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The stoichiometry and stability of copper(Il), zinc(II), iron(I)/
(III) and gallium(Ill) complexes of salicylaldehyde thiosemi-
carbazone (STSC, H,L) have been determined by pH potent-
iometry, UV/Vis spectrophotometry, and 'H NMR and EPR
spectroscopy in aqueous solution (with 30% DMSO), to-
gether with the characterization of the proton dissociation
processes. Mono- and bis-ligand complexes in different pro-
tonation states were identified for Fe!, Fe! and Ga',
whereas Cu'! and Zn" ions only form complexes with a 1:1
metal/ligand ratio. The coordination mode in the complex

[Zn,(HL)(L)(OACc)EtOH] was confirmed by X-ray diffraction.
The metal-binding ability of STSC at physiological pH is in
the following order: Ga™ < Zn" < Fe" < Fe < Cu'l. Ga-
STSC complexes show unambiguously higher stability,
whereas Fe'-STSC species show significantly lower stability
relative to the corresponding «(N)-pyridyl thiosemicarb-
azones like 2-formylpyridine thiosemicarbazone or Triapine.
Furthermore, the fluorescence properties of the ligand were
investigated in aqueous solution, and their changes caused
by complexation with Ga'' and Zn" were studied.

Introduction

Thiosemicarbazones (TSCs) are considered to be poten-
tial therapeutics, because they possess a broad range of bio-
logical properties including antitumor, antimalarial and an-
timicrobial activity.l'! The most prominent representative of
this family is the a(N)-heterocyclic Triapine (3-aminopyr-
idine-2-carbaldehyde thiosemicarbazone; 3-AP), which is
currently undergoing different phase-I and -1I clinical trials
as an antitumor agent and demonstrates promising activity
mainly in hematological malignancies.l”! Triapine is a very
strong inhibitor of ribonucleotide reductase (RNR), the
rate-determining enzyme in the supply of deoxyribonucleo-
tides for DNA synthesis required for cell proliferation. The
mechanism of action involves most probably the formation
of an iron(II)-Triapine complex, which reacts with molecu-
lar oxygen to result in the generation of reactive oxygen
species (ROS). Subsequently, these ROS are responsible for
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the quenching of the active-site tyrosyl radical of the RNR
required for the enzymatic activity.> As a result, the coor-
dination chemistry of iron complexes of TSCs has been re-
ceiving considerable attention recently.*® Generally, the
TSCs coordinate to the metal centre by means of an (N,S)
bidentate mode, and when an additional coordinating
group is present more diversified binding modes can occur
such as the typical tridentate (X,N,S) coordination fash-
ion.I The stability of the metal complexes formed with the
TSCs strongly depends on the character of the metal ion,
the X-donor atom of the additional functional group and
the position and type of the substituents at the TSC back-
bone, as has been shown in our previous papers in the case
of several a(N)-pyridyl-type TSCs.[>® The presence of a
phenol OH group at a chelatable position like in the salicyl-
aldehyde (or 2-hydroxybenzaldehyde) thiosemicarbazone
(STSC, H,L; Scheme 1) instead of the pyridyl nitrogen
atom might provide a different and more favourable coordi-
nation for harder metal ions that prefer oxygen donor
atoms. Numerous metal complexes of STSC and its deriva-
tives with, for example, Pd", Zn', Cu", Ni'! and V'V ions
were prepared®'!l and tested in vitro on various cancer and
tuberculosis cell lines, as well as parasites and pathogenic
bacteria.l'%! For example, a monomeric Cu'® complex of
STSC showed distinct activity on a human leukemia cell
linel'?l and Zn" complexes of various derivatives of STSC
display considerable antimicrobial activity.['3] In compari-
son, the STSC ligand alone possesses only low antiprolifer-
ative activity on tumor cells.['>!4l In general, it is observed
that the biological activity of the complexes of this kind of
TSCs is often higher than that of the corresponding metal-
@WILEY i@
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Scheme 1. Formulae of the ligand salicylaldehyde rhiosemicarbazone (STSC, H,L) with its deprotonation steps and 2-formylpyridine
thiosemicarbazone (FTSC, HL) as a prototype of the a(N)-pyridyl thiosemicarbazones.

free ligands. Also noteworthy are the analytical applications
of the STSC complexes for the determination of the metal-
ion content of biological samples under highly diluted con-
ditions by spectrophotometry or fluorimetry."! To gain
further insight into the coordination chemistry of thiosemi-
carbazone ligands, thermodynamic data such the stability
constants are also needed, which help in optimizing analyti-
cal or biological applications of their metal complexes.
The characterization of the potentially active complexes
is usually performed in the solid phase or in a solution of
organic solvents, but these techniques may not provide suf-
ficient information on the biotransformations of metal-con-
taining drugs in the biological fluids. However, knowledge
of the speciation and the most plausible chemical forms of
these complexes in aqueous solution, especially at physio-
logical pH, is a mandatory prerequisite for understanding
the mechanism and might be useful for the design of more
effective and selective chemotherapeutics. Very little infor-
mation is available in the literature about the thermo-
dynamic stability of the complexes of STSC and its deriva-
tives, most probably due to their generally low water solu-
bility, which results in experimental limitations for solution
equilibrium studies. The use of mixed organic solvent/water
mixtures can provide stability information, which is un-
doubtedly useful for comparing the stability of complexes
of different metal ions or a series of ligands. Thus, the con-
clusions cannot be directly transferred to the solution be-

haviour of the metal complexes in water. However, it was
found in our previous work that the speciation is compar-
able in the presence of 30% dimethyl sulfoxide (DMSO)
and pure water.[°]

In the present work, detailed pH-potentiometric, UV/Vis
spectrophotometric, EPR, 'H NMR spectroscopic and
spectrofluorimetric measurements have been performed to
investigate the stoichiometry and stability of the complexes
of STSC formed with Fe!!, Fe, Cu'l, Zn" and Ga'" ions
in a water/DMSO mixture in addition to the proton-dissoci-
ation processes of the ligand. As the simplest tridentate
O,N,S-type TSC, STSC was chosen as a model compound
to clarify the stability order of the complexes of the dif-
ferent metal ions relative to the behaviour of a(N)-pyridyl-
type TSCs.

