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Abstract

A potentiometric investigation has been carried out to disclose the coordination properties of Dacarbazine, 5-(3,3-dime-
thyl-1-triazeno)-imidazole-4-carboxamide (abbreviated DTIC) with particular transition metal ions (Zn**, Cu?*, Ni?*
and Co?"). The coordination of DTIC with these metal ions results in several complexes emerging in solution. The aim
of this work is to determine the protonation constants of the DTIC and to show the extent of its coordination with
(Zn?*, Cu?*, Ni?* and Co?"), in other words, establish the stability of the complexes formed between the DTIC and these
metal ions by the determination of their stability constants. Experimental environments were organized to attain the
coordination and measurements in aqueous solutions at 25+0.1 °C and an ionic background of 0.1 mol dm=3 NaCl. The
HYPERQUAD computer program was used to determine both the protonation and stability constants for the ligand
and metal-ligand complexes respectively. DTIC has five protonation constants that can be obtained under experimental
conditions used; 10.54, 20.15, 26.99, 32.02 and 36.01. The results are interpreted in terms of the basicity of the donor
atoms and structural composition of the ligand. All the complexes produced in the solution are exhibited in speciation
diagrams.

Keywords: DTIC; Stability constants; Protonation constants; Potentiometric titration; distribution diagram; HYPER-
QUAD.

1. Introduction

DTIC is renowned for its antitumor activity !-> and nocarcinoma and soft tissue sarcoma.'4-16 The anticancer

as such is a drug utilised in chemotherapy for treating, spe-
cifically, malignant melanoma.®-® This is the most devas-
tating form of skin cancer and its rate is increasing global-
ly, particularly among the white population who are highly
exposed to sunlight.>!% Malignant melanoma can also be
located in other parts of the body, such as in the eye, the
digestive tract and mucosal surfaces of lymph nodes.!* But
it is plausibly treatable through surgical removal after di-
agnosis at initial phases.!! DTIC can also be used to treat
numerous types of cancer, namely Hodgkin lymphoma,
Sarcoma, and Islet Cell Carcinoma of the pancreas.!? DTIC
is presumed to attack and eliminate cancer cells by adding
alkyl groups to their DNA.!0:13

DTIC can be used in combination with various
chemotherapy drugs for more effective treatment of ade-

properties of DTIC are boosted when introduced as a
complex with certain metals such as copper (II), zinc (II),
nickel(II) and Cobalt (II).%!% 16-19 Therefore the coordi-
nation of DTIC with metal ions is an immediately rele-
vant topic in medicine as these types of interactions have
gained traction in the medical field. The antitumor prop-
erties of DTIC is manifested in its triazene group is re-
sponsible for the chemical and physical properties of the
molecule.?%2!

The intention behind this investigation is to evaluate
the coordination potential of the ligand DTIC by deter-
mining its dissociation constants and the stability of its
complexes with some divalent ions, namely; Zn?*, Cu?*,
Ni?*, and Co?*. DTIC has seven donor atoms so it is as-
sumed to possess a variety of coordination sites.
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2. Experimental
2. 1. Reagents

All the reagents used in this investigation were of an-
alytical grade. The transition metals and NaCl were pur-
chased from (Merck), potassium hydrogen phthalate
(KHF) and Borax (Na,B,0,) from (Fluka). DTIC and 0.1
mol dm~3 NaOH and 0.1 mol dm~ HCl as standard from
Aldrich. CO, free double distilled deionized water was uti-
lized in all experiments and prepared by means of an aqua
MAX™ - Ultra water purification system (Young Linst); its
resistivity was 18.2 M Q cm™!. Potentiometric titration was
operated by using the Molspin pH meter™ with an Orion
8102BNUWP ultra combination pH electrodes. The tem-
perature in the double-walled glass titration vessel was
continuously controlled using a thermostat (DIGITERM
100, SELECTA) and kept at 25.0 + 0.1 °C. The cell contents
were stirred at a constant rate.

