© 2021 Bentham Science Publishers


http://crossmark.crossref.org/dialog/?doi=10.2174/2210298101666210623114234&domain=pdf

Substitution Reactions Between Zinc(Il) Complexes and N-Bonding Nucleophiles

NH,

Zn-iCl
NH,”

Cl

[ZnCly(en)]

Current Chinese Science, 2021, Vol. 1, No. 5 551

[ZnCl,(terpy)]

SENSINS

imidazole

1,2,4-triazole

pyrazine

Fig. (1). Investigated complexes and nucleophiles along with the adopted abbreviation.

ered that zinc plays the role of a cytotoxic/tumor suppressor
agent in several cancers [4]. Zinc(I) complexes could be
potentially utilized as drugs with radioprotective and bioim-
aging [5], antibacterial or antimicrobial [6], antidiabetic,
insulin-mimetic [7] and tumor photosensitizer [8] functions.
The zinc(I) complexes are kinetically labile with the possi-
bility of geometrical changes. The mechanism of antitumor
effects of zinc(Il) coordination compounds could be linked
with the ability of changes in geometry (tetrahedral, five-
coordinate, octahedral), which will have a diverse affinity
toward donor site of biologically relevant nucleophiles [9,
10].

Investigation of the mechanism of interactions between
zinc(II) complexes and bio-molecules provides valuable in-
formation regarding the synthesis of novel drugs. The study
on substitution reactions between zinc(II) complexes under
physiological conditions with nitrogen-donor ligands, such
as imidazole, 1,2,4-triazole and pyrazine, is missing. Imidaz-
ole and triazoles have similar affinities over a large range of
pH toward zinc enzymes and they are well-known inhibitors
for enzymes [3].

Our previous results have indicated interconversion be-
tween tetrahedral [ZnCly(en)] and octahedral [ZnCly(en)]*
complex in the presence of different chloride concentrations
at pH 7.2 in 25 mM Hepes buffer [11, 12]. The coordination
geometry of complex [ZnCly(terpy)] was not changed due to
the strong m-acceptor ability of the tridentate chelate
2,2".6',2”-terpyridine that stabilizes the square-pyramidal
geometry [11]. In the presence of 1 mM NaCl according to
metal-ligand stoichiometry between [ZnCl,(terpy)] and im-
idazole, the five-coordinate [Zn(terpy)(imidazole),] complex
was formed [11]. The investigation of the cytotoxic activity
of zinc(II) complexes has shown the ability of complexes to
reduce cell viabilities. The [ZnCl,(terpy)] complex was sig-
nificantly cytotoxic on MDA-MB-231 cells (human breast
cancer cell line) after 72 h and human colon cancer cell line,
HCT-116, after 24 h without dose dependence, which can be
linked with square-pyramidal geometry and absence of
changes in the structure [13].

In order to complete our investigation of substitution re-
actions between zinc(II) complex and some biologically rel-
evant nucleophiles, we investigated kinetics at pH 7.4 in 10
mM Tris-HCI buffer in the presence of 1 mM NaCl and met-
al-ligand stoichiometry between Zn(II) complexes and chlo-
ride by the mole-ratio method. The ligands, imidazole, 1,2,4-
triazole and pyrazine, are chosen because of their medical
applications (antifungal, antitumor, antibiotic, and diuretic
applications).

The structures of the complexes and the selected nucleo-
philes are shown in Fig. (1).

2. MATERIAL AND METHODS

2.1. Experimental

All the reagents used in this study obtained from Sigma-
Aldrich (St. Louis, USA) and Merck (Darmstadt, Germany)
were of analytical grade or higher purity. Chemical analyses
were performed on a Carlo Erba Elemental Analyser 1106.
UV-Vis spectra were recorded on Uvikon XS and Shimadzu
UV250 diode-array spectrophotometers equipped with ther-
mostated 1.00 cm quartz Suprasil cells. The 'H NMR spectra
were acquired on a Varian Gemini-2000 spectrometer at 200
MHz. All chemical shifts have been referenced to TSP (tri-
methylsilylpropionic acid) in D,O and downfield shifts were
recorded as positive numbers. The pH meter Jenway 4330
with a combined Jenway glass microelectrode calibrated
with standard buffer solutions of pH 4.0, 7.0, and 10.0
(Merck) was used for pH measurements. The KCl solution in
the reference electrode was replaced with a 3 M NacCl elec-
trolyte to prevent precipitation of KCIO,4 during use [14, 15].