Results and Discussion

Proton-Dissociation Processes and Lipophilicity

The proton-dissociation processes of STSC (shown in
Scheme 1) were monitored by pH potentiometry, UV/Vis
spectrophotometry and spectrofluorimetry as well as 'H
NMR spectroscopic titrations. These studies were per-
formed in 30% (w/w) DMSO/H,O solvent mixture due to
the low solubility of the compound in pure water. The hy-
drolytic stability of the ligand was monitored by a second

Table 1. Proton dissociation constants (pK,) of the ligand STSC determined by various methods;®! 1,..., and molar absorptivity [M 'cm™]
values for the ligand species [H,L], [HL]", [L]* determined by UV/Vis spectrophotometric titrations and calculated chemical shift [ppm]
values for species of [H,L], [HL] obtained by '"H NMR spectroscopic titrations. [¢ = 25.0 °C, I = 0.10 M (KCI) in 30% (w/w) DMSO/

Hzo]
pH-metry UV/Vis Fluorimetry Fluorimetry!®! '"H NMR spectroscopy!®]
K, 8.89(0.04) 8.84(0.05) 8.92(0.02) 8.88(0.02) 9.09(0.09)
Pk, 12.59(0.05) 12.57(0.05) - - -
/,Ll"ﬂax (8)
[H,L] 302 nm (17400 M cm); 328 nm (18700 m' cmY)
[HL] 296 nm (13950 M~ em~'); 373 nm (11700 m' em-')
[L> 296 nm (10760 M 'ecm™); 372 nm (15690 M 'cm ™)
0 [ppm] CH(=N) (s) CH(6) (d) CH(4) (dd) CH(5) (dd) CH(3) (d)
[H,L] 8.34 7.71 7.38 7.02 6.98
[HL] 8.42 7.69 7.15 6.51 6.60

[a] Uncertainties (SD) are shown in parentheses. [b] Determined by fluorimetric titrations in pure water. [c] Determined in 30% (w/w)

[DsJDMSO/H.,O.
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titration with KOH from pH = 2 to 12.5 following back-
acidification of the initially titrated sample. The recorded
titration curves were almost exactly superimposed, there-
fore the protonation constants calculated from the two con-
secutive titrations were found to be equal within =0.05 log
units, which indicated that no decomposition occurred. Ac-
cording to the literature, the neutral and completely proton-
ated STSC (H,L) ligand is present in the hydroxy (OH)-
thione (NHC=S) form in the solid state,'®l and the similar
tautomeric form of a methoxy derivative of STSC was
found in solution.'”! Thus, two proton-dissociation pro-
cesses of STSC could be determined by pH potentiometry
and UV/Vis spectrophotometry. The pK, values are col-
lected in Table 1.

The proton-dissociation processes overlap. However, pK;
can presumably be mainly attributed to the deprotonation
of the phenol OH group, whereas pK, belongs largely to
the hydrazine N°>-H group of the thiosemicarbazide moiety,
and the negative charge is mainly localized on the S atom
by means of the thione/thiol tautomeric equilibrium as
shown in Scheme 1. It is noteworthy that pK, has a rather
high value, which results in limitations to its accurate deter-
mination, because this deprotonation takes place in a pH
range in which the pH measurement becomes uncertain. In
the literature, values of pK; = 9.67 and pK, = 11.55 were
obtained for STSC in a 50% methanol/water mixture with
a similar assignment of the protons.['® In comparison, the
proton-dissociation constant of the azomethine nitrogen
atom (pK5>) is higher by more than one order of magnitude
than that of the corresponding a(N)-pyridyl TSCs such as
2-formylpyridine TSC (FTSC; Scheme 1) (pK, = 11.13).1¢
The higher electron density on the phenolate most likely
results in a decrease in the acidity of the hydrazine nitrogen
atom through the conjugated electron system.

The UV/Vis spectra of STSC show characteristic pH-de-
pendent changes of the overlapping n—n* and n—n* tran-
sition bands, which originate mainly from the azomethine
chromophore (4.« = 302 nm) and the phenol moiety (Aax
=~ 328 nm) (Figure 1).

The spectra reveal the development of a strong band with
Amax = 373 nm and a decrease of the peak with A, =
328 nm in the pH range of the first deprotonation process
when the ring hydroxy group releases the proton, whereas
the deprotonation of the hydrazine N>-H moiety at a pH >
11 results in less considerable changes. Proton-dissociation
constants and the spectra of the individual ligand species
(H,L, HL-, L>) (Table 1) were calculated on the basis of
deconvolution of the pH-dependent UV/Vis spectra. The
pK, values are in a reasonably good agreement with those
obtained by pH potentiometry. Concentration distribution
curves of STSC calculated with the help of the pK, values,
together with the absorbance values at A = 373 nm as a
function of pH, are shown in Figure 1.

STSC, as with the TSCs generally, possesses intrinsic
fluorescence properties as shown in the 3D spectrum in Fig-
ure 2; two excitation maxima at 320 and 390 nm are found.
This can enable, for example, the monitoring of the cellular
uptake or intracellular distribution of the ligand or its metal
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Figure 1. UV/Vis absorption spectra of the STSC ligand recorded
at different pH values. Inset: concentration distribution curves for
ligand species with the pH dependence of absorbance values at
373 nm (#) [Cligana = 50 pv; ¢ = 25.0°C, I = 0.10 m (KCI) in 30%
(w/w) DMSO/H,0].

complexes by fluorescence microscopy. The pH-dependent
fluorescence spectra for STSC reveal that the emission in-
tensity is strongly sensitive to the pH. The first proton-
dissociation process primarily results in a significant in-
crease in the intensity (Figure 2). At the highly basic pH
range, at which the second dissociation takes place, the
quenching effect of the hydroxide ion disturbed the mea-
surement. Therefore, only pK; could be determined with
appropriate accuracy by this method, and similar spectral
changes and the proton-dissociation constant were also ob-
tained in the absence of DMSO in pure water (Table 1). It
is worth noting that the pK; values obtained for the phenol
OH group in the two kinds of solvent differ practically
within the experimental error; however, in the presence of
DMSO a somewhat higher pK, would be expected as is
generally seen for the anionic bases.['*]
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Figure 2. Fluorescence emission spectra of STSC recorded at dif-
ferent pH values [jigana = 5.1 uM; Apx = 320nm; ¢t = 25.0°C, I =
0.10 M (KCl) in 30% (w/w) DMSO/H,0; slits: 5 nm/5 nm]. Inset:
3D fluorescence spectra at pH = 7.40.

Additionally, "TH NMR spectroscopic titrations were per-
formed to monitor the proton-dissociation processes of
STSC. The chemical shifts (d) of the ring and CH(=N) pro-
tons exhibited reasonable sensitivity to the protonation
state of the ligand, as shown in Figure 3. Upon the first
deprotonation step (between pH = 8 and 10), upfield shifts
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are observed for all the aromatic protons, whereas the
CH(5) and CH(3) protons were found to be the most sensi-
tive ones, and the chemical shift of the CH(=N) proton in-
creases slightly as the pH is elevated. On the basis of these
changes, pK; and chemical shifts of the individual ligand
species (H,L; HL") were calculated (Table 1). Further
minor changes were observed at pH > 11, which did not
provide the accurate determination of the pK, value.
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Figure 3. '"H NMR spectrum of STSC recorded at pH = 3 with (a)
proton assignment and (b) pH dependence of the chemical shifts
of the various protons of the ligand: CH=N (s, <); CH(6) (d, @);
CH(4) (dd, A); CH(5) (dd, ®); CH(3) (d, O) [t =25.0°C; I=0.10 ™
(KCI) in 30% (w/w) [Dg]DMSO/D,0].