Solutions of metal (2 x 10*) mol.dm™ were pre-
pared from ZnCl,, CuCl,, NiCl,, and CoCl,, and the exact
concentration was determined analytically by means of
ethylene-diamine-tetra acetic acid (EDTA).?? Less diluted
solution can be attained by volumetric dilution.

2. 2 Potentiometric Measurements

The glass electrode was calibrated by means of two
buffer solutions with pH of 4.005 (KHP) and pH = 9.018
(Borax) at 25.0 £ 0.1 °C following the guidelines of the
Molspin manual > NaOH was standardized with primary
standard (KHP) solution by pH metric titration. HCl solu-
tion was prepared from concentrated HCl and its concen-
tration was determined with standardized NaOH. All po-
tentiometric titrations were undertaken in 100 mL
double-walled glass vessel using combination electrode
and the temperature was controlled as it mentioned in sec-
tion 2.1 above. Atmospheric CO, was excluded from the
titration vessel by pumping nitrogen gas (99.9%) through
the titration vessel and to keep an inert atmosphere. The
vessel was equipped with a small magnetic stirrer, and a
securely fitting cap containing three holes to accommo-
date the combined electrode, combined nitrogen gas inlet
and outlet ports and an automatic burette to deliver the
alkali solution. The system was maintained at a fixed ionic
strength of 0.1 mol.dm~3 by means of NaCl as background
electrolyte. All potentiometric titrations took place in
solution, in a 100 mL double - walled glass vessel using the
Molspin automatic titration system as mentioned previ-
ously.

Approximately 0.01 mmol of DTIC was placed in the
reaction cell to which the needed quantity of the support-
ing electrolyte 0.1 mol.dm= NaCl and 0.1 mol dm= HCl
were added, followed by doubly distilled deionized water
to bring the total volume to 50 mL pH measurements of
the solution were taken after the addition of 0.03 cm?® of
the standardized NaOH. Other solutions include the same

quantities as above in addition to about 0.01 mmol of tran-
sition metal ions of Zn**, Cu?*, Ni?* and Co** in each iter-
ation, followed by adding doubly distilled deionized water
to make up the total volume 50 mL as before.

The potentiometric titrations were arranged so that
the ratio ligand to metal ion is 1:1 throughout the whole
investigation, with each titration repeated three times. The
pK,, value used in the calculations is 13.41. The data ob-
tained from potentiometric titration were used to calculate
the protonation constants of the ligand and stability con-
stants of the metal complexes using the HYPERQUAD
computer program.?*

3. Results and Discussion

3. 1. Dissociation Constants of DTIC

The protonation and deprotonation properties of the
ligand DTIC Figure 1 are studied potentiometrically in
this investigation. Figure 2 and Figure 3 demonstrate the
titration curve and the species distribution diagram of
DTIC ligand respectively. Both protonation and deproto-
nation (dissociation) constants of this ligand are deter-
mined through a sequence of numerous separated potenti-
ometric measurements. The distribution diagram Figure 3
displays various ligand species concentration depending
on pH. Six species have been observed during the potenti-
ometric titration course; L, HL, H,L, H;L, H,L and HsL,
which are governed by five dissociation constants. The five
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Figure 2. Titration curve of DTIC

Atabeyet al.: Potentiometric Study of the Dissociation and the Metal



Acta Chim. Slov. 2023, 70, 21-28

values of the protonation and dissociation constants of the
DTIC ligand are listed in Table 1. Figure 4 shows the fully
protonated ligand, where the three nitrogen atoms in the
Triazenyl group and oxygen atom of carbonyl group are
protonated. DTIC can also exist in two tautomeric forms;
a and b Figure 5. Tautomer b has a higher stability than
tautomer a due to the formation of two intramolecular hy-
drogen bonds.?>2¢
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Figure 5. Tautomeric forms (a and b) of DTIC

The following equation represents the deprotonation
equilibrium (charges are omitted for simplicity):

LH,=LH, , +H
and the dissociation constants (K,) are given as:

Kn = [LHn—l] [H] / [LHn]

The species distribution diagram Figure 3 shows the
pH range where all species of the ligand are formed and its
concentration at any specific pH, represented as a percent-
age. The distribution diagram provides the requirements
for the experimental conditions needed for the coordina-
tion between any species of the ligand with metal ions.