2.1.1. Synthesis of Complexes

The complexes [ZnCl,(en)] and [ZnCl,(terpy)] were syn-
thesized according to procedures reported in the literature
[16]. Calcd. for C,HsCIhN,Zn (%): N, 14.26; C, 12.23; H,
4.11. Found: N, 14.29; C, 12.19; H, 4.13. Characterization
results for [ZnCly(en)] complex were: 'H NMR (D,O, 295
K): d4.71 (¢, 2H), 5.81 (s, H) ppm; FT-IR (KBr): 3287 and
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Fig. (2). Absorbance changes for the reactions between [ZnCly(en)] complex (0.1 mM) and chloride for different molar ratios at pH 7.4 (10
mM M Tris-HCI buffer) and 295 K. Inset: Stoichiometry of chloride-[ZnCl,(en)] complex by mole-ratio method. (A higher resolution / col-
our version of this figure is available in the electronic copy of the article).

3232 n(N-H, NH,), 2953 n(Cgp3-H), 1138 n(C-N), 658 n(Zn-
N) cm . Calced. for C15H11C12N3Zn (%)I N, 1137, C, 4875,
H, 3.00. Found: N, 11.21; C, 48.31; H, 3.12 [13]. The com-
plex [ZnCly(terpy)] was also characterized by the same tech-
niques; the results were: '"H NMR (D20, 295 K): d 8.99 (d,
1H), d 8.69 (m, 2H), 8.44 (¢, 2H), 7.85 (¢, 2H) ppm; FT-IR
(KBr): 3063 n(C-H), 1595 and 1454 n(aromatic ring), 1051
n(C-N) , 778 n(Zn-N) ecm "' [13]. The geometries of the com-
plexes have been investigated and have been assigned as
tetrahedral [17a] and square-pyramidal [17b].

2.1.2. Mole Ratio Method

10 mL solutions of [ZnCly(en)] or [ZnCly(terpy)] with
constant (0.1 mM) concentrations were prepared while the
concentration of chloride varied in different molar ratios
([CI']/ [ZnCly(en)] = 0.5, 1, 2, 3, 7, 10, 20, 30, 40, 50 ) [18,
19]. The pH 7.4 was adjusted by Tris-HCI buffer (10 mM).
In the wavelength range of 200 to 450 nm, the absorbance of
the solutions was recorded. The absorbance at 230 nm was
plotted vs. the molar ratio of the reactants (Fig. 2). The ab-
sorbance increased up to the combining ratio, where the
formed complex absorbed more than the initial. At this point,
further addition of chloride had no great impact and less in-
crease in absorbance has been observed. At the mole ratio
corresponding to the combining ratio of the chlo-
ride/complex, the slope fell down.

2.1.3. Kinetics Measurements

The kinetics of substitution reactions for imidazole,
1,2,4-triazole and pyrazine nucleophiles was studied under
pseudo-first-order conditions with respect to the nucleophile
concentration, i.e. at least 10-fold times higher at pH 7.4 (10

mM Tris-HCI buffer) and at 295 K in the presence of 1 mM
NaCl. The substitutions started in thermostated UV-Vis
spectrophotometric cell by mixing equal volumes of complex
and ligand solutions and were followed for at least eight
half-lives at a suitable wavelength (Fig. (3), Electronic sup-
plementary material Tables S1-S6). The obtained kypsq values
are provided in Tables S1-S6 (Electronic supplementary ma-
terial), and were calculated as the average value from three
to five independent kinetic runs. All kinetic traces were fitted
as double exponential function by the Origin 2016 program.