According to the pK, values of STSC, it can be noted
that the ligand is mainly neutrally charged at physiological
pH (96% in H,L form, 4% in HL form; see inset of Fig-
ure 1), thereby enabling an easier passage across the cell
membrane relative to the ionic deprotonated forms HL~
and L?~. The lipophilicity of a compound is often expressed

by the partition coefficient (P) of the neutral, non-ionized
species. However, the pH-dependent distribution coefficient
(D) represents the actual partitioning between isotropic sol-
vents such as n-octanol and water under the given circum-
stances. As the lipophilic character of drugs is most interest-
ing at pH = 7.40, D7 4 is usually determined. The values of
logD74 = 1.74£0.10 and logDgo = 1.78 £0.05 were ob-
tained for STSC by the traditional shake flask method
(log D¢ is equal to the log P of STSC, because at pH = 6
the neutral H,L is present at >99%). This result represents
a more lipophilic character of the STSC ligand relative to
Triapine, which has a log D; 4 = log P = 0.85 £ 0.08 value.

Cu"" and Zn" Complexes of STSC

The pH-potentiometric titration data obtained in 30%
(w/w) DMSO/H,O mixture indicate that the STSC ligand
is a very efficient Cu'' chelator since complex formation
processes start at as low as pH = 2. It should be noted,
however, that the Cu'' complexes precipitate at a metal/li-
gand ratio of 1:1 at pH > 5 at concentrations of 2 mm or
higher. The stoichiometries of the Cu! complexes and the
cumulative stability constants that furnish the best fits to
the experimental data are listed in Table 2. The data reveal
the formation of complexes with only a 1:1 metal/ligand
stoichiometry such as [CuLH]*, [Cul] and [CuLH_,],
which represents a fundamental difference from the behav-
iour of the a(N)-pyridyl TSCs that form in addition bis-
ligand complexes, and the dinuclear [Cu,Ls]*.[¥1 [CuLH_,]
can be considered a mixed hydroxido complex in which the
coordinated water molecule is deprotonated f{i.e., [Cu-
L(OH)] }. Remarkably, [CuL] has such a high stability that
even at micromolar concentrations at physiological pH
practically no dissociation takes place (Figure S1 in the
Supporting Information).

Complex formation in the Cu'-STSC system was moni-
tored by UV/Vis spectrophotometric and EPR titrations.
Weak d—d transition bands of the complexes were detected
(e = 100200 M 'cm™") in the 500-800 nm wavelength range,
which showed characteristic changes when the pH was in-
creased. In parallel to changes in the coordination mode of

Table 2. Stability constants (log f{M,L,H,]) for the metal complexes of the ligand STSC with some stepwise and derived constants at ¢ =

25.0°C, I = 0.10 M (KCI) in 30% (w/w) DMSO/H,0.!

Cull ZnII[b] FC“ FSIH GaIII
log S(MLH]) 23.03(4) 18.34(3) 21. 00(5) 22.26(2) -
log S(ML]) 19.02(4) 12.78(1) 13.56(9) 18.68(3) 19.78(9)
log S(MLH_,]) 8.75(9) 1.812) - - -
log B(ML,H]) - - 32.35(9) 39.14(5) 39.57(9)
log A(ML,]) - - 24.73(9) 34.02(4) 32.51(9)
log f(ML,H ,]) - - 16.01(12) 22.72(7) -
Fitting parameter [mL] 3.29%x 1073 3.11x1073 8.09x 1073 4.52x1073 8.99x 1073
log K(ML]) - - 11.17 15.34 12.73
log K(IML])/K(IMLy]) - - 2.39 3.34 7.05
pM*iel 13.3 7.1 8.2 8.4 6.0

[a] Uncertainties (SD) are shown in parentheses for the complexes determined in the present work. Charges of the complexes are omitted
for simplicity. [b] Model with the dinuclear species: log f[Zn,L,H,]>* = 40.29(6); log f[Zn,L-H]* = 34.64(4); log f[Zn,L,] = 28.44(3);
logf[ZnLH ;] = 1.75(2); fitting parameter: 6.03 X 103 mL. [c] PM* = —log(Z[M,H,]) at pH = 7.4 ¢y; = 1 pm; M/STSC = 1:10.
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the complexes, the A, of these d—d bands is significantly
decreased during the formation of [CuL] and further
slightly decreased with the formation of [CuLH ;] (Fig-
ure 4).

640 1.0
[CuLHJ* [Cul]
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Figure 4. Concentration distribution curves of Cu'' complexes
formed in the Cu''-STSC system and pH dependence of A, val-
ues (@) [cstsc = I mm; M/L = 1:2; ¢ = 25.0°C, I = 0.10 m (KCl)
in 30% (w/w) DMSO/H,0].

To elucidate the actual coordination modes and confirm
the speciation model obtained by pH-potentiometry, EPR
spectra were recorded at various pH values at 77 K and
at room temperature. The EPR spectra recorded in frozen
solution at 1:1 metal/ligand ratio could be evaluated only
in the acidic region as the spectra recorded at higher pH
showed a broad singlet signal that was most likely due to
an aggregation of the neutral [CuL] complex formed. The
isotropic values calculated by averaging the anisotropic val-
ues (go.cated. aNd Ao caea; Table 3) are in good accordance
with the corresponding values measured in solution, thus
indicating that the coordination modes formed in solution
are preserved upon freezing. The solution EPR spectra have
been simulated simultaneously by a two-dimensional simu-
lation that resulted in the formation constants and the indi-
vidual isotropic EPR spectra (and parameters) of the com-
plexes (Table 3). The experimental and individual spectra as
well as the result of the fit are depicted in Figure 5.