Table 1. Dissociation constants of the ligand (25.0 £ 0.1) °C, I = 0.1
mol dm~ NaCl in aqueous solution)

Ligand Species Log;of pK, values

DTIC H;L 10.54 3.99
H,L 20.15 5.03
H;L 26.99 6.84
H,L 32.02 9.61
HL 36.01 10.54

Theoretical calculations were used to determine the
protonation order of the three nitrogen atoms in DTIC.
The proton affinity (PA) of each donor atom engaged in
the protonation process, can be calculated from the fol-
lowing equation: %

PA(B)= 367.2 + AH;(B) - AH; (HB")

PA (B) is the proton affinity of molecule B, AH; (B)
and AH¢(HB") are the heat of formation of molecule B and
protonated BH" respectively, and 367.2 is the heat forma-
tion of H*.

Table 2. The calculated AH of TE and PA values for DTIC ligand
and its mono-protonated forms using the PM3 method.

PM3
Species T.E. (kcal/mol) Hf (kcal/mol) PA
DTIC -49127,38 42.68 -
1 N-H* -49318,84 194.28 205.09
2 N-H* -49309,58 155.27 195.82
3N-H* -49319,66 142.21 205.95

The protonation order in Table 2 displays the extent
of the basicity of the donor atoms in the ligand. This is
significant in demonstrating the coordination between the
ligand and the proton or metal ion as well as the expecta-
tion of the coordination positions. The protonation con-
stant of a ligand is essential to measuring its basicity.282°

N#3 in Figure 4 is more basic than the other nitrogen
donor atoms in the triazenyl group, and a probable in-
tra-hydrogen bonding is presumed to develop with the hy-
drogen of the amide group. Intra-hydrogen bonding is also
possible between the oxygen of the carbonyl group and the
proton of the nitrogen in the imino group of the imidazole
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moiety Figure 5.2° This bonding will not be expected to
preclude the coordination process between the ligand and
metal ion; this is due to the tenuous construction of this
bonding.’%3! The existence of a C=0 dipole and, to a
smaller degree, an N-C dipole in the DTIC, allows it to
operate as a hydrogen bond acceptor. The C=0 dipole con-
sists of a m-bonding structure and its oxygen atom has
higher electronegativity than nitrogen in the N-C group,
giving the carbonyl group greater electronegativity. DTIC
can engage in hydrogen bonding with water molecules
thus increasing the water solubility of the ligand in aque-
ous solutions. The high electron withdrawing environment
of the carbonyl group through resonance is due to the
delocalization of the loan pair of electrons on the nitrogen
of amide moiety, thereby decreasing the basicity of the ni-
trogen atom. In other words, the electron withdrawal envi-
ronment produced by this conjugated system will con-
strain the capability of the loan pair of electrons in the
amide group to coordinate with electrophiles.

The ligand distribution diagram Figure 3 identifies
the initial experimental conditions of the coordination be-
tween the ligand and metal ion.33? Six species exist in
solution within the pH range between above 2 to just lower
than 12, the above mentioned diagram Figure 3 shows
clearly the pH range and the amount of each species exists
in the solution. Five protonation and five deprotonation
(dissociation) constants are obtained in this study. pK, of
value 3.99 Table 1 is associated with the nitrogen N#2,
where values are reported in literature 2.33 and 2.30 for
monocyclic and bicyclic diazine respectively.>*>** The pK,
value of 5.03 is related to the oxygen in carbonyl group,
while pK, of 6.84 is associated with pyridine like nitrogen
atom in the imidazole moiety.>® The other two pK, values
10.54 and 9.61 are associated with N#3 and N#1 respec-
tively.