3. RESULTS AND DISCUSSION

3.1. Mole-Ratio Method

In order to determine stoichiometry between Zn(II) com-
plexes and chloride at pH 7.4 (10 mM Tris-HCI buffer), the
molar concentration of Zn(II) was held constant, while the
amount of chloride varied at 10 times higher compared to the
initial complex concentration [18, 19]. The absorbance was
monitored in a wavelength range from 200 to 450 nm for
different molar ratios [C1')/[ZnCly(en)] (Fig. 2). The differ-
ence between the spectra was noticed in terms of the intensi-
ty of the absorbance, and the presence of mixed CI-H,O
complexes was not confirmed. The equivalence point at 230
nm corresponds to the formation of 1:2 complex (Fig. 2),
which indicates that the presence of 1 mM NaCl affects the
formation of [ZnCly(en)]” species.

At the selected wavelength of 255 nm for [ZnCl,(terpy)]
complex, no equivalence point was observed (Fig. (S1),
Electronic supplementary material), while the square-
pyramidal geometry of complex remained unchanged. An
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Fig. (3). Spectral changes of substitution reaction between [ZnCly(terpy)] complex (0.1 mM) and imidazole (4 mM) at pH 7.4 (10 mM Tris-
HCI buffer) with the addition of 1 mM NaCl at 295 K. (a) Spectrum before the reaction; (b) spectrum obtained three seconds after mixing of
the reactants; (¢) spectrum obtained after 65 s. Inset: time trace obtained for the reaction at 281 nm. (4 higher resolution / colour version of

this figure is available in the electronic copy of the article).

improved mole-ratio method for the identification of weak
complexes in solution was used for the analysis of the ob-
tained results [19] (Electronic supplementary material).

3.2. Kinetics Studies

Substitution reactions of investigated [ZnCly(en)] and
[ZnCly(terpy)] complexes with N-bonding nucleophiles were
monitored in the range of ca. 220-300 nm (Fig. (3). The re-
sults of mole-ratio studies confirmed the formation of
[ZnCly(en)]” anion in the presence of an excess of 1 mM
chloride. The coordination number of Zn(Il) changed from 4
to 6, and the geometry of the complex changed from tetrahe-
dral to octahedral, as observed in our previous research [11].
The equilibrium between the tetrahedral and octahedral
structures of Zn(II) complexes appeared in the solution [13].
The structure of [ZnCly(terpy)] complex remained square-
pyramidal in the presence of an excess of chloride.

All kinetic traces were calculated as double exponential
function (Fig. 3). The pseudo-first-order rate constants, kqpsq;
and kysq2, Were calculated from the kinetic traces (absorb-
ance/time traces) (Figs. (4, 5) and Figs. (S2-S3), Electronic
supplementary material).

Observed pseudo-first-order rate constants, kopsq and
kobsaz, Were plotted versus the concentrations of investigated
nucleophiles. A linear dependence on the nucleophile con-
centrations (Nu) for the first and second reactions was ob-

served for all the reactions. According to Egs. (1) and (2),
from the slopes of the observed straight lines, the second-
order rate constants, k; and k,, were determined.

kobsar = k1[Nu] + k_y (D
kobsaz = ko[Nu] + k., 2

In the cases when linear fits passed through the origin,
the possible parallel or backward reactions were insignificant
or absent, i.e. k; and k., were negligible, and Egs. (1) and (2)
could be simplified to kypsq1 = k1[Nu] and kopsa2 = ko[Nu]. The
obtained rate constants are provided in Table 1.

The ratio of kopsai/kopsa> Showed different manners of sub-
stitution reactions. The ratio around 2 to 6 indicates two par-
allel reaction paths, while when it is larger, 10-15 or even 20
to 60 (Tables S1-S6), the first reaction step is finished before
the second one starts, which is typical for consecutive reac-
tions. The observed small intercepts are associated with
back-reaction with the excess chloride present in solution, in
dichlorido [ZnCly(en)] complex with the formation of
[ZnCly(en)]” complex.