The nitrogen splitting, caused by the equatorial coordi-
nation of one nitrogen atom, is well resolved in all compo-
nent spectra. The deconvolution of the EPR spectra clearly
shows that [CuLH]" is the most abundant species in solu-
tion at as low as pH = 2.5-3, and the amount of free Cu"!
ions was detected to be <10% at a 1:1 metal/ligand ratio.
The complex [CuL] predominates in a wide pH range be-
tween 6 and 9, and at pH > 10 the species [CuLH_,] could
be assigned in good accord with the results of pH potent-
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Figure 5. Experimental (black) and simulated (grey) EPR spectra
of the Cu'"-STSC system (left side) and calculated component
spectra obtained for the complexes [CuLH]", [CuL] and [CuLH_,]
~ (right side) [cstsc = 1 mm; M/L = 1:2; room temperature, [ =
0.10 M (KCl) in 30% (w/w) DMSO/H,0].

iometry. It is noteworthy that there was no indication for
the formation of any dinuclear or bis-ligand complexes even
at higher ligand excess amounts under the conditions. Nu-
merous X-ray structures represent dinuclear Cu'' complexes
of derivatives of STSC; however, they were crystallized from
organic solvents;['!] therefore, it is unknown if these species
are stable in aqueous solution. Based on the low g, and
high A, isotropic values, it is likely that all complexes pos-
sess tridentate coordination of the ligand and a nearly
square-planar geometry. In the species [CulLH]*, the ligand
can coordinate through the deprotonated phenol O~,N! and
the thione S atoms, because the hydrazine N°>-H moiety is
still protonated. This coordination pattern was also found
in an X-ray crystal structure of Cu'l and STSCP® and its
methoxy and bromo derivatives.?!! Deprotonation of the
hydrazine N2-H group of the complex results in lower g,
and higher 4, parameters due to the increased ligand field
around the Cu'! ion, thus the (O-,N',S") binding mode is
the most feasible in the species [CuL]. A further decrease
in g, and increase in A, values supports the deprotonation

Table 3. Isotropic EPR parameters of the components obtained for the Cu'-STSC system with overall stability constants of the complexes

obtained from the two-dimensional simulation of EPR spectra.[-?]

log 8o 4, [G] a™ [G] a [G] B1G] 7 [G]

Cullll - 2.1970 343 - 51.9 22 0.7
[CuLH]* 23.80(3) 2.1084(1) 68.2(1) 17.4(1) 25.5(1) ~15.9(1) 3.5(1)
[CuL] 19.50(3) 2.0945(1) 73.1(1) 17.7(1) 22.9(1) ~14.1(1) 3.3(1)
[CuLH || 8.8(1) 2.0891(2) 85.5(2) 15.13) 21.2(1) ~14.1(1) 3.0(1)

[a] Uncertainties of the last digits are shown in parentheses. [b] Anisotropic EPR parameters of [CuLH]": g, = 2.054(1); g, = 2.035(1);
g- = 22278(5)’ Ax = 23(2) Gs Ay = 23(2) Gv A: = 168(1) Ga anNy = 6(2) G; aNy = 172(5) G, an: = 6(2) Ga &0,caled. = 21056: AO.calch =
74.4 G. [c] Fixed values obtained from separate measurements of Cu'! without the ligand.
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of the water molecule that coordinates in the fourth equato-
rial position of [CuLH ] (= [CuLOH]").

X-ray-diffraction-quality crystals of the dinuclear com-
plex [Zn,(HL)(L)(OAc)EtOH]-H,O-0.65EtOH were ob-
tained (Figure 6) from a solution of Zn(OAc), in ethanol/
water and an excess amount of STSC. The two Zn'' atoms
are chelated by the O,N,S-donor set of an STSC ligand and
bridged by the two phenolate O atoms, which leads to a
7Zn,0, core. In addition, Znl is coordinated by one mole-
cule of EtOH and Zn2 by OAc, thereby resulting in a dis-
torted square-pyramidal environment of the two zinc atoms.
It is worth noting that one of the zinc ions (Znl) is chelated
by L, and the other one (Zn2) by HL . This is ac-
companied by a lengthened bond C8-SI1A/B at 1.744(6)/
1.756(6) A for the thiolato form (L,") relative to C18-S2 at
1.699(4) A for the thione ligand (HL") and a shorter
NI1--C8 distance [2.260(4)A] relative to N4--C18
[2.346(4) A], which is in accord with literature parameters
to distinguish between these ligand forms of TSCs.?2 A
similar coordination pattern, but with two HL~ ligands, was
observed for zinc complexes of 2,4-dihydroxybenzaldehyde
TSCs.23!

Figure 6. X-ray crystal structure of [Zn,(HL)(L)(OAc)EtOH]
H,0:0.65EtOH with thermal ellipsoids at the 30% probability level
(the co-crystallized ethanol and water molecules as well as the dis-
order of OAc, EtOH and S1 are omitted for clarity).

Clarifying the geometry and the actual coordination
mode of the Zn"' complexes in solution is more difficult,
because the techniques applied such as 'H NMR spec-
troscopy, UV/Vis spectrophotometry and fluorimetry can
mainly give information about the speciation and binding
strength but have limitations in, for example, distinguishing
between the formation of mononuclear and dinuclear spe-
cies with the same metal/ligand ratio. Therefore, two kinds
of models could be calculated on the basis of the pH-
potentiometric data. One consists of the formation of only
mononuclear species; whereas the other one considers dinu-
clear complexes (see Table 2). The latter model gave some-
what poorer fits between the experimental and calculated
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titration curves; however, both models suggest that no bis-
ligand complexes are formed. The pH-metric data showed
that complexation of Zn'' with STSC proceeds only at pH
> 5, which represents the lower stability of these complexes
relative to those of Cu'. This was also confirmed by the 'H
NMR spectroscopic titrations. First of all, a slow ligand-
exchange process was found with respect to the NMR spec-
troscopic timescale as the chemical shifts of the protons of
the metal-free and the bound ligand can be seen separately.
Below pH = 5, only the peaks of the ligand (H,L) can be
observed. As the pH increases, a new set of very small sig-
nals appears, possibly from the complex [ZnLH]; these sig-
nals, slightly shifted, become predominant between pH = 7
and approximately 10 according to [ZnL] (or [Zn,L,] con-
sidering the second model) (Figure 7a) without any free li-
gand at a 1:1 metal/ligand ratio. At pH > 10, the peaks of
the complex show a small upfield shift as the mixed hy-
droxido species [ZnLH ;] is formed. When an excess
amount of ligand is applied, the same set of peaks are pres-
ent in the spectra, which shows the formation of the same
kind of species independent of the metal/ligand ratio (yet
together with the excess amount of free STSC) (Figure 7a).
The distribution of the ligand between the bound and un-
bound fractions at a 1:2 metal/ligand ratio calculated on

85 83 8.1 7.9 7.7 75 73 71 6.9 67

8/ bpm

1.0
metal-free ligand
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»
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3 5 7 9 11 13
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Figure 7. "H NMR spectra of the STSC ligand alone and the Zn''-
STSC system at (a) 1:1 and 1:2 metal/ligand ratio recorded at pH =
7.4 ([ZnL] or [Zn,L,]) and (b) summed concentration distribution
curves for the Zn""-STSC (1:2) system (solid lines) calculated on
the basis of the stability constants together with the molar fraction
of the metal-free (&) and bound ligand (@) estimated from the
integrated area of the signals of the CH=N (s) protons [c¢stsc =
ImmMm; ¢ = 25.0°C; I = 0.10 m (KCI) in 30% (w/w) [Dg]DMSO/
D,0].
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the basis of the stability constants and the integrated area
of the signals of the CH=N (s) protons are in good agree-
ment (Figure 7b).