3. 2. Stability Constants

The stability constants of mono-binary complexes of
Dacarbazine with some divalent metal ions in aqueous
solution were determined with the HYPERQUAD 2* com-
puter program. The overall stability (f,,q,) constants for the
complex formed from the metal ion (M), ligand (L) and
acid (H):

pM+qL +rH =ML H,
can be represented by:

Bpqr = IMpLgH, ]/ [M],[L][H],
where p, q and r are the respective stoichiometric coeffi-
cients. Various probable species form in the solution de-
pending on pH; with only mono-binary complexes are

formed for all the metal ions and possible existence of hy-
droxyl complexes at a high pH. The hydrolysis process

which leads to the formation of the hydroxyl species in our
system involves the water molecules bound to the metal
ion and pH.3*3 This happens as a result of the increase in
acidity of the attached water molecules due to the forma-
tion of the coordinated bond. 3¢ The formation of coordi-
nated bonds will induce the whole electronic charge distri-
bution and increase the charge withdrawal environment
towards the metal ion.’®37 There is no indication of the
chloro-complexes existing in the solution. Data in Table 3
represent values of stability constants for all species formed
in the solution at the experimental conditions set.
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Figure 6. Titration curves of DTIC with Zn(II), Cu(II), Ni(II) and
Co(II) at (298 K, I =0.1 mol dm=3 NaCl in aqueous solution.

Table 3. Stability constants of DTIC complexes with some divalent
metal ions (25.0 + 0.1) °C, I=0.1 mol dm™ NaCl in aqueous solu-
tion.

Species Cu?* Ni2+ Zn%* Co?*
mhl log,p

101 19.61 (1) 18.30 (2) 19.10(6) 18.57 (1)
111 26.74 (3) 25.81 (6) 26.66 (4) 26.36 (6)
121 32.04 (4) 32.45 (9) 33.73 (6) 33.09 (7)
131 38.49 (5) 38.53 (9) 39.77 (8) 39.25 (8)
1-11 10.23 (4) 9.31(9) 11.25 (6) 9.14 (8)
1-21 0.16 (3) 0.09 (5) 1.66 (7) 0.35(1)
o (sigma)  0.79 1.51 1.40 1.28

Conditions were organised as a 1:1 ligand to metal
ratio throughout all experiments. Owing to substantial ba-
sicity and the bi-dentate mode of the DTIC ligand, mo-
no-binary complexes were formed in solution at this ratio.
All complexes of the ligand with all metal ions were pres-
ent in the solution at early stages of coordination. This is
additional evidence of DTIC’s basicity strength.

The chemical, physical and anti-tumour properties
are due to the existence of triazenyl group in the DTIC li-

Atabeyet al.: Potentiometric Study of the Dissociation and the Metal



Acta Chim. Slov. 2023, 70, 21-28

gand.?’ The more basic nitrogen atom in this group is N#3
(see Table 2), so it can be assumed that the coordination of
the DTIC ligand will take place through this nitrogen at-
om. Since the DTIC is of bi-dentate nature, the most ap-
propriate donor atoms to coordinate with the metal ions
are the nitrogen N#3 in the triazenyl group and the nitro-
gen atom of the amido group, where the six membered
ring is formed. Possible intra-hydrogen bonding is expect-
ed to formulate between the oxygen of the carbonyl group
and hydrogen of the imine group in the imidazole moie-
ty.25

The size and structure of the ligand might develop
the possibility of steric hindrance when coordinating with
a metal ion to form a complex. But the reasonably high
stability constants of the complexes in all metal ions used
in this study (Table 3) reveal that steric hindrance has less
impact than would be expected. This might be justified on
the basis that the DTIC ligand is efficient in modifying its
shape when the coordination process takes place, keeping
steric hindrance at its minimum.®

Comparing titration curves of the free ligand Figure
2 with that of the metal-ligand complexes Figure 6 reveal
that the latter half of the curves (of the metal ligand com-
plexes) will shift downwards towards a lower pH. This is
due to the liberation of protons during the formation of
hydroxyl complexes. This complies with the species distri-
bution curves Figure 7 a-d as they indicate the formation
hydroxyl complexes at a high pH. The quantity of protons
liberated varies with the strength of the metal-bond.