3.2.1. Substitution Reactions for [ZnCly(en)] Complex

According to the molar-ratio method, we assumed that
the presence of 1 mM NaCl had an impact on the formation
of octahedral complex anion [ZnCly(en)]*. All substitution
reactions of this species could be considered. The additional
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Table 1.
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Second-order rate constants for the first and second substitution reactions between zinc(II) complexes and imidazole,

1,2,4-triazole and pyrazine at pH 7.4 (10 m M Tris-HCI buffer) with the addition of ImM NaCl at 295 K.

[ZnCly(en)] imidazole 1,2,4- triazole pyrazine
B Ms! 268 + 26 327+20 199 + 13
107 k- *"[CI /M 's™! 47+9 - 23+04
B M s 6.1+03 172+ 16 8.6+0.5
10 k-, [CI /M 's™ 0.58 +0.09 - 0.058 + 0.001
[ZnCly(terpy)] imidazole 1,2,4- triazole pyrazine
EPMs! 536+ 12 475 £26 193+ 14
107 k- *[CI /M 's™ - - -
B M s 27+2 60+2 2+1
107 k-, [CI /M s 147+0.5 0.48 +0.01 10.4+0.5

chloride ligands are kinetically labile and equal for parallel
substitution routes (Scheme 1), which is a consequence of
large negative inductive effects of amino groups in ethylene-
diamine, i.e. the basicity of N-donors atoms increases and
the interactions between Zn(II) and -NH, groups are strong-
er [11]. In Zn(IT) complexes, there is no ligand field stabili-
zation energy, and the coordination number is determined by
a balance between bonding energies and repulsions among
the ligands [3, 13]. Therefore, coordinated chloride ligands
exchange rapidly because of their kinetic lability.

[Zn(L)Cl4]* + Nu —Zl~ [Zn(L)CI(Nu)]" + 3CI
[Zn(L)CI(Nu)]” + Nu —Z‘ [Zn(L)(Nu),] +CI

L= ethylenediamine (en)
Nu= imidazole, 1,2,4-triazole and pyrazine

Scheme (1). Substitution reactions of formed [ZnCly(en)]* complex
with the nucleophiles, imidazole, 1,2,4-triazole and pyrazine, in the
presence of 1 mM NaCl at pH= 7.4 (10 mM Tris-HCl buffer).

The first step of the substitution reactions could be inter-
preted as substitution of the axial chlorido ligand by the nu-
cleophiles followed by dissociation of the two chlorido lig-
ands, whereas the second step is the substitution of the last
chlorido ligand [12]. The order of reactivity of the investi-
gated nucleophiles for the first reaction step is 1,2,4-triazole
> imidazole > pyrazine, while for the second reaction step, it
is 1,2,4-triazole > pyrazine > imidazole. The second-order
rate constants for 1,2,4-triazole in both reaction steps are
similar in the order of magnitude (Table 1), which indicates a
parallel route of substitution and high affinity toward Zn(II).

It is well known that zinc is usually tetrahedrally coordi-
nated in enzymes; also, it possesses five coordinates in some
catalytic binding sites, but very rarely six coordinates [20,
21]. The lack of preference for a given coordinate number
leads to the rapid exchange of coordinated ligands [3]. The

free energies between six- and four-coordinate structures as a
consequence of ligand addition/elimination have shown that
the lowest-energy ground-state coordinate number of zinc is
likely 4 in biological systems [22].

3.2.2. Substitution Reactions for [ZnCly(terpy)] Complex

The substitution reactions between [ZnCl,(terpy)] com-
plex and nitrogen relevant nucleophiles occurred in two reactions.
The presence of chloride in solution did not affect the geometrical
structure; it remained square-pyramidal (Scheme 2).