Additionally, the Zn""-STSC system was studied by spec-
trofluorimetric titrations. Out of the two excitation maxima
of the ligand (see inset of Figure 2), the 320 nm excitation
wavelength was used to record the pH-dependent emission
spectra (Figure 8). The spectra obtained at pH < 6 were
identical to those of the ligand alone, upon increasing the
pH, a band with Agy = 450 nm appears with constant in-
tensity between pH = 7.4 and 9.6. This is the pH range of
the formation of the neutral complex [ZnL] under these
highly diluted conditions. It should be noted that the inten-
sity of the fluorescence of this complex is roughly half of
that of the metal-free ligand at physiological pH. Moreover,
in accordance with the concentration distribution curves
calculated with the help of the stability constants, at higher
pH the formation of [ZnLH ;] was observed, accompanied
by an increase in the wavelength of Agmmax) and the fluo-
rescence intensity.
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Figure 8. Fluorescence emission spectra of the Zn"-STSC system.
Inset: corresponding concentration distribution curves calculated
with the model containing only mononuclear species and pH de-
pendence of the intensity values at 480 nm (@) [lgx = 320 nm;
cstsc = 5 pmM; M/L = 1:1; ¢ = 25.0°C, I = 0.10 m (KCI) in 30%
(w/w) DMSO/H,O0; slits: 5 nm/5 nm].

Fe"T and Ga™ Complexes of STSC

The stoichiometries of the Fe!!, Fe'! and Ga'' com-
plexes and the overall stability constants determined by pH
potentiometry are collected in Table 2. In addition to the
mono-ligand complexes (see, for example, the Cu'! species
above for their interpretation), formation of bis-complexes
such as [ML,H], [ML,] and [ML,H ;] was observed. Simi-
larly to the Cu'® and Zn' complexes, the metal ions are
tridentately coordinated by STSC: HL, with an O-,N!S-
donor set and with the proton presumably located at the
non-coordinating hydrazine N> atom, and [ML,] with an
O ,N!,S-donor set. This coordination mode was also con-
firmed by X-ray diffraction of the [Fe'"L,]~ complex of
STSCP4 and related ligands.>>] Formation of complexes
[ML,H ;] at basic pH could be presumed by the pH-
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potentiometric measurements. These complexes are poss-
ibly mixed hydroxido species in which one coordinated do-
nor group is displaced by an OH™ ion.

Complex formation of Fel, Fe'" and Ga' ions with
STSC was additionally investigated by UV/Vis spectropho-
tometric measurements, in the case of Fe'l under strictly
anaerobic conditions. Formation of the mono-ligand Fe!!
species resulted in a shoulder in the range of 430-480 nm,
whereas formation of the green bis-ligand complexes was
accompanied by the development of an absorption band
with a maximum at approximately 600 nm (Figure S2 in the
Supporting Information). The Fe!! species have intense col-
ours; however, their molar absorptivities are considerably
lower than those of the a(N)-pyridyl TSC complexes.[6*]
The spectrophotometric titrations with Fe™™ confirm the
predominant formation of the [Fe™L,]~ complexes (Ayax =
368 nm; &3650m = 16700 M 'ecm™') between pH = 7 and 9,
as expected on the basis of pH-potentiometry, whereas the
spectra show CT bands of the complexes strongly over-
lapped with the ligand bands.

Ga""_STSC complexes represent relatively high stability
and their log 8 values are comparable to those of the Fell
species (see data in Table 2). However, Ga''! has a stronger
tendency to hydrolyze than the corresponding Fe''! com-
plexes accompanied by the formation of the water-soluble
Ga"""“hydroxido species. The hydrolysis suppresses the pres-
ence of the Ga'"' complexes at neutral or higher pH and
considerably decreases the conditional stability constants
(Figure S3 in the Supporting Information). The effect of the
hydrolysis at physiological pH on the speciation of the
Ga'"'_STSC system at a 1:2 metal/ligand ratio is clearly il-
lustrated in Figure 9. A significant amount of [Ga(OH),]~
is predicted to be present at the millimolar concentration
range alongside the species [Gal,H] and [GaL,], and the
hydrolysis is more pronounced, if the solution is more di-
luted, thereby resulting in total dissociation at a concentra-
tion of as low as approximately 10 pM.

1.0
= Ga'(OH),J
el [Ga"(OH),]
o
(<]
c 0.6 -
2
©
£ 04 - [GalLH]
S
©
©° 0.2 1 Ga'lL,]-
g [Ga"(OH);] -

0.0 ; —

6 5 4 -3

log (c[Ga"'L,]) /M

Figure 9. Representative concentration distribution diagram for
Ga"'_STSC complexes at various total concentrations of the
[GaL,]* complex at pH = 7.4 [t = 25.0°C, I = 0.10 M (KCI) in
30% (w/w) DMSO/H,0)].

The formation of the Ga'-STSC complexes in the
acidic pH range, the varying extent of hydrolysis depending
on the total concentrations and the liberation of the metal-
free ligand could be easily investigated by 'H NMR spec-
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troscopy due to the slow ligand-exchange processes, by UV/
Vis spectrophotometry through the changes of the ligand
absorption bands (not shown here), and by spectrofluori-
metry. The fluorimetric titrations revealed the development
of a new emission maximum at 450 nm in parallel with the
formation of the species [GaL]* in the acidic pH range. At
higher pH, however, identical spectra to those of the metal-
free ligand were observed on account of the complete com-
plex dissociation (as illustrated in Figure 10) through the
changes of the intensities at 450 nm with increasing pH.

1.0
HaL ;
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Figure 10. Concentration distribution curves of the Ga'-STSC
system together with the pH dependence of the intensity values at
450 nm (@) and for the ligand alone (A) [Agx = 320 nm; cspsc =
Sum; M/L = 1:2; ¢+ = 25.0°C, I = 0.10Mm (KCI) in 30% (w/w)
DMSO/H,0; slits: 10 nm/10 nml].