All species of Zn-DTIC are higher in stability than
the corresponding Cu?*, Ni** and Co?* (except Cu-HL and
Cu-L species) Table 3. This might indicate that the Zn-
DTIC complex is susceptible in modifying its structure
from octahedral [Zn(H,0)¢]?* to a tetrahedral [Zn(DTIC)
(H,0),]?>* when the complex is formed.*® The extra stabil-
ity is due to an increase in entropy as a result of the altera-
tion in structure.’” Zn-DTIC species forms in solution
throughout a broad range of pH 4 - 11 Figure 7-a. At pH
range 4.5-5.5 the only species that exist in solution are Zn-
H,L and Zn-H,L, with a maximum percentage of Zn-H,L
over 90% of the total concentration of the metal ions at pH
4, while the species Zn-H,L forms just above pH 5 and
reaches its maximum percentage of 65% of the metal ions
at pH 6.5. Zn-HL forms initially at pH just above 6 and
attains a maximum percentage of 40% of the metal ion at
pH 7.25. Zn-L starts to form in an appreciable amount at
pH just above 7 and reaches maximum percentage of 35%
at pH 7.75. At higher pH values, between 8 and 11, the
main constituents in the solution are Zn-H_;L and
ZnH_,L. The Zn-H_,L species reaches a peak of 75% at pH
9 while ZnH_,L starts to form at pH just after 9 and
achieves a peak at 95% with pH 11.

The mono-binary Zn-DTIC system (and also other
systems of other metal ions) subsists with numerous spe-
cies mentioned earlier, with each species initiated from its
predecessor as a consequence of proton release. The de-

protonation process, which is ongoing during the coordi-
nation progression, occurs as a consequence of the coordi-
nated bond formation, which yields electron withdrawal
in the direction of the metal ion. This leads to an increase
to the dissociation of water molecules attached to the met-
al ions to produce hydroxyl groups. For this reason, the
coordination between the metal ion and ligand will in-
crease the dissociation of these water molecules, and any
another acidic hydrogen in the complex, as a result of elec-
tron density shifted from the ligand towards the metal ion.
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Figure 7-a. Species distribution diagram for Zn-DTIC system.

Figure 7-b displays all the probable species from the
coordination of Cu?* with the DTIC; six species of Cu-
DTIC complex can be traced by means of our computer
program when produced in detectable quantities. The
complexes formed at pH levels between 4 and 6 are Cu-
H;L, Cu-H,L and Cu-HL. The dominant species under pH
5 is Cu-H;L, and at pH 5.75, the species Cu-H,L, which
comprises 10% of all of the metal ions at its peak. The spe-
cies Cu-HL forms at just above pH 5, and at pH 6.5 reach-
es its maximum proportion of 70% of all of metal ions. The
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Figure 7-b. Species distribution diagram for Cu- DTIC system.
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species Cu-L starts to form at pH just above 6 and at pH
8.5 reaches its maximum of 85% of all of the metal ions. At
a high pH, there is a possibility that the hydrated Cu(II)
ion would hydrolyse, forming hydrolysed species.*> When
the pH value exceeds 8, Cu-H_,L (hydrolysis species) starts
to form and reaches its maximum of about 50% of all met-
al ions at pH approximately 9.75, followed by the forma-
tion of the second hydrolysed species CuH_,L at just about
pH 9 and reaches its maximum at pH above 11 (Figure
7-b). The formation of the hydrolysed species in the solu-
tion also depends on the presence of water molecules on
the solvated metal ion and type of metal ion.>