[Zn(L)Cly] + Nu _’:> [Zn(L)(CI)(Nu)]
[Zn(L)(CD(Nw)] + Nu kfll [Zn(L)(Nu),]

L=2,2":6'2"-terpyridine (terpy)
Nu= imidazole, 1,2,4-triazole and pyrazine

Scheme (2). Substitution reactions [ZnCl,(terpy)] complex with the
nucleophiles: imidazole, 1,2,4-triazole and pyrazine in the presence
of 1 mM NaCl at pH= 7.4 (10 mM Tris-HCl buffer).

The direct nucleophile substitution reaction is a major re-
action pathway and the possible parallel or backward reac-
tions are insignificant or absent. The observed intercepts for
the second step could be ascribed to backward reactions with
an excess of chloride present in the solution. The strong -
acceptor ability of the tridentate chelate 2,2":6',2"-terpyridine
has an influence on the rates [23]. The order of reactivity of
nitrogen relevant nucleophiles toward [ZnCl,(terpy)] com-
plex for the first step is imidazole > 1,2,4-triazole > pyra-
zine, while for the second, it is 1,2,4-triazole > imidazole >
pyrazine. If we compare obtained results in the present in-
vestigation with our previous results obtained from the aque-
ous solution [13, 23], we can conclude that the presence of
chloride has a great influence on reaction rates [11, 13, 23].
The presence of chloride prevents the hydrolysis of
[ZnCly(terpy)] complex [11, 13, 23]. Hence in the presence
of chloride, the substitution reaction is faster; this is associ-
ated with the absence of different hydrolytic species and
parallel reactions that involve them.
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The different order of reactivity of relevant nitrogen-
donor ligands toward [ZnCly(en)] and [ZnCly(terpy)] com-
plexes for the first reaction step could be explained by the
influence of different geometrical structures of complexes
(octahedral in the case of the excess of chloride and square-
pyramidal). In the first step, we obtained the same order of
magnitude for &, especially for pyrazine. The low reaction
rates for the second reactions of [ZnCly(en)] complex with
imidazole and pyrazine could be the consequence of inter-
conversion between octahedral and tetrahedral structures
during substitution processes.

The obtained results indicate that the nature of inert lig-
and is very important for the design and synthesis of novel
zinc(II) complexes with potential medical utilization. Inter-
molecular interactions such as m-m stacking interactions be-
tween zinc(Il) and aromatic inert ligand could contribute to
the stable geometrical structures of novel zinc(Il) complexes
and reaction rates. The molecule undergoes an arrangement
of organic ligands and different supramolecular interactions,
7w interaction and H-bonding [24]. The novel direction in
the design of antitumor agents is zinc-organic poly-
mer/semiconductor nanoparticles [24, 25]. Specific proper-
ties of nanoparticles, such as their cytotoxicity and their
physiochemical properties, make them a promising candidate
for biomedical applications [25].

CONCLUSION

Two zinc(Il) complexes with different geometrical struc-
tures have been investigated in order to define the metal-
ligand stoichiometry and complex-formation reactions with
relevant N-bonding nucleophiles at pH 7.4 in the presence of
1 mM chlorides. The results indicated additional coordina-
tion of chlorides in the first coordination sphere with changes
in coordination geometry and formation of the octahedral
complex anion [ZnCly(en)]* while an excess of chloride did
not affect the square-pyramidal structure of [ZnCl,(terpy)].
We assume that the first reaction step of octahedral complex
anion [ZnCly(en)]*is accompanied by dissociation of chlo-
ride ligands. Nucleophile 1,2,4-triazoles have shown the
highest affinity toward [ZnCly(en)], and rates of both steps
were almost of the same value, which indicates parallel reac-
tions. The different order of reactivity of relevant N-donor
ligands toward [ZnCly(en)] and [ZnCly(terpy)] complexes for
the first reaction step was observed due to the influence of
different geometrical structures of complexes, while low
reaction rates for the second reactions of [ZnCly(en)] com-
plex with imidazole and pyrazine were a consequence of
interconversion between octahedral and tetrahedral structures
during the substitution processes. This study provides useful
information for the future design of potential zinc-based an-
ticancer drugs in combination with ligands that already have
medical applications.
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