Comparison the Stability of the Complexes of STSC and
a(N)-Pyridyl TSCs

Direct comparison of the stability constants of the STSC
complexes formed with the different metal ions (Table 2)
reveals the following stability order: Zn'" < Fel! << Fe!l,
Cu'l, Ga'. It is worth noting that Cu' and Zn'" ions form
complexes only with 1:1 metal/ligand ratio, whereas the for-
mation of bis-ligand complexes is favourable in the case of
Fe'"II and Ga''! ions. However, despite the high log/ val-
ues, there is a significant tendency of certain metal ions to
hydrolyze at physiological pH, especially in the case of
Ga'", which results in decreased stability. As a consequence,
the Ga™-STSC complexes dissociate completely at concen-
trations <10~* M at neutral pH (see Figure 9). In contrast,
[CuL] does not dissociate at pH = 7.4 up to concentrations
of at least 10°m (Figure S1 in the Supporting Infor-
mation). For the most abundant species, [ZnL] and
[FeL,]~, at pH = 7.4 almost no dissociation can be ob-
served at millimolar concentrations, but a continuous in-
crease of the free metal ions up to 60% Zn>* and 35% Fe3*
(as [Fe(OH),]") at 10 m (Figure S1) is seen. In the case
of Fe!l, the complexes [Fe'L,H]  and [Fe"'L,]*>", which are
predominant at millimolar concentrations, undergo partial
dissociation during dilution through the loss of one triden-
tate ligand. The pM* values have been calculated for all
investigated metal ions to provide a comparable basis of the
relative chelating ability of STSC at physiological pH (see
Table 2; pM* is the negative logarithm of the summed equi-
librium concentrations of the free metal ion and its hy-
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droxido species, thus the unbound metal fraction, under the
conditions employed, unlike the generally used pM =
—log[M] value, which only represents the equilibrium con-
centration of the free metal ion). According to these pM*
values the effectiveness of STSC to chelate a metal ion at
pH = 7.4 is Ga'll < Zn'' < Fe!! < Fel < Cull.

STSC provides an (O~,N!,S7) binding mode with the for-
mation of a six- and a five-membered ring system between
metal atom and ligand relative to the (N,,,,N',S") coordina-
tion of the a(N)-pyridyl TSCs with two five-membered che-
late rings. To clarify the effect of this difference in the bind-
ing pattern on the stability of the metal compounds, logf
values of the corresponding complexes of STSC, FTSC and
Triapine were compared on the basis of our previous publi-
cations!®®! (Table S1 in the Supporting Information). It is
noteworthy that these a(N)-pyridyl TSCs have overall pro-
tonation constants log f(H,L) that are approximately 7 or-
ders of magnitude lower than for STSC, which makes a
direct comparison of the log ff values of the metal complexes
more difficult. However, it can be recognized easily that,
for example, the species [Ga™(L),]” (H,L = STSC) has a
significantly higher overall stability constant than those of
FTSC or Triapine, and the differences between the logf val-
ues are much larger than those of the protonation con-
stants. In the case of Fe!' complexes, however, the stability
constant of [Fe'l-
(L),]* (H,L = STSC) is only somewhat higher than that of
the a(N)-pyridyl TSCs. To indicate the ligand preferences at
various pH values, predominance curves for hypothetical
M-STSC-FTSC systems at equimolar ligand concentra-
tions were calculated (Figure 11).

The higher basicity of STSC results in stronger ligand
effectiveness at higher pH, and consequently the ligand
FTSC is presumed to be a more powerful competitor at
lower pH. Thus, in the case of Cu'l, Zn" and Fe"', in which
the logf value is near the expected value on the basis of
the difference between the protonation constants, the FTSC
complexes are predominant in the acidic pH range, and
those of STSC are predominant at the neutral and basic
pH range (Figure 11a). In the case of Ga'', the complex
formation with STSC is much more favourable over the
whole pH range relative to that of FTSC (and Triapine, not
shown), which indicates the significantly increased stability
on account of the involvement of the phenol O atom in the
coordination instead of the pyridyl nitrogen atom (Fig-
ure 11b). Despite this stability-increasing effect, STSC is
still incapable of protecting Ga!! from hydrolysis under di-
luted conditions at physiological pH as discussed earlier
(Figure 9). In the case of Fe'l, the a(N)-pyridyl TSCs are
unambiguously more efficient chelators than STSC over a
wide pH range (Figure 11c). The binding to Fe!! is assumed
to be crucial to the biological activity of TSCs through the
inhibition of the RNR enzyme. Thus, the diminished sta-
bility of the Fe"™-STSC complexes is probably one reason
for the considerably weaker activity of STSC relative to
a(N)-pyridyl TSCs.['3 It is important to note that terminal
dimethylation of FTSC leads to remarkably stronger Fe'l-
binding ability and higher cytotoxicity;* therefore, a sim-
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Figure 11. Predominance diagram for the hypothetical (a) Fe'l'-
STSC-FTSC. Summed equilibrium concentrations of the STSC
complexes (solid black line), FTSC complexes (solid grey line) and
unbound metal ion (dashed black line) [y = 1 mM; cgrsc = Crrsc
=2mm; ¢ =25.0°C, I =0.10 M (KCI) in 30% (w/w) DMSO/H,0].

ilar derivatization is suggested for STSC-type ligands to im-
prove their biological activity.

Conclusion

The stoichiometry and stability of the complexes of
STSC formed with Cu'l, Zn'", Fe!’, Fe' and Ga''l were
studied in partially aqueous solution with a focus on the
most plausible species that emerged at physiological pH. On
the basis of the pH-potentiometric data, it was found that
Cu'" and Zn"" ions prefer the formation of complexes with
1:1 stoichiometry, whereas Fe', Fe''' and Ga™ preferen-
tially form 1:2 metal/ligand complexes. The speciation mod-
els were confirmed by various techniques such as 'H NMR
spectroscopy, UV/Vis spectrophotometry, fluorimetry and
EPR spectroscopy depending on the nature of the metal
ion. In the protonated complexes ((MLH] or [ML,H]), the
(O~,N',S) binding mode with a protonated non-coordinat-
ing hydrazine N? atom is suggested, whereas (O~,N',S") co-
ordination takes place in the [ML]- and [ML,]-type com-
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plexes. The formation of mixed hydroxido species was also
assumed at basic pH in the cases of Zn'!, Cu'! and Fe'/!!I,

The predominant species at pH = 7.4 are [CuL], [ZnL],
[Fe"L,H]- and [Fe''L,>, [Fe"L,], [Ga'"L,H] and
[Ga™L,] . [CuL] possesses such high stability that it is able
to keep its original integrity efficiently during dilution;
however, the complexes of Zn'!, Fe'l, Fe!'l ions partially dis-
sociate, and complete hydrolysis takes place in the case of
Ga'" when the biologically relevant micromolar concentra-
tion range is reached. Thus, the effectiveness of STSC to
chelate the metal ions at pH = 7.4 is in the order Ga' <
Zn'' < Fe'' < Fell' < Cu'l.