Figure 7-c displays the distribution diagram for a Ni-
DTIC system which shows resemblance to the cases of both
Cu-DTIC system and Zn-DTIC system. All the species of
the Ni-DTIC system formed almost in the same pH range
as that of Cu (I)-DTIC system. This indicates that the spe-
cies of both Ni-DTIC and Cu-DTIC are similar in strength
(Table 3). Ni-H;L, Ni-H,L and Ni-HL formed in percepti-
ble amounts in the pH range of 4 to 6.5, which is almost the
same range as that of the Cu(II) species. The maximum
percentage of Ni-H;L occurs in the solution at pH 4, while
the maximum percentage of Ni-H,L is at 45%, formed at
pH around 6.5. The Ni-HL species starts to form at pH just
above pH 6 and reaches its maximum of 55% at pH 7.25.
The maximum percentage composition of Ni-L is 75% of
the total metal ions at pH 8.25. At pH just above 8 the hy-
drolysed species Ni-H_;L started to form and reached its
maximum at 35% of the total metal ions at pH 9.25,
Ni-H_,L starts at pH just above 8.5 and rises to above 10.5.
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Figure 7-c. Species distribution diagram for Ni- DTIC system

Similarly, Co(II) also forms 6 species as a result of
coordination between the metal ion and DTIC Figure 7d.
The coordination starts at a low pH to form the Co-H;L
species followed by the species Co-H,L as it starts to form
just above pH 5 and reaches maximum of 50% at pH 6.5.
Another species presents in the solution is Co-HL which
reaches a maximum of about 60% at pH 7.25. Co-L species

forms at pH just over pH 7 and exists and attains a maxi-
mum percentage of 70% at about pH 8.5 and fades away at
approximately pH 10.

Hydrolysed species start to occur in significant
amounts at pH exceeding 8 as a result of the dissociation of
water molecules attached to the partially complexed metal
ion in the basic medium as mentioned above. Only two
hydrolysed species occur in the experimental conditions
used, Co-H_;L and the Co-H_,L, with the first species ex-
isting at a maximum of about 15% at pH 9 whilst the latter
becomes the dominant species at pH above 10 Fig 7-d.
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Figure 7-d. Species distribution diagram for Co- DTIC system.

4. Conclusion

The importance of DTIC is due to its anticancer
properties, used on its own and combined with other
drugs in chemotherapy treatments. These properties are
enhanced when DTIC is present as a complex with certain
metals. The coordination between the DTIC ligand and
some selected di-valent transition metal ions are achieved
potentiometrically, yielding numerous complexes includ-
ing hydroxyl complexes in the solution depending on pH.
This investigation was aimed to determine the dissociation
constants of the ligand and the stability constants of the
ligand-metal complexes. Experimental conditions were
arranged for 1:1 ligand to metal ratio, so only mono-bina-
ry complexes were expected to form in the solution. In-
tra-hydrogen bonding is presumed to occur in both, the
free ligand and complexed ligand via the oxygen of the
carbonyl group and hydrogen in imidazole moiety. All
metal-ligand species formed in the solution are exhibited
in the speciation diagrams provided.
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Povzetek

Izvedli smo potenciometri¢no raziskavo koordinacijskih lastnosti dakarbazina, 5-(3,3-dimetil-1-triazeno)-imida-
zol-4-karboksamida (DTIC), z ioni nekaterih prehodnih kovin (Zn?*, Cu?*, Ni?* in Co?*). Koordinacija DTIC z omen-
jenimi ioni povzroci nastanek vedjega $tevila kompleksov v raztopinah. Namen dela je dolociti konstante protonacije
DTIC in pokazati obseg njegove koordinacije z ioni Zn**, Cu?*, Ni** in Co?* oziroma dolo¢iti stabilnosti kompleksov
med DTIC in temi ioni z dolocitvijo njihovih konstant stabilnosti. Meritve smo izvedli v vodnih raztopinah pri 25+0.1 °C
v 0.1 mol dm™ NaCl. Za izra¢un konstant protonacije in stabilnosti za ligand in komplekse smo uporabili program HY-
PERQUAD. DTIC ima pet konstant protonacije, katerih vrednosti znasajo pod eksperimentalnimi pogoji 10.54, 20.15,
26.99, 32.02 in 36.01. Rezultate smo interpretirali glede na bazi¢nost donorskih atomov in strukture liganda. Vsi kompl-
eksi, nastali v raztopinah, so prikazani na speciacijskih diagramih.
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