The metal-binding ability of STSC and the composition
of the complexes formed were compared with those of
a(N)-pyridyl TSCs. Significant differences between the stoi-
chiometry of the Cu'! and Zn"' complexes were revealed,
namely, the a(N)-pyridyl TSCs form bis-ligand or dinuclear
Cu'' complexes, whereas these kinds of species were not
found with STSC. It was also pointed out that the coordi-
nation of the phenol oxygen atom of STSC rather than the
pyridyl nitrogen atom of a(N)-pyridyl TSCs increases the
metal-binding ability in the case of the Ga! ion. However,
a significantly diminished stability is shown with Fe!l, which
is probably one reason for the lower biological activity of
STSC relative to a(N)-pyridyl TSCs.

Experimental Section

Chemicals: Salicylaldehyde thiosemicarbazone (STSC) was pur-
chased from Sigma—Aldrich and used without further purification.
Triapine was prepared as described previously. The purity and
stability of the ligands were checked, and the exact concentrations
of the stock solutions prepared were determined by the Gran
method.?! The Fe!! stock solution was obtained from fine Fe pow-
der dissolved in a known amount of HCI solution under purified,
strictly oxygen-free argon, then filtered, stored and used under an-
aerobic conditions. KSCN (Sigma-Aldrich) solution was used to
check the absence of Fel! traces in the Fe!! solution. The concen-
tration of the Fe!! stock solution was determined by permangano-
metric titrations under acidic conditions. GaCls, FeCl;, CuCl, and
ZnCl, were dissolved in a known amount of HCI to obtain the
Ga'll, Fe''!, Cu" and Zn'"' stock solutions, respectively. Their con-
centrations were determined by complexometry by means of the
ethylenediaminetetraacetic acid (EDTA) complexes. Accurate
strong acid content of the metal stock solutions was determined by
pH-potentiometric titrations.

pH-Potentiometric Studies: The pH-metric measurements for deter-
mination of the protonation constants of the ligand STSC and the
overall stability constants of the metal complexes were carried out
at (25.0+0.1) °C in DMSO/water (30:70, w/w) and at an ionic
strength of 0.10 M (KCl, Sigma—Aldrich) to keep the activity coeffi-
cients constant. The titrations were performed with carbonate-free
KOH solution of a known concentration (0.10 M). Both the base
and the HCI used were Sigma-Aldrich products, and their concen-
trations were determined by pH-potentiometric titrations. An
Orion 710A pH meter equipped with a Metrohm combined elec-
trode (type 6.0234.100) and a Metrohm 665 Dosimat burette were
used for the pH-metric measurements. The electrode system was
calibrated to the pH = log[H*] scale in the DMSO/water solvent
mixture by means of blank titrations (strong acid versus strong
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base; HCI versus KOH), which is similar to the method suggested
by Irving et al.?”! in pure aqueous solutions. The average water-
ionization constant, pK, is 14.53+0.05 in DMSO/water (30:70,
w/w) at 25 °C, which corresponds well to the literature datal®$-2%]
and results in pH = 7.265 as neutral pH. The reproducibility of the
titration points included in the calculations was within 0.005 pH
units. The pH-metric titrations were performed in the pH range
2.0-12.6. The initial volume of the samples was 10.0 or 20.0 mL.
The ligand concentration was in the range 1-2 mm, and metal-ion/
ligand ratios of 1:1-1:10 were used. The accepted fitting of the
titration curves was always <0.01 mL. Samples were deoxygenated
by bubbling purified argon through them for approximately 10 min
prior to the measurements. In the case of Fe!l samples, argon over-
pressure was used when Fe!! was added to the samples in tightly
closed vessels, which were completely deoxygenated by bubbling a
stream of purified argon through them for approximately 20 min
prior to workup. Argon was also passed over the solutions during
the titrations.

The protonation constants of the ligands were determined with the
computer program SUPERQUAD,?! and PSEQUADEY was uti-
lized to establish the stoichiometry of the complexes and to calcu-
late the stability constants [log#(M,L,H,)] by using the literature
data for Fe''' and Ga''! hydroxido complexes.?!-3?! The values of
P(M,L,H,) are defined for the general equilibrium pM + gL + rH
= M,L,H, as f(M,L,H,) = [M,L,HJMP[LIH] in which M de-
notes the metal ion and L the completely deprotonated ligand. By
using this calibration protocol, the protonation and stability con-
stants that involve [H*] were obtained and are considered to be
Kinixea (01 practical) constants!®3l and are valid only under the given
conditions. The calculations were always made from the experimen-
tal titration data measured in the absence of any precipitate in the
solution.

Spectrophotometric Measurements: A Hewlett Packard 8452A di-
ode array spectrophotometer was used to record the UV/Vis spec-
tra at intervals of 260-820 nm. The path length was 1 cm. Proton-
ation constants and the individual spectra of the species were calcu-
lated by the computer program PSEQUAD.P% The spectrophoto-
metric titrations were performed on samples of the pure STSC li-
gand or with Fe''l, Fe!l, Ga''!, Zn"" or Cu'l; the concentration of
ligand was 0.05 mMm in the case of Fe''', Ga''' and Zn", 0.2 mm in
presence of Fe'l and 1 mm for Cu''; and the metal/ligand ratios
were 0:1, 1:1 and 1:2 over the pH range between 2 and 12.6 at
an ionic strength of 0.10 M (KCl) in 30% (w/w) DMSO/H,0O at
(25.0 £0.1) °C. For Fe"' samples, spectra were recorded under an-
aerobic conditions.

Determination of the Distribution Coefficient (D): Values of D for
STSC and Triapine were determined by the traditional shake flask
method®*¥ in n-octanol/buffered aqueous solution at pH = 6.0
(MES) and 7.4 (HEPES) at (25.0 £0.2) °C. Two parallel experi-
ments were performed for each sample. The ligand was dissolved at
25 uM in the n-octanol presaturated aqueous solution of the buffer
(0.01 m) at constant ionic strength (0.10 m KCI). The aqueous solu-
tions and n-octanol with a 1:1 phase ratio were gently mixed with
360° vertical rotation for 3 h to avoid emulsion formation, and the
mixtures were centrifuged at 5000 rpm for 3 min with a tempera-
ture-controlled centrifuge (Sanyo) at 25 °C. After separation, UV/
Vis spectra of the ligand in the aqueous phase were compared with
those of the original aqueous solutions in the range 240-440 nm,
and D values were calculated as the mean of [absorbance(original
solution)/absorbance(aqueous phase after separation) — 1] obtained
in the region of A, = (320 = 10) nm. The partition coefficient (P)
of STSC is equal to the D¢ value, whereas P of Triapine is equal
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to its D54 if one takes into account the protonation processes of
the ligands.

Spectrofluorimetric Measurements: The pH-dependent fluorescence
measurements were carried out with a Hitachi-4500 spectrofluo-
rimeter with excitation at 320/390 nm for samples that contained
STSC. The emission spectra were recorded by using 5 nm/5 nm or
10 nm/10 nm slit widths in a 1 cm quartz cell in the pH range be-
tween 2 and 12.5 in 30% (w/w) DMSO/H,O (or water) at
(25.0£0.1) °C. Samples contained 0.005 mm STSC alone or STSC
with 0.0025 mm Ga''' or 0.005mm Zn" at 0.10 m (KCI) ionic
strength. Three-dimensional spectra were recorded at 210-550 nm
excitations and at 220-650 nm emission wavelengths for the Ga''l,
Zn'! and the sample that contained 0.005 mm STSC at metal-to-
ligand ratios of 0:1, 1:1 or 1:2 at neutral and acidic pH by using
5 nm/5 nm slit widths.

'H NMR Spectroscopic Measurements: '"H NMR spectroscopic
studies were carried out with a Bruker Ultrashield 500 Plus instru-
ment. STSC was dissolved in a 30% (w/w) [Dg]DMSO/D,0O mix-
ture in a concentration of 1.4-2 mm and the Ga'' or Zn"/ligand
ratios were 0:1; 1:1 and 1:2. The direct pH-meter readings (pH*)
were obtained by the pH meter calibrated to the 30% (w/w)
DMSO/H,0 according to Irving et al.l’”} and were converted to
pH by the following equation: pH = pH* + 0.4.

EPR Measurements and Deconvolution of the Spectra: All con-
tinuous-wave (CW) EPR spectra were recorded with a Bruker
EleXsys ES00 spectrometer (microwave frequency 9.81 GHz, mi-
crowave power 10 mW, modulation amplitude 5 G, modulation fre-
quency 100 kHz). During a titration, the isotropic EPR spectra
were recorded at room temperature in a circulating system. Ten
EPR spectra were recorded at a concentration of 0.5 mm of CuCl,
and 1 mM ligand between pH = 2.4 and 12.2 and four spectra at
concentrations of 1 mM of CuCl, and 1 mm ligand between pH =
2.3 and 5.4 in 30% (w/w) DMSO/H,0, I = 0.10 m (KCI). In the
latter case, precipitation occurred at higher pH. KOH solution was
added to the stock solution to change the pH, which was measured
with a Radiometer PHM240 pH/ion meter equipped with a Met-
rohm 6.0234.100 glass electrode. A Heidolph Pumpdrive 5101 peri-
staltic pump was used to circulate the solution from the titration
pot through a capillary tube into the cavity of the instrument. The
titrations were carried out under argon. At various pH values, sam-
ples of 0.10 mL were taken and frozen in liquid nitrogen, and the
CW-EPR spectra were recorded under the same instrumental con-
ditions as the room-temperature spectra described above. The series
of room-temperature CW-EPR spectra were simulated simulta-
neously by the “two-dimensional” method by using the 2D_EPR
program.33] Each component curve was described by the isotropic
EPR parameters g,, A4S copper hyperfine and AY nitrogen hyper-
fine couplings and the relaxation parameters a, f and y, which de-
fine the line widths in the equation oy = a + fM; + yM,?, in which
M, denotes the magnetic quantum number of the copper nucleus.
The concentrations of the complexes were varied by fitting their
formation constants f(M,L,H,) defined by the general equilibrium
found in the section on pH-potentiometric studies. For each spec-
trum, the noise-corrected regression parameter (R; for the jth spec-
trum) is derived from the average square deviation (SQD) between
the experimental and the calculated intensities. For the series of
spectra, the fit is characterized by the overall regression coefficient
R, calculated from the overall average SQD. The details of the sta-
tistical analysis were published previously.*! The anisotropic spec-
tra were analyzed individually with the EPR program,*® which
gives the anisotropic EPR parameters (g,, g,, g., ASY, ASY, A", 4
N, AY, AY, and the orientation-dependent line-width parameters).
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The spectra were calculated as the sum of the spectra of ©3Cu and
%Cu weighted by their natural abundances. The quality of fit was
characterized by the noise-corrected regression parameter R; as
above. The copper and nitrogen coupling constants and the relax-
ation parameters were obtained in field units (Gauss = 104 T).

Crystallographic Structure Determination: The X-ray-diffraction-
quality crystals were obtained by slow concentration of a 3:1 eth-
anol/water solution that contained Zn(OAc), (1 equiv.) and STSC
(4 equiv.; the same structure was obtained in a 1:2 metal/ligand
ratio). X-ray diffraction measurements were performed with a
Bruker X8 APPEXII CCD diffractometer. A single crystal of suit-
able size was coated with Paratone-N oil, mounted at room tem-
perature on a cryo loop and cooled under a stream of cold N,
maintained with a Kryoflex low-temperature apparatus. The crystal
was positioned at 35 mm from the detector, and 907 frames were
measured, each for 10s over 1° scan width. The data were pro-
cessed by using SAINT software.’”! The structure was solved by
direct methods and refined by full-matrix least-squares techniques.
Non-hydrogen atoms were refined with anisotropic displacement
parameters, with the exception of co-crystallized ethanol (0.65 mol-
equiv.), which was found to be disordered over three positions. Hy-
drogen atoms were placed at calculated positions and refined as
riding atoms in the subsequent least-squares model refinements.
Disorder over two positions was found in the thiosemicarbazone
ligand L for the sulfur and oxygen atom of the coordinated eth-
anol and coordinated acetate with values 0.50:0.50, 0.50:0.50 and
0.27:0.23, respectively. The disorder was resolved with constrained
anisotropic displacement parameters and restrained bond lengths
by using the EADP and SADI instructions of SHELX97. DFIX
restrains were used for resolving disorder in the co-crystallized eth-
anol. The isotropic thermal parameters were estimated to be 1.2
times the values of the equivalent isotropic thermal parameters of
the atoms to which hydrogen atoms were bound. The following
software programs and computer were used: structure solution,
SHELXS-97;3% refinement, SHELXL-97;133] molecular diagrams,
ORTEP;** computer: Intel CoreDuo. Crystal data and structure
refinement details for [Zn,(HL)(L)(OAc)EtOH]-H,0-0.65EtOH are
given in Table S2 in the Supporting Information.

Supporting Information (see footnote on the first page of this arti-
cle): Concentration distribution curves, UV/Vis spectra, tables with
stability constants and crystal data.
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The stability and stoichiometry of salicyl-
aldehyde thiosemicarbazone complexes
formed with various metal ions have been
studied by means of pH potentiometry in
partially aqueous solution combined with
UV/Vis, EPR, '"H NMR spectroscopy and
fluorimetry. Speciations are compared to
those of analogous a(N)-pyridyl thio-
semicarbazones.
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